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Abstract 

The ever growing concerns over toxic engine emissions, sustainability and global warming 

put the automotive industry under immense pressure to reduce pollution and improve the 

efficiency of internal combustion engines. The lighter the mass of a vehicle the lower the 

energy required to propel it and potentially the lower the emissions that will ensue. Also, 

reducing piston mass affects piston and ring assembly frictional losses and therefore engine 

efficiency. This trend in the automotive industry motivates desire for new lighter materials 

such as the nanostructured aluminium alloy used in this research. 

The aim of this research was to characterise a new nanostructured aluminium alloy and use 

heat treatment to optimise its mechanical properties for application as a lightweight engine 

piston material. The hardness of the new alloy at T6 was 35% higher than that corresponding 

to Al-2618 that is used for the test engine piston in this project. The high temperature tensile 

tests carried out at piston operating temperature showed that the new alloy had 1.09–1.82 

times higher strengths than that of Al-2618 depending on the test temperature. In addition, the 

new alloy also had higher strengths than other aluminium alloys used in piston applications. 

The design approach used in this work was to reduce piston mass using topology optimisation 

without affecting the external envelope and the shape of the combustion chamber. The new 

piston’s mass was 218.35 grams which was 16.38% lighter than the original piston with mass 

of 261.13 grams. The final machined piston turned out to be slightly heavier than the final 

optimised piston design. This was due to the coating and also some modifications needed to 

make the design machinable. However, the final machined piston was still 13.5% lighter than 

the original piston.  

The new piston was more fuel efficient than the original piston at higher speeds and lower 

torques. At a speed of 3000 rpm, the new piston was on average 2.04% more fuel efficient at 

all torques values. Overall, the new piston had higher volumetric efficiency compared to the 

original piston, but at higher engine speed of 6000 rpm and higher torque the new piston had 

lower volumetric efficiency. To ultimately determine whether the new lightweight piston 

would generate any sizeable difference in engine performance and/or efficiency across the 

wider engine running envelope, further work is needed.  
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Chapter 1: Introduction 

1.1. Background 

The automobile and motorsport industries are under immense pressure due to emission laws 

to reduce fuel consumption and alleviate the effects of global warming. Also there is a finite 

source of hydrocarbon supply which points towards possibility of depletion in the long term. 

One quarter of the crude oil consumed in Western Europe is used in transport sector, out of 

which 60% is used in private cars (Blackmore and Thomas, 1977). The Transport sector 

especially private transport is the largest contributor to emissions hence improvement in this 

sector will lead to a bigger reduction in global warming. Emissions reduction is the leading 

reason to improve engine efficiency. Fuel consumption economy is not only required in 

transport sector, but also in motor racing since frequent refuelling wastes valuable motor 

racing time. The time taken for refuelling could be the difference between winning and losing 

(Blackmore and Thomas, 1977). 

The reduction in fuel consumption and improvement in engine performance can effectively 

be achieved by reducing losses in the engine. There are many types of losses in an engine and 

the most dominant are those caused by friction (Merkle, Kunkel and Wachtmeister, 2012). 

Engines and engine component investigations have shown that even today the best class 

engines harbour a frictional reduction potential of 20% (Schwaderlapp, Koch and Dohmen, 

2000). It has been reported that the piston assembly is responsible for 30 – 40% (Kohashi et 

al., 2013) or even 50% (Schwaderlapp, Koch and Dohmen, 2000) of the friction losses in an 

engine (Figure 1.1).  
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Figure 1.1. Proportion of piston friction loss in a Toyota representative 2 litre, inline 4-

cylinder, gasoline engine (Kohashi et al., 2013). 

The piston assembly friction is caused by a phenomenon called piston lateral 

movement/secondary acceleration. In ideal world there should be no contact between piston 

and cylinder wall. However, the conversion of a piston’s linear motion into the crankshaft’s 

rotational motion and the piston tilt due to the connecting rod resisting the combustion gas 

pressure generates force components in the crank mechanism that press the piston against the 

cylinder wall as illustrated in Figure 1.2. This force is generally known as lateral force or 

connecting rod force.  

 

 

 

 

Figure 1.2. A schematic of different forces acting on a piston of an internal combustion 

engine (Nagar and Miers, 2011).  

During the compression stroke the piston tilts towards the anti-thrust side (ATS) and during 

expansion/power stroke the high gas pressure forces the piston onto thrust side (TS) (see 

Figure 1.3). The secondary movement increases with engine speed and results in increased 

Lateral force 
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secondary inertial forces hence the piston changes direction more frequently and causes the 

friction to increase (J and Agarwal, 2014). This reduces engine efficiency at higher speeds.  

 

 

 

 

 

 

 

 

Figure 1.3. Representative piston tilting motion of an engine (J and Agarwal, 2014). 

The lateral force is made of the components of gas and inertial forces (Norton, 2012) (See 

Section 2.9.1.3 and equation 2.3) and the inertial force is dependent on the oscillating mass, 

hence the lateral force is also dependent on the oscillating mass (see Section 2.9.1.3) . The 

oscillating masses include piston, pin, rings etc. The piston and the piston pin account for the 

greatest proportion of the oscillating mass. Any mass reduction undertaking must therefore 

start with these components. There has been great effort towards reducing the oscillating 

mass and reducing the piston mass is one of the approaches (Loureiro et al, 2010). Figure 1.4 

shows the mass reduction trend of pistons with 0.4 – 0.6 L displacement for years 1992 – 

1999. 
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Figure 1.4. Development of the specific piston mass (Schwaderlapp, Koch and Dohmen, 

2000). 

1.1.1. Project motivation and Research Gap 

The motivation of the project lies in the heat treatment characterisation and design evaluation 

of a new rapidly solidified (RS) aluminium alloy with improved mechanical properties for 

internal combustion engine pistons. The new alloy has lower density and higher strength at 

elevated temperatures than conventional aluminium alloys, making it an ideal piston material 

in internal combustion (IC) engines.  The improved properties of the new alloy will enable 

engineers to design lightweight pistons with reduced mass. 

The reduced piston mass will contribute to increased acceleration and speed of the engine 

hence improving engine’s performance in terms of torque, power and fuel consumption. 

Reduced engine friction will not only enhance engine performance, but will also reduce 

piston wear therefore improves piston fatigue life and engine reliability (Winship, 1967).  

Nanostructured aluminium alloys such as the one investigated in this project can be used in 

both types of engine, diesel and petrol. Due to higher compression ratios in diesel engines, 

there are higher demands on mechanical components and tend to be more robust and heavy; 

therefore the development of lighter and resistant alloys is also beneficial for those engines. 

However; the main interest is to use these in Otto cycle/petrol engines because they can 

operate faster than diesel and the inertial forces are significantly higher. The inertial forces 



5 
 

depend on the speed and mass; the lighter piston will therefore produce greater reduction in 

inertial forces in petrol engines. In petrol racing engines, the rotational speed can reach values 

of order of 20000 rpm compared to 6000 rpm limit posed by diesel engines. Furthermore, the 

trend of changing from diesel to petrol in small high speed engines will further encourage 

more efforts to be put into developing high temperature aluminium alloys. 

As highlighted in this literature review Nanostructured aluminium alloys have attracted 

significant attention due to their superior mechanical properties at elevated temperatures and 

offer possibilities of numerous applications in internal combustion engines (ICEs).  However, 

their use has not expanded into internal combustion engine applications and there is not much 

publically available research. Previous experiments, carried out at the University of Buenos 

Aires on similar material have shown promise in the use of such alloys for piston applications 

(Bonelli et al., 2014). The research undertaken here is to explore and expand the applications 

of nanostructured aluminium alloys in ICE pistons using a newly developed nanostructured 

alloy as a case study. 

1.2. Aim and objectives of the project 

The aim of the research is to characterise a new nanostructured aluminium alloy and use heat 

treatment to optimise its mechanical properties for application as a lightweight engine piston 

material. In order to achieve this aim, the following objectives were set. 

I.  Review of literature on the development and characterisation of piston materials. 

II. Review of piston design methods using finite element analyses. 

III. Determine the T6 heat treatment and thermal stability conditions of the new alloy 

for optimum mechanical properties. 

IV. To review practices and standards for material testing and carry out the testing to 

determine the mechanical properties.  
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V. Carry out new piston design using the new alloy’s mechanical properties. 

VI. Review of practices and standards for engine testing and carry out engine tests in 

both configurations, with original and new pistons to determine the engine 

performance changes.  
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Chapter 2: Literature review and background theory 

2.1. Introduction 

This chapter highlights the function of pistons, design considerations and the evolution of 

piston design. The mechanical properties required for a piston design have been reviewed and 

the potential of using nanostructured aluminium alloys in pistons, and the work being 

undertaken in this area in the literature is reviewed. Furthermore, this Chapter specifies the 

mechanisms used to strengthen metals specifically the ones that contributed to the higher 

strength of the alloy investigated in this project. It also describes the production method used 

to produce the alloy. In addition, it describes the different types of engine loads that act on 

pistons and how they can be determined and implemented in finite element analysis (FEA) to 

design a piston. 

2.2. Internal combustion engines (ICEs) piston 

Most internal combustion engines use piston (Figure 2.1) reciprocating back and forth or up 

and down in a cylinder (Pulkrabek, 2014). The piston is one of the most important 

components of an internal combustion engine and its design greatly affects the performance 

of an engine.  

 

  

 

 

 

Figure 2.1. A piston from an old combustion engine (Robinson, 1964). 
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2.3. Piston design aims and evolution over time 

Piston design varies vastly depending on application and the type of engine. A lot of research 

has been devoted to this engine component than many others due to its importance 

(Robinson, 1964). A piston design is an engineering challenge due to the complex physics 

and uncertainty in its operating conditions. An improper piston design could increase friction 

and noise, leading to reduction in the engine’s efficiency and life (Patel, Shah and 

Mourelatos, 2010).  

2.3.1. Piston design considerations 

The piston is one of the most critical components in an engine which transfers energy from 

the combustion of air-fuel mixture to the crankshaft through the connecting rod (Xu et al., 

2011). The piston is also one the most stressed components in an engine (Cha et al., 2009). A 

piston must be designed to withstand an engine’s thermal and dynamic loads and avoid 

structural failure, noise and skirt scuffing. It should also be light to minimise inertial loads, 

reduce friction and transmit heat (Cha et al., 2009; Xu et al., 2011). Reducing vibration and 

noise is a prime concern in passenger cars, but not that important in high performance racing 

engines where the piston design is driven by reducing friction to increase performance and 

efficiency  (Taylor, 1985). 

2.3.2. Piston design evolution 

Piston design has evolved over time to match performance requirements. There are 3 basic 

types of piston designs as described by (Winship, 1967). The closed slotless type piston 

design is used in high performance engines such as motorbikes and has no slot between the 

piston’s head and the skirt. It has little tolerance to variations in fits therefore requires precise 

machining. It also allows excellent heat flow and reduces the ring groove deflection due to 

the all-round support of the ring belt area (Winship, 1966; Winship, 1967).  
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The test engine used in this project is a KTM (450 XCF 2008) high performance motorbike 

engine which has a closed slotless type piston as can be seen in Figure 2.2. A geometrical 3D 

model of the piston was reverse engineered based on the actual piston which was scanned 

using a three dimensional (3D) laser scanner. The scanning of the piston was carried out by 

an external company called Central Scanning that used Comet L3D Blue Light Scanner. The 

scanner had measurement accuracy of 0.007 – 0.08 mm (7 – 80 µm) which was sufficient to 

capture all the external detailed features of the piston required for the piston design. For 

example, the valves clearances are normally within close dimensional tolerances and in the 

case of the test engine the cold valves clearances were 0.1 – 0.17 mm.  

 

 

 

 

Figure 2.2. A reverse engineered CAD model of the test engine’s piston. 

An improved piston not only needs robust design, but also materials with better mechanical 

properties. Material requirements for piston applications are described below. 

2.4. Piston’s material requirements 

The properties required for a piston can be best identified by considering the work a piston 

has to do. The very first function of a piston is to transfer the combustion gas energy to the 

crankshaft through the connecting rod, and to act as a seal against the combustion products 

and the engine oil in the crankcase. In addition, it must transmit the combustion heat to the 

atmosphere via the rings and the cylinder’s cooling jacket. It must perform these functions as 

silently as possible, without breaking or distorting under the thermal and mechanical loads. 

No 
Separation 

Slot 
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As much as possible, it should avoid changing shape and size under the influence of heat and 

mechanical loading. The piston must neither be eroded nor burnt by the combustion products 

and the wear should be kept to minimum (Schofield and Wyatt, 1946). Furthermore, the 

piston should be cheap as a material and not costly to produce (Rudnik et al., 2003; GmbH, 

2016). 

A piston has to be strong enough to withstand the combustion pressures and the inertial 

forces generated by its own mass and the motion. The strength should be maintained 

throughout the piston’s working temperatures range which lies between – 30 °C and 300 °C 

in the case of petrol engines and as high as 350 or 400 °C for diesel engines. The suitable 

piston material therefore should possess the following properties.  

 A sufficiently high tensile, compression, creep and fatigue strengths at the operating 

temperature range.  

 Should have low density to reduce the inertial loads. 

 A high thermal conductivity to facilitate quick heat transfer to the neighbouring parts 

to avoid overheating which can weaken the piston and also to avoid detonation or pre-

ignition of the air-fuel mixture. Detonation results in considerable power loss and 

further increases the stresses on an engine’s components.  

 Excellent bearing properties so that the friction between the piston and the cylinder 

wall can be as low as possible which will minimise the risk of engine seizure. 

 A low thermal expansion coefficient to retain the shape and size, but high yield and 

creep strengths to avoid collapse under the loads at the operating conditions.  

 It should not suffer large permanent growth and be sufficiently free from internal 

stresses to prevent distortion when heated (Schofield and Wyatt, 1946; GmbH, 2016). 
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2.5. Piston material evolution and development 

Performance and other requirements have changed material selection for pistons, starting 

with cast iron in the earliest engines to super alloys in the present. Other materials that have 

been experimented with and used in piston applications included magnesium alloys and 

various composites. However, the mostly commonly used alloys in small engine pistons are 

aluminium alloys which are described in more details below. Since this research is 

investigating the application of a new nanostructured aluminium alloys in pistons, the 

application of nanostructured aluminium alloys by other researchers is also given in later 

section.  

2.5.1. Conventional aluminium alloys 

An aluminium piston design was first proposed in 1913 for the Kaiserpreiz aero-engine, but it 

was rejected on the basis of its lower strength and melting point. It was believed that the 

material was not strong enough and would not withstand the combustion temperatures since 

the material’s melting point is only 659 °C. Despite the low melting point and reduced hot 

strength, some designers still tried aluminium in search of lighter materials for the pistons. It 

was the discovery of age hardening (Section 2.8) by Alfred Wilm that enabled aluminium 

alloying to achieve higher strength. Aluminium alloy pistons were first fitted by Miller in a 

Peugeot for the 1914 GP. The car finished second in a 500 mile race in 1915 in Indianapolis 

and its sister car won in the same race in 1919.  It was discovered by the early aluminium 

alloy piston users that the low melting point was irrelevant since an aluminium alloy had 4.5 

times thermal conductivity of cast-iron and the heat could efficiently be passed to the cooled 

cylinder wall. The better thermal conductivity of aluminium alloys allowed the compression 

ratios to be raised without knocking thus improved the engine’s performance. The piston’s 

crown temperature was measured to be 200 °C lower than that of a cast iron piston (Taulbut 

2001). 
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The improvement in materials processing and production technologies enabled new 

aluminium alloys with superior properties compared to conventional aluminium alloys to be 

developed. These alloys are termed super alloys (Section 2.5.2) and in this project, one such 

alloy is investigated for piston applications. The comparison of commonly used piston alloys 

and the new alloy is given in Section 4.9. 

2.5.2. Nanostructured aluminium alloys or super alloys 

The conventional high-strength aluminium alloys are strengthened using various mechanisms 

such as grain size refinement, solid solution, artificial aging and others (Inoue, Kimura and 

Amiya, 2002) (see Section 2.6). However, to meet the higher tensile strength requirements at 

elevated temperatures; different strengthening techniques have been considered to produce 

aluminium-based nanostructured alloys. They can be produced using mechanical alloying 

(MA), severe plastic deformation (SPD), melt spinning etc. Secondary production processes 

such as extrusion or die compact are needed to produce the final bulk materials (Inoue, 

Kimura and Amiya, 2002; Asgharzadeh, Simchi and Kim, 2011). Several types of 

aluminium-based nanostructured alloys have been developed with the microstructures of 

nanometre-sized particles embedded in the aluminium matrix (Audebert, Mendive and Vidal, 

2004; Galano et al., 2010).  

Earlier work on the feasibility of the aluminium-based nanostructured alloys in piston 

applications has been carried out by Bonelli et al. (2014) and Scrimshaw (2014) at the 

Universities of Buenos Aires and Oxford Brookes respectively. The study carried out by 

Scrimshaw (2014) mainly consisted of theoretical calculations including finite element 

modelling which concluded that a mass reduction of approximately 12% can be achieved 

when switch from the conventional Al-Si alloy (Al-4032) to a nanostructured aluminium 

alloy. The work carried out at the University of Buenos Aires (UBA) was based on the 

practical applicability of one the nanostructured hypereutectic aluminium alloys. The study 
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suggested that change in the piston material can result in gains in the engine’s performance in 

terms of fuel consumption, torque and power (Bonelli et al., 2014).    

The Pacific Northwest National Laboratory Richland in the USA also worked from May 

2011–May 2014 on the development of aluminium-based nanostructured alloys (Smith, 

2012). The alloys were expected to have better tensile and fatigue strengths at elevated 

temperatures that can facilitate applications in heavy duty diesel engine pistons. The primary 

objectives were to evaluate the candidate high temperature and high strength aluminium 

based alloys that could be processed using rapid solidification methods, and establish cost-

effective processing methods that can preserve the desired microstructure and properties 

through the consolidation and forming steps (secondary production processes) (Smith, 2012).  

The candidate alloy selected for further development was Al-Fe alloy and the aim was to 

achieve strength in excess of 300 MPa at 300 °C. The project could not achieve the 

aforementioned target, but claimed to have achieved yield strength (YS) and ultimate tensile 

strength  UTS  of 244 and 261 MPa respectively. The alloy’s strength was much better than 

the conventional aluminium alloys. It was also found that melt spinning followed by 

extrusion consolidation is a more cost-effective process to mass produce these materials than 

the mechanical alloying. It is not yet known if the project had tested any component for an 

application demonstration as planned. It was however clear that, the consolidation and 

extrusion processes needed further optimisation in order to eliminate porosity and improve 

high temperature properties (Smith, 2012).  

The work undertaken in this doctoral programme is one more step towards the application of 

aluminium based nanostructured alloys in pistons.  The nanostructured aluminium alloy 

under investigation in this project has been mass produced by RSP Technology in 

Netherlands using melt spinning followed by hot extrusion for the consolidation. The alloy 
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was developed by Prof. Fernando Audebert and his team at the Universities of Oxford and 

Benous Aires. The characterisation of the alloy is presented in Chapter 4 and the mechanical 

properties are compared with those of existing aluminium alloys used in piston applications.  

2.6. Strengthening mechanisms in aluminium alloys 

It is crucial to understand the strengthening mechanisms in metals to develop new materials 

with better mechanical properties and to understand these mechanisms, it is important to 

understand the nature of dislocations and the role they play in the deformation processes of 

metals (Chandrasekaran, 2003; Callister and Rethwisch, 2011). Normally more than one of 

these techniques contribute towards the strengthening of an alloy  (Callister and Rethwisch, 

2011; Martin, 2012). The strengthening mechanisms that contribute to the higher strength of 

the alloy studied in this project are grain boundary, solid solution and precipitation or age 

hardening. More information about these strengthening mechanisms can be found in  

(Callister and Rethwisch, 2011;Bata and Pereloma, 2004; Gedeon, 2010; Martin, 2012; Ma et 

al., 2014). 

2.7. Rapid solidification of aluminium alloys 

It has been well known that grain size refinement is one of the metal strengthening 

mechanisms to improve the mechanical properties of polycrystalline metallic materials 

(Tellkamp, Lavernia and Melmed, 2001; Ma, 2006). A number of techniques (mechanical 

alloying (MA), sever plastic deformation (SPD) etc.) have emerged over the last two-three 

decades with the primary aim of grain reduction for processing metals and alloys in a bulk 

form. 

Nanostructured (NS) and ultra-fine grained (UFG) aluminium alloys, and their composites 

have attracted significant attention during the last two-three decades due to their superior 

mechanical properties compared to conventional aluminium alloys hence offer interesting 
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possibilities related to many structural applications  (Audebert, Mendive and Vidal, 2004; 

Galano et al., 2010). The specific properties of interest include higher strength, lower density 

and higher temperature capabilities (Lewis et al., 1984). NS materials owe their superior 

properties to their unique microstructure where the volume of grain boundary is significant, 

i.e. a 5 nm material has approximately 50% of its volume as grain boundaries (Han, 

Mohamed and Lavernia, 2003).  

It is known that grain size can be controlled by controlling the rate of solidification from 

liquid phase or plastic deformation. The method of interest in this work is controlling the rate 

of solidification. The alloy under consideration was produced by a rapid solidification 

process called melt spinning described as follow. 

2.7.1. Melt spinning 

Since the introduction of rapid solidification of metallic melts by Duwez in 1960, many 

techniques and devices have been designed to produce alloys by rapid solidification.  

Amongst the techniques melt spinning is the most commonly used technique because of its 

relatively high cooling rates and suitability for high volume industrial manufacturing (Uzun, 

Karaaslan and Keskin, 2001; Abed, 2014).   

A schematic representation of the melt spinning and subsequent processes to produce the 

final bulk material is given in Figure 2.3. In melt spinning, molten aluminium mixture is 

introduced onto a spinning copper wheel creating a puddle (Karpe et al., 2009) (Figure 2.3a). 

The material is dragged out from the wheel in form of ribbons due to the relative motion of 

the wheel (Figure 2.3b) (Karpe, Kosec and Bizjak, 2012). The ribbons are then cut (Figure 

2.3c) and compacted by hot extrusion into the final bulk material in a bar form (Figure 2.3d). 
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Figure 2.3. Schematic of melt spinning and subsequent processes (images courtesy of RSP 

Technology Netherlands) 

2.8. Heat treatment background theory 

Heat treatment in a general sense is the heating and cooling processes with the aim of 

changing the mechanical properties, the metallurgical structure or the residual stress state of 

metals or alloys. However, in the case of aluminium alloys, heat treatment is frequently used 

to increase the strength and hardness of the precipitation-hardenable wrought and cast alloys 

which are termed heat treatable alloys (American Society for Metals. Handbook, 1979; 

American Society for Metals. Heat Treating and American Society for Metals. Handbook, 

1981).  

Most of the commercial heat-treatable aluminium alloys contain combination of alloying 

elements hence exhibit multistage precipitation and undergo accompanying strength. Heat 

treatment to increase the strength of aluminium alloys is a three-step process; solution heat 

treatment, quenching and aging, and each of them is explained in detail in (American Society 

for Metals. Heat Treating and American Society for Metals. Handbook, 1981).  

2.9. Engine loadings on piston 

Determination of the engine loads on piston is required for designing piston using FEA. The 

two types of loads acting on piston are explained in detail below along with how they are 

determined and implemented in the FEA (Mahle, 2016). 

(a) Melt spinning process   (b) material ribbons    (c) cut ribbons           (d) Extruded bar 
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2.9.1. Mechanical loads 

These loads include, the cyclic loading on the piston due to 

 Gas force from the combustion pressure. 

 Inertial force from the oscillating motion of the piston. 

 Lateral force from the support of the gas force by the inclined connecting rod, and the 

inertial force of the oscillating connecting rod. 

The above loads at any given point during an engine operation can be determined using 

simple trigonometry and crank slider mechanism (Figure 2.4).  In order to avoid neglecting 

any combination of these forces so called load cases-that may be critical, a practical number 

of appropriately selected points in time are analysed. These include primarily the points at 

which the individual components of the mechanical load reach a maximum (Mahle, 2016). 

The three different mechanical loads are individually described below. 

 

 

 

 

 

Figure 2.4. Geometry of the crank-mechanism (Norton, 2012). 

2.9.1.1. Combustion pressure 

The combustion gas pressure of the air-fuel mixture on the piston is modelled as a pressure 

acting on the piston’s crown and the pressure is applied over the entire piston’s crown going 

down to the lower flank of the compression ring groove as suggested by Mahle (2016). The 



18 
 

force flow of the longitudinal force generated thus runs through the pin to the connecting rod 

small end (Mahle, 2016). For this project, the gas pressure was measured directly from the 

engine; the average pressure traces of the test engine at different engine speeds are given in 

the later chapters (Section 5.4.1.1). 

2.9.1.2. Inertial force due to acceleration 

The oscillating motion of a piston in the cylinder generates accelerations that reach their 

maximums at the cylinder’s dead centres. The accelerations are linearly dependent on the 

stroke-connecting rod ratio of the crank mechanism, and quadratically dependent on the 

engine speed. This means that inertial forces in an engine increase significantly at high 

speeds (Mahle, 2016) and makes the engine less efficient at higher speeds (Section 1.1). 

The resulting acceleration is applied to the connecting rod by the piston, by means of the pin. 

In the FE model, the acceleration is applied globally to the piston assembly. The model is 

fixed in the axial direction at the connecting rod small end and the inertial force is applied as 

acceleration in Ansys WorkbenchTM (the computer package used for FEA in this project) 

(Munyao et al., 2014; Mahle, 2016).  

The simple geometry of the slider-crank mechanism (Figure 2.4) allows a very straight 

forward approach to the exact analysis of its slider’s position, velocity and acceleration, using 

only plane trigonometry and scalar equations. The equation to determine the piston 

acceleration has been derived by (Norton, 2012) and is given in (2.1).  

 ̈              
 

 
                                                            (2.1) 

where  ̈,  ,  ,        and   are the piston’s acceleration  m/    ), crank offset or crank radius 

(m), crank angular velocity (rad/sec), crank angle (rad) and the connecting rod length (m) 

respectively.  
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The crank radius ( ) is the distance between the crank pin and crank centre or half of the 

stroke. The crank angular velocity is related to the engine speed (N) in revolution per minute 

(RPM) by equation (2.2) 

  =                                                                    (2.2) 

2.9.1.3. Lateral force 

The conversion of the piston’s linear motion into the crankshaft’s rotational motion generates 

force components in the crank mechanism that presses the piston against the cylinder wall. In 

the FEA, the lateral forces are transferred into the piston via the connecting rod small end and 

the pin. The piston then presses against the cylinder (Mahle, 2016). 

The lateral force is made up of the components of the gas  pressure force and the inertial 

force and can be determined using equation (2.3) (Norton, 2012). 

         (   ̈    )                                                             (2.3) 

where    is mass of the reciprocating components (Kg) that include the piston, the pin and 

approximately one-third of the connecting rod’s mass (Table 5.3).   is the angle that the 

connecting rod makes with the cylinder axis (Figure 2.4) and can be determined from 

equation (2.4) (Norton, 2012). 

       
 

 
                                                                (2.4) 

   is the gas force (N) and can be calculated from equation (2.5) (Norton, 2012). 

         
 

 
                                                                    (2.5)                                       

where B and    are the engine’s bore  m  and the gas pressure  Pa  respectively.  
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2.9.2. Thermal loads 

The thermal load from the combustion of the air-fuel is also a cyclic load on the piston. It acts 

mainly during the expansion stroke on the combustion chamber side of the piston. During 

engine operation most of the piston mass reaches a quasi-static temperature during engine 

operation with limited cycle variation. Although there is no cycle variation, there is still 

significant variation of the quasi-static temperature within the piston (Mahle, 2016).  

The heat transfer calculations require determination of the combustion gas temperature, but 

the gas temperature in the cylinder varies considerably depending on the state of the 

combustion. As an approximation, the ideal gas law described by equation (2.6) is used to 

determine the mean gas temperature indirectly from the in-cylinder pressure (Hohenberg, 

1979).   

        
         

  
                                                        (2.6) 

where P, V, n, R and    are the in-cylinder pressure (Pa), cylinder volume (  ), combustion 

product (mole), universal or ideal gas constant (J/mol K) and the gas temperature (K) 

respectively. The momentary cylinder volume can be calculated using equation (2.7) 

(Pulkrabek, 2014). 

          (
   

 
)                                                           (2.7) 

where    and   are the clearance volume (  ) and the piston position (m) respectively. The 

clearance volume can be obtained using equation (2.8) (Pulkrabek, 2014). 

      
  

      
                                                                 (2.8) 
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where    is the engine’s total volume (  ) and    is the compression ratio. The value of   in 

equation (2.7) in terms of the angular position ( ) can be determined using equation (2.9). 

     
  

  
         

 

  
                                          (2.9) 

The product or mass of the combustion in moles can be calculated using equation (2.10). 

 n = m/M                                                                  (2.10) 

where m and Mm are mass of the fuel or the air in grams and molar mass of the fuel or the air 

in g/mol respectively.  

Having determined the combustion gas temperature the heat transfer between piston and its 

surroundings can be evaluated. Sections 2.9.2.1 to 2.9.2.5 explore the different areas of the 

piston where the heat transfer takes place. 

2.9.2.1. Heat transfer between the combustion gas and the piston crown 

The transient heat transfer coefficient (HTC) of the hot gases can be obtained from one-

dimensional thermodynamic analysis of the engine cycle. There are numerous models that 

have been put forward to determine the heat transfer coefficient of these gases inside the 

engine cylinder. The Hohenberg model described by equation (2.11) (Hohenberg, 1979) was 

used to determine the instantaneous heat transfer coefficient of the hot gases. The Hohenberg 

model was based on extensive experimental observations and showed agreement with test 

results which was obtained after detailed examination of the Woschni’s model (Woschni, 

1967) (Torregrosa, Olmeda and Romero, 2008).  

            
                           

                                        (2.11) 

where h, P and    are the heat transfer coefficient (W/    ), cylinder pressure (bar) and the 

mean piston speed (MPS) (m/sec) respectively.    and    are constants and their mean values 
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are 130 and 1.4 respectively, they have no units. The piston’s mean speed (m/sec) can be 

determined using equation (2.12). 

                                                                         (2.12)   

where S and N are the engine stroke (m) and speed (rpm) respectively. 

The simulation of quasi-static temperature distribution needs the mean heat transfer 

coefficient (  ) and the mean gas temperature (  ) values which can be obtained using 

equations (2.13) and (2.14) respectively (Sanli et al., 2008). 

    
 

   
 ∫           
   

 
                                                  (2.13) 

    
 

      
 ∫                
   

 
                                             (2.14) 

2.9.2.2. Heat transfer between compression ring and cylinder 

A significant amount of heat from the piston exits through the compressing ring which needs 

to be accounted for in the thermal modelling of a piston. The heat transfer coefficients are 

different for the upper and lower faces of the compression ring. Determining the real heat 

transfer coefficients for compression rings are complicated and beyond the scope of this 

work. The values used in this work were therefore taken from published literature (Mizuno et 

al., 2009) (Section 5.4.2.2).  

2.9.2.3. Heat transfer between ring lands, piston outer skirt and the cooling oil 

The heat transfer to the lubrication oil film between the ring lands and the outer skirt through 

convection can be modelled as a laminar flow between two parallel plates as suggested by 

(Ahmed and Basim, 2009). To get the value of the heat transfer coefficient; the Nusselt 

number (Nu) should be found for the laminar flow between two parallel plates and it can be 

determined using equation (2.15) (Ahmed and Basim, 2009; Munyao et al., 2014) 
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Nu =      
    

  = 8.235                                              (2.15) 

The heat transfer coefficient (h) is given by equation (2.16)  

h = 8.235 
    
  

                                                          (2.16) 

where      and    are the thermal conductivity of oil (W/m K)  and hydraulic diameter (m) 

respectively. Hydraulic diameter is determined as a function of the cross-sectional area of the 

plates per unit depth (Ac) and the wetted perimeter (  ). Hydraulic diameter can be 

calculated using equation (2.17). 

    
   

  
                                                         (2.17) 

where Ac,    and b are cross-sectional area of the plate per unit depth (  ), wetted perimeter 

(m) and the piston-cylinder gap (the lubricating oil film) (m) respectively.  

2.9.2.4. Heat transfer between the piston under-crown and inner walls of the piston skirt and the 

cooling oil 

The piston’s under crown has a very complex geometry due to the existence of the ribs and 

the pin boss where evaluations of the heat transfer coefficients are intricate. The piston’s 

under crown is cooled by oil sprayed onto the underside of the piston. To model this cooling, 

the piston inner surface is assumed to be cylindrical, with diameter equal to the outer piston 

diameter, and the cooling oil moving along the inner surface of the cylinder is assumed to 

have a velocity equivalent to the mean piston velocity. This assumption is based on the Ditus-

Boelter correlation which satisfies the turbulent forced convection heat transfer on a 

cylindrical surface (Ahmed and Basim, 2009). The correlation gives the Nusselt number 

which can be used to determine the heat transfer coefficient. The Ditus-Boelter correlation is 

described by equation (2.18) (Ahmed and Basim, 2009; Munyao et al., 2014).  
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                                                                      (2.18) 

The Reynolds’s and Nusselt’s numbers can be determined using equations (2.19) and (2.20). 

      
            

    
                                                     (2.19) 

     
       

    
                                                      (2.20) 

Substituting equations (2.18) and (2.19) into equation (2.20) leads to equation (2.21) which 

can be used to determine the heat transfer coefficient. 

             
         

         

    
                                                   (2.21) 

where Nu, Pr, Re,     ,      ,      ,      are Nusselt’s number, Prandtl number, Reynold’s 

number, oil density (Kg/  ), oil flow speed (m/sec), oil dynamic viscosity (kg/m.sec) and 

heat transfer coefficient of the oil (W/   ) respectively. The value of the index n is 0.4, 

when the oil is being heated and 0.3 when the oil is being cooled (Munyao et al., 2014). 

and Pr number can be determined using equation (2.22) 

     
       

    
                                                             (2.22)  

where    is the specific heat value of the cooling oil (kJ/(Kg.K).                                                                

2.9.2.5. Heat transfer between the engine cylinder and cooling water jacket 

The heat transfer coefficient of the combustion engine’s cooling jacket has been determined 

experimentally for different engines and presented in literature. However, for the majority of 

spark ignition (SI) engines, the average value is 1480 (W/   ) (Esfahanian, Javaheri and 

Ghaffarpour, 2006), which has been used in this work.  The application of the heat transfer 
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coefficient between the engine cylinder and cooling water jacket in the FEA can be seen in 

later chapters (Section 5.4.2.5). 

2.10. Summary  

A comprehensive literature survey was carried out on the development of materials for piston 

applications in internal combustion engines. The properties a material should possess to be 

used as a piston material were discussed with reference to the functions a piston performs. 

The materials that are under development and have the potential to become future piston 

materials were also highlighted. The different strengthening mechanisms, which contribute to 

higher strength of the alloy under investigation in this project, were described. Furthermore, 

the primary and secondary production processes to produce the alloy in bulk form were 

described in conjunction with strengthening mechanism they contribute to. The heat 

treatment procedure and background theory for optimising the mechanical properties of the 

as-received alloy were explained. Lastly, the different engine loads acting on pistons were 

presented along with how they can be determined and implemented in the finite element 

analysis (FEA) of pistons. 
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Chapter 3: Research methodology and thesis structure 

In order to achieve the aforementioned aim and objectives (Section 1.2), a research strategy 

was devised which is presented as a flow chart in Figure 3.1. The first phase was to carry out 

extensive literature review regarding the piston materials, material characterisation & testing, 

piston design & testing and engine testing. The main bulk of experimental work was carried 

out in three areas which were material characterisation, heat treatments & mechanical testing, 

piston design & finite element modelling and engine testing with original & new pistons. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Flowchart diagram of the research methodology. 
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The different areas of the research methodology with respect to the thesis structure are given 

as the following: 

An extensive literature review was carried out and some of the important and research related 

topics are summarised in Chapter 2. It started with the function of pistons, design 

considerations and the evolution of piston design. The mechanical properties required for a 

piston design were reviewed including the trends of use of materials for piston manufacture. 

The pros and cons of different piston materials were critically analysed and the potential of 

using nanostructured aluminium alloys in pistons and the work being undertaken in this area 

in the literature was reviewed.  

The literature review also included reviewing the mechanisms used to strengthen metals 

specifically the ones that contributed to the higher strength of the alloy investigated in this 

research. It also describes the production method used to produce the alloy. The Chapter 

contains some background theory about the heat treatment of aluminium alloys. Furthermore, 

it describes the different types of engine loads that act on pistons and how they can be 

determined and implemented in finite element analysis (FEA) to design a piston.  

The work carried out in Phase 2 of the research methodology is given in Chapter 4. It 

describes a list of mechanical tests and microscopic analyses carried out to characterise, 

assess the homogeneity and determine the strength of the alloy used in this research.  To 

optimise the mechanical properties of the as-received material, heat treatment studies were 

undertaken to determine the T6 conditions where the alloy had the highest strength. 

Furthermore, fractographic analyses were performed using electron microscope to determine 

the failure modes. Finally, the yield and ultimate tensile strengths of the new alloy were 

compared with those of existing aluminium alloys used in piston applications.  
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Some of the practical work in Phase 3 of the research methodology is given in Chapter 5. FE 

analyses were carried out on existing piston using two different modelling techniques to 

determine the more realistic approach for new piston design. The chapter described the scope 

and the assumptions made in the FE analyses. The different thermal and mechanical loads on 

the piston were determined and a critical load case was also determined where the 

combinations of these loads are detrimental to the piston design. Based on the more realistic 

FE approach, critical load case and the new alloy’s mechanical properties, a new lightweight 

piston was designed. The chapter also explains why topology optimisation could not be used 

to optimise the piston design parametrically. The design and manufacturing challenges of the 

new piston design are also described. 

The experimental work of engine testing with original and new pistons from Phase 3 is given 

in Chapter 6. It explains the modifications made to the engine, auxiliary components design 

and installation of various sensors to prepare the engine for dynamometer testing according to 

the requirements in this project. It also describes the engine test methodology and engine 

performance parameters that needed to be measured. The engine test scope, test limitations 

and technical problems faced are highlighted. Furthermore, it talks about the modifications 

needed to the engine to accommodate the new piston. The engine tests results with original 

and new pistons are presented and compared to assess the changes in the engine’s 

performance. 

The experimental results and analyses are discussed in Chapter 7. Conclusions reached as a 

result of the research undertaken here and the recommendations for further work are 

discussed in Chapter 8 
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Chapter 4: Microstructural characterisation of nanostructured aluminium 

alloy RSA Al-612 

4.1. Introduction 

This work examined the microstructure of the as-received alloy to assess its homogeneity 

through the application of intrusive and nonintrusive techniques. Energy dispersive 

spectroscopy (EDS) analyses were performed to evaluate the chemical composition of the 

alloy. To optimise the mechanical properties of the as-received material, heat treatment 

studies were undertaken to determine the T6 conditions where the alloy had the highest 

strength. High temperature tensile tests at the piston operating temperature ranges were 

carried out to determine the strength values as a basis for the design of the piston. 

Furthermore, fractographic analyses were performed using scanning electron microscope to 

determine the failure modes. X-ray diffraction (XRD) analyses were also carried out to 

determine the phases present. Finally, the yield and ultimate tensile strengths of the new alloy 

were compared with those of existing aluminium alloys used in piston applications.  

4.2. Microstructural characterisation and sample preparation 

The examination of microstructure is one of the principal means of evaluating alloys and 

products to determine the effects of various fabrication and thermal treatments. The most 

common applications of microstructural examinations to aluminium alloys are as follow 

(Callister and Rethwisch, 2011). 

 To ensure the association between the properties and microstructure are properly 

understood. 

 To predict the properties of materials once these relationships have been established. 

 To determine whether a material has been correctly heat treated or not. 



30 
 

 To design alloys with new property combinations. 

 To ascertain the mode of mechanical fracture (Callister and Rethwisch, 2011). 

Microscopic examination is a very useful tool in the study and characterisation of materials 

and different microscopes such as optical, and electron microscopes are commonly used in 

microscopy (Cerri and Evangelista, 1999). The two types of microscopies used in this project 

are explained in Section 4.3. 

A very detailed surface preparation was needed to reveal the important details of the 

microstructure; the preparation included grounding and polishing of the surface to give it a 

mirror like smooth finish using finer abrasive papers and powders (Callister and Rethwisch, 

2011). The sample preparation method used in this project is described in the following 

section. 

4.2.1. Sample preparation 

The sample preparation involved the use of the following four steps. 

4.2.1.1. Step 1: Sectioning 

A sample with dimensions of 60 x 8 mm (diameter and thickness respectively) was cut from 

the material bar and dry cutting was avoided since it generates heat which affects the 

microstructure and hardness (Voort, 2016) (American Society for Metals. Handbook and 

Mills, 1985). 

4.2.1.2. Step 2: Mounting 

The sectioned sample is normally encapsulated, but it was not required for the optical 

microscopy analyses since the sample was large enough, while it was required for the 

scanning electron microscopy (SEM) in this project. Thermoplastic resin was used since it 

provided better edge retention, more chemically inert (Voort, 2016) and was readily available 

in the laboratory (American Society for Metals. Handbook and Mills, 1985). 
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4.2.1.3. Step 3: Grinding 

The un-encapsulated sample was ground using a rotary grinder, Figure 4.1, to reduce the 

sample’s surface roughness. Grinding was performed using a silicon carbide abrasive paper 

starting with the rough grit size of P240g followed by finer grit size of P320g. The sample 

was kept cooled with water to avoid overheating during grinding.  

  

 

 

 

 

 

 

Figure 4.1. The rotary grinder used in this project. 

4.2.1.4. Step 4: Polishing 

The sample was polished to remove the surface scratches produced during the grinding stage. 

This was performed in two stages; rough and final polishing. Both polishing stages were 

carried out using a metal oxide [alumina       ) mixed with diamond particles of different 

sizes] in powder form. The alumina was mixed with a water-based fluid/lubricant called 

Hyprez to make a paste. This lubricant helped to maintain the uniform dispersion of the 

diamond and improved the surface finish of the sample. When EDS analyses were carried out 

(Section 4.3.2.3), it was realised that a large portion of the particles have been dislodged from 

Abrasive 
Paper 
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the sample’s surface. Ethylene glycol was used instead of Hyprez and it reduced particle 

dislodging.  

The rough and final polishing stages were performed using 0.3 and 0.04 µm alumina 

diamond paste on a nap cloth disk respectively (Cerri and Evangelista, 1999). Once the 

polishing was completed, the sample was wiped with industrial methylated spirit (IMS) and 

dried immediately using a specimen dryer (Figure 4.2) to ensure there were no stains left on 

the sample’s surface. 

 

 

 

 

 

Figure 4.2. Specimen dryer with the polished sample. 

4.3. Microscopic analyses 

The two types of microscopic analyses carried out in this project are described below. 

4.3.1. Optical microscopy 

In this work, optical microscopy was used to determine homogeneity of the as-received 

material through particle analyses such as particle size and volume fraction across the bar’s 

cross section. The methodology followed to carry out the aforementioned analyses is given in 

the following section. 

Polished 
Sample 
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4.3.1.1. Homogeneity of the alloy and particle analyses 

Homogeneity of the as-received alloy was investigated through non-intrusive (optical 

microscopy  and intrusive  Vicker’s Hardness tests  techniques.  A picture of the finished 

polished sample prepared in Section 4.2.1 can be seen in Figure 4.3. The aim of the non-

intrusive investigation was to observe the microstructure to assess its uniformity or 

homogeneity. Pictures of the sample’s surface were taken across the sample’s cross-section at 

2 mm distance as marked out in Figure 4.3 to observe and determine the particle size, volume 

fraction and distribution.  The pictures were processed for further investigation using an open 

source computer programme called ImageJ.  

 

 

 

 

Figure 4.3. An image of the finished polished sample. 

An image of the new alloy’s microstructure taken with light microscope can be seen in Figure 

4.4. The image was processed using ImageJ (image processing software) (ImageJ, 2023) to 

show the particles in black and the aluminium matrix in white (Figure 4.5). The software then 

numbered each of the particles in sequence starting from the top (Figure 4.6) for which it 

determined their surface areas assuming the particles as spheres. Furthermore, the software 

also calculated the ratio of areas covered in black vs. white to determine the particle volume 

fraction. Since the particles agglomerated (examples shown in red circles in Figure 4.4), they 

needed to be separated manually to determine the correct particle size. This was done through 

removing black pixels between the two particles using the tools provided in ImageJ software.  

Diameter 1 

Diameter 2 
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Figure 4.4. An image of the new alloy’s microstructure taken with light microscope.  

 

 

 

 

 

 

 

 

Figure 4.5. Semi-processed microstructure image of the new alloy in ImageJ.  
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Figure 4.6. Particles numbered by ImageJ. 

The alloy under consideration had particle volume fraction of 22.5% according to the 

manufacturer (Al-13.5Mg-7Si-2Cu wt%). The same image processing procedure was carried 

out on all the pictures taken across the cross section of the sample and the results for particle 

volume fraction are given in Figure 4.7. The results indicated that the average volume 

fraction slightly decreased as going towards the centre of the bar, however; the variation was 

insignificant.  The results obtained confirmed the specified volume fraction of 22.5% by the 

manufacturer.  
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Figure 4.7. Particle volume fraction across the sample’s cross section. 

The 2D particle areas obtained from image processing results were used to determine the 3D 

particle sizes using equations (4.1–4.3). Radii of the 2D particles were determined from the 

area of each particle using equation (4.1); assuming the particles as circular. The 2D particles 

were then converted to 3D using equations (4.2 and 4.3) (Pedrazzini et al., 2016).  

    =                                                               (4.1) 

Where   ,    are area of 2D particle and radius of the 2D particle 

rearranging the equation gives 

    = √
 

  
 

radius of the 3D particle (  ) 

   = √ 
 
                                                        (4.2) 

    = 2                                                          (4.3) 
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Results of the average 3D particle size across the bar’s cross section can be seen in Figure 4.8 

along with the standard deviation. The results showed that the average particle size decreased 

towards the centre of the bar and so did the respective standard deviation.  

 

 

 

 

 

 

 

Figure 4.8. Average 3D particle size across the bar’s cross section 

Results from the image processing were also useful to determine the frequency of all 3D 

particles observed. The 3D particle size vs. frequency results are given as a histogram in 

Figure 4.9 and it can be seen that nearly 50% and 90% of the particles had sizes of about 1.7 

and 2.5 µm respectively. The actual particle sizes were likely to be smaller than measured 

because majority of the particles had been dislodged from the aluminium matrix during 

grinding and polishing of the sample. The voids left which were measured were expected to 

be larger than the particles. The two distinct peaks on the left may show the two 

intermetallics observed in the X-Ray diffraction (XRD) analysis presented later in the 

chapter. 
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Figure 4.9. Particle distribution of all the observed particles  

After analysing the microstructural homogeneity through optical microscopy, hardness tests 

 Vicker’s hardness) were carried out across the sample cross section (as illustrated in Figure 

4.3) to confirm the results of the particle analyses. The hardness test results of the as-received 

material are presented in Figure 4.10 and it can be seen that the hardness along the cross 

section did not fluctuate significantly. This showed that the material had homogenous 

hardness and was more likely to have homogenous mechanical properties across the bar. The 

load used for the hardness test was 10 Kilogram. There were two reasons for using Vicker’s 

hardness; first, this involved a much smaller impression than with the Brinell ball which 

eliminated the effect of different depths on the hardness. Secondly, it was readily available at 

the laboratory. 
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Figure 4.10. Hardness test results along the bar’s cross section of the as-received material. 

4.3.2. Scanning electron microscopy 

Scanning electron microscopy (SEM) is a method for high-resolution imaging of surfaces. 

The scanning electron microscope (SEM) uses electrons for imaging, much as a light 

microscope uses visible light. The advantages of SEM over light microscopy include much 

higher magnification and greater depth of field up to 100 times that of light microscopy. 

Qualitative and quantitative chemical analyses information are also obtained using an energy 

dispersive x-ray spectrometer (EDS) with the SEM (MEE, 2014) (Section 4.3.2.2). The 

scanning electron microscope was used in two modes as described below.  

4.3.2.1. Secondary electron (SE) and back scatter (BS) modes 

The electron beam in SEM dislodges various forms of emissions from the sample’s surface, 

amongst them secondary electrons are emitted by atoms close to the surface and offers 

greater surface resolution. While the backscattered electrons scatter in a way that they re-

emerge from the sample’s surface, but as a result the topographical characteristics suffer. On 

the other hand, backscatter electrons are sensitive to the atomic masses of the nuclei and 
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heavier elements appear brighter in a backscattered electron image. Back scatter emission is 

useful because it detects compositional differences (AME, 2018).  

Backscattering is highly directional hence, 

 If the sample is tilted, the penetration depth and scattering angles are both reduced. 

 Uneven topography gives poor composition results so samples should always be well 

polished.  

4.3.2.2. Energy dispersive spectroscopy (EDS) 

Energy-dispersive spectroscopy (EDS) or energy-dispersive X-ray spectroscopy (EDX) is a 

technique used for the chemical characterisation of a sample. It is normally used in 

conjunction with scanning electron microscopy (SEM) (MEE, 2014).  

4.3.2.3. SEM results 

The sample used for SEM analyses was prepared using the method given in Section 4.2.1. 

The large sample prepared in Section 4.2.1 was cut into 8x8 mm samples for heat treatment. 

One of these 8 x 8 mm samples was used for the SEM analyses since the smaller sample was 

easy to mount and automatic polishing was used to achieve a sample with good surface 

finish. For this project, EDS was used in conjunction with SEM, and EDS analyses were 

planned to be performed on bulk image and large particles.  

A SEM image of the alloy’s microstructure can be seen in Figure 4.11 and its EDS spectrum 

is shown in Figure 4.12. The EDS was performed on the whole imaged area and the 

quantitative results of the EDS spectrum are tabulated in Table 4.1. The brighter areas are the 

Copper present in the alloy. In order to obtain acceptable average compositional values, EDS 

was performed in six different locations and the average quantitative results are given in 

Table 4.2. 
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The output of the analyses gave the ratios of the elemental compositions of the alloy, 

however they did not match the exact specification (Al-13.5Mg-7Si-2Cu wt%) provided by 

the manufacturer (RSP Technology). This was perhaps due to the fact that the particles were 

dislodged from the aluminium matrix during grinding and polishing of the sample.  

 

 

 

 

 

 

 

 

Figure 4.11. SEM image used for bulk EDS analysis. 

 

 

 

 

 

Figure 4.12. EDS spectrum of the bulk material in as-received state. 
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Table 4.1. Bulk elemental analysis results of the alloy in as-received state. 

 

 

 

 

Table 4.2. Averaged bulk elemental analyses results of the alloy in as-received state. 

Images of the alloy’s microstructure can also be seen in Figures 4.13 and 4.14 in secondary 

and backscattered modes respectively. The copper elements with the highest atomic mass 

appear the brightest in backscattered mode. The EDS spectrum taken on a particle in Figure 

4.13 can be seen in Figure 4.15 while the results are tabulated in Table 4.3. EDS analyses 

were performed on many particles and their averaged results are tabulated in Table 4.4. EDS 

results are discussed in Section 7.2. 
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Figure 4.13. SEM image of the alloy’s microstructure in SE mode. 

 

 

 

 

 

 

Figure 4.14. SEM image of the alloy’s microstructure in BS mode. 

 

 

 

 

 

Figure 4.15. EDS spectrum of a large particle in as-received state. 
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Table 4.3. Elemental analysis results of the large particle in as-received state. 

 

 

 

 

Table 4.4. Averaged elemental analyses results of large particles in as-received state. 

4.4. Heat treatment for T6 determination 

4.4.1. Heat treatment methodology 

The material sample in Figure 4.3 was further sectioned according to the material cutting plan 

in Figure 4.16. Each of the samples was numbered using engraver to avoid confusion of the 

heat-treated samples since different samples were heat treated (artificial aged) at different 

temperature and for different lengths of time.  
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Figure 4.16. Material cutting plan for the heat treatment 

In total, 22 different samples were used and the heat treatment was carried out on one sample 

at a time. The heat treatment methodology used to determine the T6 condition is illustrated in 

Figure 4.17. The temperature selected for the solid solution was 530 °C and the soak time 

was one hour. The average quench delay achieved was 1.89 second and quenching was 

carried out using water at room temperature and the sample was agitated to avoid any 

increase in the local temperature that could affect the treatment.  

The artificial aging of the sample was started within 35–40 minutes of the quenching to stop 

any precipitation formation because the alloy contained copper and some precipitation could 

take place at room temperature after the solid solution quenching. To achieve this time 

window, the furnace was forced cooled using a fan to lower down the temperature to aging 

temperature. The furnace used for the heat treatment was an air furnace.  
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Figure 4.17. Heat treatment methodology diagram to determine T6 

Artificial aging was carried out at temperatures varying from 140 °C to 180 °C (140, 160, 

165, 170, 175, 180 °C) and the aging time was varied from 0.5 hour to 72 hours. Vickers 

hardness tests were carried out on heat treated samples as a means of measuring the effects of 

different heat treatment conditions on the alloy. A minimum of three indentations were taken 

on each sample to get an average. Furthermore, the hardness on each sample was measured 

twice. Once as the sample was removed from the furnace and quenched, and the other time, 

on the same sample after leaving it at room temperature (RT) for a week. This was to see if 

any major changes occurred in the hardness of the alloy with time after completion of the 

heat treatment.  

4.4.2. Heat treatment results for T6 condition 

The artificial aging results to determine the T6 condition are given in Figures 4.18 and 4.19. 

The T6 was not really clear, but it could be seen that the aging results for 160 °C followed the 

theoretical curve pattern for T6 condition. Furthermore, the hardness of the sample heat 

treated at 160 °C for 30 hours did not change significantly after removing it from the furnace 



47 
 

120

130

140

150

160

170

180

190

0 10 20 30 40 50 60 70 80

A
ve

ra
ge

 H
ar

dn
es

s (
H

V
) 

Aging Time (hour) 

Hardness on Same Sample after a Week at RT 

140 C
160 C
170 C
180 C

80

90

100

110

120

130

140

150

160

170

180

0 10 20 30 40 50 60 70 80

A
ve

ra
ge

 H
ar

dn
es

s (
H

V
) 

Aging Time (hour) 

Hardness After Removing from Furnace 

140 C
160 C
170 C
180 C

and leaving it at RT for a week. This seemed to correspond to the T6 condition. The hardness 

of the new alloy increased from an average of 97 HV in as-received state (Figure 4.10) to 

175.5 HV in T6 (Figure 4.19). The hardness of the new alloy was 35% higher than of 

corresponding to Al-2618 (130 HV in T6). The heat treatment results with the scatter and for 

other temperatures are presented in Appendix A.1-A.2. 

 

 

 

 

 

 

Figure 4.18. T6 heat treatment results after removing the samples from furnace. 

 

 

 

 

 

 

 

Figure 4.19. T6 heat treatment results a week after removing the samples from furnace 
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Since the heat treatment samples were reused and to ensure that the samples had returned 

back to their original solid solution state hardness value (average = 101.9 HV), hardness tests 

were taken on random samples at solid solution states and the results are presented in Figure 

4.20. The results did not show any significant variation in hardness values, therefore it was 

confirmed that the samples returned to their original solid solution state.  

 

 

 

 

 

 

 

Figure 4.20. Solid solution results for the reused heat treated samples. 

4.5. Microstructural stability heat treatments 

Microstructure of a heat treatable alloy is time and temperature dependent. This can cause 

inconsistencies in high temperature tensile test results since the microstructure undergoes 

changes during the tensile tests.  To avoid this, the microstructure needed to be in a stable 

state which was achieved through isothermal studies. This involved soaking of the alloy at 

relevant temperatures at which the tensile tests would be carried out for long enough time 

until the microstructure did not change anymore. Hardness tests were used as a means to 

establish stability; the microstructural stability was achieved once the hardness of the alloy 



49 
 

stabilised. The methodology followed to carry out stabilisation heat treatments is illustrated 

in Figure 4.21. 

 

 

 

 

 

 

 

Figure 4.21. Microstructural stabilisation heat treatment methodology diagram. 

4.5.1. Microstructural stability results  

The microstructural stability results are presented in Figures 4.22-4.23 and the hardness was 

measured twice on each sample similar to the T6 heat treatment. The result showed that the 

material’s hardness did not change for samples after removing from furnace and the same 

samples being left at room temperature for a week after the isothermal treatment. The 

samples heat treated at different temperatures reached stability at different lengths of times; 

however the samples at 200 °C took the longest (100 h) to reach stability. While the samples 

treated at 150 °C did not have any impact on the hardness at all. All the tensile test specimens 

were stabilised for 100 hours in their respective temperatures at which the tensile and 

compression tests were carried out. 
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Figure 4.22. Microstructural stability results after removing the samples from furnace. 

 

 

 

 

 

 

 

 

Figure 4.23. Microstructural stability results a week after removing the samples from furnace 
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4.6. Tensile tests results and fracture surface analysis 

In order to obtain the tensile strength values of the new alloy at piston operating 

temperatures, high temperature tensile tests were carried out at piston operating temperature 

range. Extruded aluminium alloys have anisotropic mechanical properties, and tests are 

therefore normally carried out in three directions with respect to the extrusion direction (ED) 

(0, 45 and 90 degrees) (Chen et al., 2009). However, due to the lack of material in this project 

it was not possible to test all three directions; it was therefore decided to cut the samples only 

in 90° to ED because it is generally the weakest direction in extruded aluminium alloy bars. 

The material was the hardest/strongest in extrusion direction due to the alignment of the 

grains. This was true in the case of this alloy too as can be seen in compression test results in 

Section 4.7. 

The specimens used for tensile tests were flat dogbone shaped as illustrated in Figure 4.24 

and the tensile tests were carried out by me in the Faculty of Engineering at the University of 

Buenos Aires (UBA). The test facility used for the tensile tests can be seen in Figure 4.25a 

and the machine used was Interactive Instruments Model 1K Universal Materials Tester. 

When setting up the sample in the machine, it was ensured that the top and bottom of the 

specimen were aligned in the slot (Figure 4.25b) to avoid any bending of the sample during 

the tests. All the tests were carried out at strain rate of 1xE-4 per second which is the standard 

strain rate used for aluminium alloys (American Society for Testing and Materials, 1984; 

Audebert et al., 2002). All the specimens were stabilised for 100 hours prior to testing 

according to the microstructural stability results in Section 4.5. The 2D engineering drawing 

of the dogbone specimen is given in Appendix A.3. 
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Figure 4.24. A picture of the flat dogbone specimen used for the tensile tests. 

 

 

 

 

 

 

 

Figure 4.25. a) Test setup for the high temperature tensile tests. b) Alignment of the sample 

in the slot. 

4.6.1. Tests at elevated temperatures 

The high temperature tensile tests were carried out at 25, 100, 150, 200, 250, 300 and 350 °C. 

The results are presented in Figure 4.26 and it can be seen that the samples in room 

temperature or T6 condition had the highest yield strengths with an average value of 

approximately 409 MPa, but showed no appreciable deformations. On the other hand, the 

samples at 350 °C had the lowest strengths with an average value of approximately 26 MPa, 

but had the highest deformations (Figure 4.27). The results also indicated that the alloy did 

not show any significant reduction in strength till about 150 °C. Furthermore, there was no 

significant variation/scatter in the test results for different samples under the same testing 
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conditions because the test specimens were stabilised. All the tested samples were preserved 

for fracture surface analyses. The horizontal axis of the graph is offset by 0.05 for each 

temperature from the previous temperature to better visualise the results at each temperature 

else the lines falls on top of each other especially at temperatures 200 °C and lower. All strain 

curves should actually pass through the origin. The data past yield points or plastic region has 

been cut off and not shown as it was not of an interest in this work. 

 

 

 

 

 

 

 

Figure 4.26. Tensile test results at various temperatures.  

 

 

 

 

 

Figure 4.27. Deformed flat dogbone specimens. 
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The plots in Figure 4.28 show the yield strength comparison of the alloy Al-2618 and the new 

alloy under consideration in this project. The yield strength values for Al-2618 were obtained 

from these sources (American Society for Metals. Handbook, 1979; Kaufman, 1999) while 

the yield strength values for the new alloy were obtained from stress-strain graphs using 0.2% 

offset yield strength method. The new alloy had approximately 1.09–1.82 times higher yield 

strength than Al-2618 depending on the temperature. The comparison of the new alloy with 

other high strength aluminium alloys used in piston applications is given in Section 4.9. 

 

 

 

 

 

 

Figure 4.28. Yield strength comparison of Al-2618 and the new alloy at a range of tensile 

test temperatures. 

4.6.2. Tests at room temperature after 100 hours of use 

The stabilised samples were also tested at room temperature to assess if the alloy’s strength 

recovers after 100 hours of exposure to the relevant temperatures. The test results are shown 

in Figure 4.29 while the comparison plot of yield strengths during high temperature testing 

and room temperature is shown in Figure 4.30. The results showed that there was no 

significant difference in yield strengths till about 150 °C and some of the alloy’s strength 

recovered after 100 hours of exposure at various temperatures. Similar to Figure 4.26 the 
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horizontal axis of the graph is offset by 0.05 for each temperature from the previous 

temperature to better visualise the results at each temperature. All strain curves should 

actually pass through the origin. 

 

 

 

 

 

 

Figure 4.29. Tensile test results after 100 hours of use at the relevant temperatures. 

 

 

 

 

 

 

 

Figure 4.30. Yield strength comparisons of the new alloy during operation and after 100 hour 

of use. 
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4.6.3. Fracture surface analyses of tensile specimen 

Fractorgraphy was carried out to determine the cause/mode of failures in the tested tensile 

specimens. The SEM images in Figures 4.31a and 4.31b show the fractured tensile test 

samples at different heat treatment conditions. It can be seen that the sample tested at RT had 

failed in brittle manner and no necking could be observed. While the sample tested at 350 °C 

had appreciable necking and failed in ductile manner (reduction in cross section).  

 

 

 

 

 

Figure 4.31. SEM images of the fractured samples tested at a  room temperature  T6  and b  

350  C 

The images in Figure 4.32 show the regions next to the fractures in samples tested at different 

conditions. The red arrows on the images show the direction of the applied force and it can be 

seen that the test sample at RT fractured approximately 45° to the applied load (Figures 4.31a 

and 4.32a). While the sample tested at 350 °C fractured 90  to the applied load, showing that 

the fracture was caused by shear stress (Figures 4.31b and 4.32b). 

 

 

 

(a)      (b)  
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Figure 4.32. Zoomed in SEM images of the fractured samples tested at a  room temperature 

 T6  and b  350  C 

The SEM images of the fractured faces of the samples at two different heat treatment 

conditions are shown in Figures 4.33 and 4.35. The surface of fracture in the T6 state (Figure 

4.33) did not show any appreciable microplasticity compared to the sample tested at 350  C 

(Figure 4.35 . Furthermore, there were more micro-cracks in the T6 sample than at 350  C 

sample due to the lack of microplasticity, indicating that the aluminium matrix had been 

sheared.  

Large particles, made of Al, Mg and Si were observed in the fractured faces which formed 

pits around them. The EDS spectrums of these large particles for the test samples at RT and 

350 °C are presented in Figures 4.34 and 4.36 respectively. These could have been the likely 

cause of the fracture initiation.  

 

 

 

 

(a)       (b) 
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Figure 4.33. SEM image of the fractured face of the specimen tested in room temperature 

(T6) 

 

 

 

 

 

 

 

Figure 4.34. EDS spectrum of the large particle in the fractured face of the sample tested in 

room temperature. 
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Figure 4.35. SEM image of the fractured face of the sample tested at 350  C. 

 

 

 

 

 

 

 

Figure 4.36. EDS spectrum of the large particle in the fractured face of the sample tested at 

350  C. 

4.7. Compression test results and fracture surface analyses 

As the combustion pressure of an engine generates compressive stresses in a piston, it is 

therefore essential to test the material in compression. Most metallic materials have nearly 
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Test Sample 

Fixed End 

Applied Load 
Direction 

15–20 % higher yield strengths when tested in compression than in tension. The compression 

tests were performed on cylindrical samples with length to diameter (L/D) ratio of 2:1. The 

ratio was used to avoid buckling; longer samples with smaller diameter are likely to buckle 

(American Society for Testing and Materials, 1984). Furthermore, to avoid bending/buckling 

during the test, the two ends of the cylinder were set parallel. A drawing of the sample 

dimension used in this project can be seen in Appendix A.3. 

The tests were performed using the fixture/test set up shown in Figure 4.37. The fixture was 

designed in a way that allowed the machine to operate in tensile mode while the test sample 

was being compressed. The reason for using this fixture was that tensile test machines are 

known to be more accurate in tensile mode compared to compression. Vaseline was applied 

to the test sample ends and the plates on the fixture to help reduce friction. 

 

 

 

 

 

 

 

Figure 4.37. Test fixture used for the compression tests. 

The compression tests were carried out on samples cut from the bar in the extrusion direction 

and 90  degree to the ED  called as transverse direction . Three samples were tested for each 

orientation and all the samples were heat treated to T6 and stabilised at RT, similar to the 
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tensile test specimen. The compression test results are shown in Figure 4.38 and it can be 

seen that the samples in the ED had higher yield strengths compared to the transverse 

direction. Furthermore, the average yield strength of the transverse sample was 

approximately 550 MPa which was 34.5% more compared to 409 MPa in tension. Similar to 

Figures 4.26 and 4.29 the horizontal axis of the graph is offset by 0.1 for samples with 

different cut/grain directions.  

 

 

 

 

 

 

 

Figure 4.38. Compression test results of the new alloy for samples cut from the extruded bar 

in two different directions.  

4.7.1. Fracture surface analyses of compression specimen 

Fractography of the compression test specimens showed that pitting was caused by large 

particles (Figures 4.39 and 4.41) which could have led to the initiation of cracks. The large 

particles mainly consisted of Al, Mg and Si as can be seen in Figures 4.40 and 4.42. 
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Figure 4.39. SEM image of the fractured face of the sample in extrusion direction.  

 

 

 

 

 

 

 

Figure 4.40. EDS spectrum of the large particle in the sample tested in extrusion direction. 
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Figure 4.41. SEM image of the fractured face of the sample tested in transverse direction  

 

 

 

 

 

 

Figure 4.42. EDS spectrum of the large particle in the sample tested in transverse direction. 

4.8. X-Ray diffraction (XRD) analysis 

X-ray diffraction (XRD) analysis is a material characterisation technique; primarily used for 

the phase identification of a crystalline material and can provide information on unit cell 

dimensions. It is also used for reverse engineering and competitive analysis and other 

applications (Callister and Rethwisch, 2011; Dutrow and Clarke, 2017). In this project it was 

used for phase identification.  
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The reference XRD cards used to identify the phases are attached in Appendix A.4. The XRD 

results presented in this thesis (Figure 4.43) utilised the facility in the Department of 

Materials at the University of Oxford. The results indicated that three different phases were 

present in the samples, the most dominant being the Al (α) with the widest peak. The other 

two intermetallics were Mg2Si and Mg17Al12 which corresponded to the two peaks observed 

in the particle distribution analysis in Figure 4.9.  

 

 

 

 

 

Figure 4.43. Diffractograms of the samples in two different heat treatment conditions. 

4.9. Suitability of the new alloy for piston application and comparison with 

existing aluminium alloys 

The tensile test results obtained in Section 4.6.1 for the new alloy showed an improvement 

over the alloy Al-2618 which was used in the test engine piston for this project, however Al-

2618 is not the only aluminium alloy used in piston applications. Figures 4.44 and 4.45 show 

the yield and ultimate tensile strengths of some of the aluminium alloys used for different 

piston applications, but the two most commonly used aluminium alloys for pistons are Al-

2618 and Al-4032. The Al-2618 is dominant in racing while the Al-4032 is used for racing, 

but more commonly used in production pistons. 
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Figure 4.44. Yield strength comparison of different aluminium alloys. 

 

 

 

 

 

 

 

 

Figure 4.45. Ultimate tensile strength comparison of different aluminium alloys. 
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260 g = 100% 212 g = 82% 

It can be seen from Figures 4.44-4.45 that the yield and ultimate tensile strengths of the new 

alloy were consistently higher than the other alloys except 7075-T6. The 7075 only maintains 

higher strength than the new alloy up to 110 °C, which is not very helpful in piston 

application in terms of reducing mass. Figure 4.46 shows the distribution of piston mass and 

temperature for the test engine and it can be seen that nearly 82% (Schwaderlapp et al., 2000) 

of the piston mass lied above the pin hole centre where the temperature ranged from 120–265 

°C. The higher strengths of the new alloy at higher temperatures therefore enables to reduce 

piston mass.  

 

 

 

 

Figure 4.46. Temperature and mass distributions of KTM 450 XCF. 

4.10. Summary 

The microstructural examination showed that the material was homogenous along the bar’s 

cross-section. This was also confirmed through Vickers hardness. The T6 condition was 

determined and the alloy’s hardness increased from 97 HV on average in as received state to 

175.5 HV in T6. The T6 conditions were 30 hours at 160 °C obtained using the results from 

aging heat treatments.  The high temperature tensile tests demonstrated that the new alloy had 

higher strengths at piston operating temperatures compared to Al-2618 alloy. This is the 

widely used alloy for piston applications in racing. Furthermore, the new alloy had 

significantly higher strengths than the existing aluminium alloys used in different piston 

applications, promising significant piston mass reduction. 
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Chapter 5: Piston design, finite element analysis and manufacturing 

5.1. Introduction 

Pistons are critical components in the power conversion systems of internal combustion 

engines as they transfer energy from the combustion of the air-fuel mixture to the motion of 

crankshafts with the aid of the connecting rod. Pistons are also one of the most stressed 

moving components in the engine. They must be designed to withstand thermal and dynamic 

loads and avoid structural failure, noise and skirt scuffing. They should also be light to 

minimise inertial loads, reduce friction and transmit the unconverted heat generated in the 

combustion chamber. The finite element analysis (FEA) has become a well-accepted method 

in the industry to make predictions before expensive manufacturing and testing are carried 

out. This Chapter explains how FEA was carried out for the current and design of a new 

lightweight piston using the new aluminium alloy introduced in Chapter 4. The chapter also 

explains manufacturing of the new pistons and the challenges encountered with piston design 

and manufacturing.  

5.2. Piston finite element methodology 

The methodology used for the FEA work is highlighted in sections 5.3 and 5.4 and it is 

illustrated as a flowchart in Figure 5.1.  
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Figure 5.1. Methodology flowchart for the piston finite element analysis. 
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5.3. Piston finite element modelling 

The development of the finite element model of the piston requires the use of computer aided 

design to construct the geometry. Idealisation of the geometry is a common practice in 

formulating finite element models to enable rapid meshing, reduced processing time and 

reduced resource requirements. Eliminating certain parts and features of the geometry may 

remove the interdependencies and could lead to flawed results.  

Two different approaches are repeated in the literature for idealisation of piston loading 

model; of which the most widely used simplification is based on the use of piston and 

gudgeon pin geometry only (referred to as Model 1 in Figure 5.2) (Okamoto, Anno and Itoh, 

1992; Carvalheira and Gonçalves, 2006; Singh et al., 2015). Mahle (2016) though suggests 

that the geometry used for a piston should include some portion of the connecting rod’s small 

end and the cylinder in addition to the piston and gudgeon pin (referred to as Model 2 in 

Figure 5.3). Mahle (2016) however, did not explain why model 2 was better than model 1. 

Furthermore, Mahle (2016) stated that there are three types of mechanical loads acting on a 

piston; combustion pressure, inertial and lateral forces (Section 3.6.1), but most of the 

published papers did not account for the lateral force.  

In this work, equations were derived from the crank slider mechanism (Norton, 2008) to 

calculate the lateral force for inclusion in the FEA in order to evaluate its effect on piston. No 

clear comparative analyses have been carried out in the literature about the relative 

effectiveness of the two approaches in terms of realistic model representation. In this 

research, both models were analysed to study the predictions from each and the effect of the 

lateral force has been investigated.  
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Figure 5.2. Model 1 assembly for the piston finite element analysis. 

The model suggested by Mahle (2016) proved difficult to be constrained in a manner that 

represents realistic conditions, hence the whole cylinder, its casing, cylinder mounts and 

washer were also included in the CAD geometry (Figure 5.3). 

 

 

 

 

 

 

Figure 5.3. Model 2 assembly for the piston finite element analysis. 

5.3.1. Geometric constraints and contacts in the FE models  

To simulate the support that the connecting rod provides to the pin in model 1, most 

publications used cylindrical support that was applied at the pin and connecting rod interface 

as illustrated in Figure 5.4a (Carvalheira and Gonçalves, 2006). The cylindrical support 

surfaces were allowed to deform/move freely in the radial and axial directions while fixed in 

the tangential direction as suggested by (Carvalheira and Gonçalves, 2006). The definition of 

Gudgeon Pin 
Piston 

Connecting Rod KTM Engine Cylinder  

Gudgeon 
Pin 

Pin-Connecting Rod 
Interface 



71 
 

(a) 

𝜃𝑟 ≠    

𝜃𝑇     

𝜃𝐴 ≠    

(b) 
𝜃𝑇  

𝜃𝑟  

𝜃𝐴  

a cylindrical support according to the Ansys WorkbenchTM manual is illustrated in Figure 

5.4b. 

  

  

 

 

Figure 5.4. a) Application of the cylindrical support on pin-connecting rod interface.  

b) Definition of the cylindrical support according to the Ansys WorkbenchTM manual. 

To constrain Model 2; a node was fixed in the middle of the connecting rod’s bottom face 

(Figure 5.5a) and fixed supports were used on the bottom cylinder washers and studs to 

represent the cylinder being attached to the engine body (Figure 5.5b). Furthermore, a 

pressure of 5.22 MPa was applied to the top washers (Figure 5.5c) to represent the clamping 

force of 30 N (engine tightening torques in Appendix B.1) that was applied to the studs/nuts 

on the cylinder. Equation 5.1 was used to convert the torque into force (F) which was then 

converted into pressure using the surface area of the washers (Edge, 2018b). The calculations 

are given in Appendix B.2. 

T = cDF     (5.1)                                    

Where T, c, D and F are torque, coefficient of friction constant, nominal bolt diameter and F 

is the bolt tension (axial load). 
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Figure 5.5. Application of the boundary conditions to FE model 2. 

The contacts between piston-pin, pin-connecting-rod and piston-cylinder were specified as 

frictional contacts which required the friction coefficient values to be specified. Determining 

the real friction coefficient values between these contacts was practically difficult. Other 

researchers such as (Schneider, Halbhuber and Wachtmeister, 2016) had tried to determine 

these coefficients, giving values that change with the engine speed. A constant value of 0.01 

is used in this work which is also used in literature (Carvalheira and Gonçalves, 2006).  

Contact solutions were very complicated and it was recommended by (AnsysWorkbech, 

2018) to employ programme controlled settings whenever possible. As physical contacting 

bodies do not interpenetrate and to prevent them from passing through each other in the 

analysis, Ansys provided several contact formulations when frictional contact was selected. 

The default contact formulation was Pure Penalty which was used in this work too. 

However, (TrainingManual, 2005) also suggested to use Augmented or Normal Lagrange 

with frictional contact modelling. The suggested contact formulations were implemented to 

see the impact on the FEA results (Table 5.13). Furthermore, there were gaps present 

between the different contacting components which were due to the manufacturing and 

Pressure = 5.22 MPa 

(a) (c) (b) 

𝑢𝑥  𝑢𝑦  𝑢𝑧    

𝑢𝑥  𝑢𝑦  𝑢𝑧    
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Bonded 
Contacts 

operational requirements of these components. The components might indicate rigid body 

motion during the analysis when loaded and to prevent this from happening, Ansys 

WorkbenchTM offered 3 contact interface treatment options (AnsysWorkbench, 2018), but the 

ones applicable to this work were Add offset Ramped Effects and Add offset No Ramping. 

These required the offset values/gaps between the piston-pin (0.01 mm), pin-con-rod (0.01 

mm) and piston-cylinder (0.04 mm).  Both options were modelled in this work, but the latter 

was selected because it produced higher stress and it is also the default option (Table 5.10). 

The contacts between the cylinder-mounting studs, mounting studs-washers and washer-

cylinder were assumed to be bonded (Figure 5.6), since there was no movement and bonded 

contacts reduced the simulation solving time.  

 

 

 

 

 

 

Figure 5.6. Contacts between the cylinder-mounting studs, cylinder and washers. 

5.3.2. Scope of the piston FEA and assumptions 

The aim of the FEA in this research was to select a realistic FE model to enable piston 

redesign for mass reduction using the newly developed aluminium alloy. The piston 

operational environment is very complex; hence some assumptions were made during the 

FEA modelling. The following assumptions can be made: 
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1. The pressure from the combustion was uniform on the entire piston crown and the 

cylinder. 

2. The heat transfer from the combustion to the piston and the cylinder was uniform. 

3. The effect of piston motion on the heat transfer was neglected. 

4. The compression ring did not twist due the combustion pressure and motion of the 

piston; hence there was no need to include them in the analysis. 

5. The rings and the skirt surfaces were fully covered by oil and there was no cavitation.  

6. The cyclic thermal fluctuations on the very top of the piston crown due to combustion 

in each engine cycle were ignored.   

7. The coolant oil and water temperatures were uniform.  

8. The densities of the materials did not change with temperature.  

9. The values of the frictional contact coefficients were considered constant and did not 

change with engine speeds. 

5.3.3. Reverse engineering of the current piston 

A geometrical 3D model (Figure 5.7) of the piston was reversed engineered based on the 

actual KTM piston which was scanned using a three dimensional (3D) laser scanner.  

 

 

 

 

 

Figure 5.7. A reverse engineered CAD model of the test engine’s piston. 

The other components such as pin, cylinder and connecting rod were reversed engineered by 

measuring the actual components and some dimensions were obtained from the engine 
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manual.   The engineering drawings of the different components used in the FE models are 

given in Appendix B.3.  

5.3.4. Required material properties for piston FEA 

The different parts included in the piston FEA were made from different materials. The KTM 

piston for the test engine was made of Al-2618 which is widely used alloy for high 

performance engines such as in motorbikes. The properties used in the FEA are given in 

Table 5.1. The material properties of the new alloy RSA-612-T6 used for Piston FEA are also 

given in the same table. Some of these values were obtained from testing while others were 

provided by the manufacturer (RSP Technology). 

 

 

 

 

 

 

 

 

 

 

 

Table 5.1. Mechanical properties of the two piston alloys. 
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The mechanical properties and some further information about the different material used for 

the various components in the piston FEA are given in Appendix B.4.  

5.4. Determination and application of engine loads on piston 

The test engine used was a motorbike engine (KTM 450 XCF 2008) and the load calculations 

required some engine parameters, which are given in Table 5.2 below. 

 

 

 

 

 

Table 5.2. The test engine specification (KTM 450 XCF 2008). 

The different engine loads on piston and their application in the FEA are given in the 

following sections. 

5.4.1. Consideration of mechanical loads 

The engine was tested on a dynamometer in its original configuration to obtain the baseline 

engine performance parameters such as the in-cylinder pressure, fuel consumption, air fuel 

ratio etc. The in-cylinder pressure sensor used was a spark plug integrated sensor from 

Optrand which measured the combustion pressure (Section 6.4.9 and Figure 6.11). The 

different mechanical loads acting on the piston are depicted in the following Figure 5.8. 
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Figure 5.8. A representation of the crank slider mechanism and the piston mechanical loads. 

where   ,  ,  ,   and   are crank offset or crank radius (m), crank angular velocity (rad/sec), 

crank angle (rad), angle that the connecting rod makes with the cylinder axis and the 

connecting rod length (m) respectively.  

5.4.1.1. Combustion pressure 

The in-cylinder pressure traces obtained from the engine testing in Section 6.7 and their 

application to the FE models are illustrated in Figures 5.9 and 5.10 respectively. The pressure 

values were measured directly from the cylinder using spark mounted in-cylinder pressure 

sensor (Section 6.4.9) and the crank angle was determined using encoder (Section 6.4.7). 

 

 

 

 

 

 

Figure 5.9. The in-cylinder pressure traces of the test engine at different engine speeds. 
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Figure 5.10. Application of in-cylinder pressure to the FE models 1 and 2. 

5.4.1.2. Inertial force/acceleration 

Using the equations provided in Section 2.9.1.2, the piston accelerations were calculated for 

the different engine speeds and the results are shown in the plots in Figure 5.11. The 

application of the acceleration to the FE models is illustrated in Figure 5.12. 

 

 

 

 

 

 

 

Figure 5.11. Piston accelerations of the test engine at different engine speeds. 

 

 

Model 1 Model 2 

Pressure application 
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Model 1 Model 2 

Acceleration Application 
 

 

 

 

 

Figure 5.12. Application of the acceleration to FE models 1 and 2. 

5.4.1.3.  Lateral force 

The lateral forces for the different engine speeds were calculated using equation (2.3) in 

Section 2.9.1.3; the results and their application to the FE models are illustrated in Figures 

5.13 and 5.14 respectively. The calculation required the masses of the reciprocating 

components which are given in the following Table 5.3. 

 

 

 

 

 

 

Table 5.3. Reciprocating components masses. 
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Figure 5.13. Lateral forces of the test engine at different engine speeds. 

 

 

 

 

 

Figure 5.14. Application of the lateral forces to FE models 1 and 2. 

5.4.2. Consideration of thermal loads 

Having used equations (2.6–2.10) to determine the combustion gas temperature the heat 

transfer between the piston and its surroundings was evaluated. The theoretical instantaneous 

gas temperature results over the whole engine cycle for the two different engines speeds are 

given in Appendix B.5. Sections 5.4.2.1 to 5.4.2.5 explore the different areas of the piston 

where the heat transfer takes place. The engine cooling oil properties and other relevant data, 

which were needed to determine the heat transfer coefficients at different piston regions, are 

given in Table 5.4. 

Model 1 Model 2 

Lateral Force, applied 
to con-rod interface 
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Table 5.4. Engine cooling oil properties and other relevant data (Thermal-FluidsCentral, 

2011) 

The heat transfer coefficient evaluations at different piston regions are given in the following 

sections. 

5.4.2.1. Heat transfer between the combustion gas and piston crown 

The instantaneous heat transfer coefficient between the combustion gas temperature and the 

piston crown was determined using equation (2.11) and the results are given in Appendix 

B.5. The quasi-static temperature analysis carried out in this work needed the mean heat 

transfer coefficient (  ) and the mean gas temperature (  ) which were obtained using 

equations 2.13 and 2.14 (Table 5.5). The application of the gas heat transfer coefficient to the 

piston and the cylinder for the two FE models is illustrated in Figure 5.15. 

Property 
Engine Speed (rpm) 

6000 7000 

Mean Gas Heat Transfer Coefficient (W/m2.K) 475 580 

Mean Gas Temperature (K) 1285 1177 

 

 

Table 5.5. Mean gas heat transfer coefficient and temperature values for two different 

engine speeds. 
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Figure 5.15. Application of gas heat transfer coefficient to the piston crown and cylinder in 

FE models 1 and 2. 

5.4.2.2. Compression ring heat transfer coefficient 

It was stated in Section 2.9.2.2 that determining the real heat transfer coefficients for the 

compression ring was complicated and beyond the scope of this work. The values were 

therefore taken from literature (Mizuno et al., 2009) and stated in Table 5.6. The heat transfer 

coefficients for the upper and lower faces of the compression ring were different as indicated 

in Table 5.6 and their application to the piston is illustrated in Figure 5.16. 

Property 
Compression Ring Faces 

Upper Face Lower Face 

Heat Transfer Coefficient (W/m2.K) 885 1818 

 Temperature (K) 433 433 

 

 

 

 

 

Table 5.6. Heat transfer coefficient values of the compressing ring (Mizuno et al., 2009). 

Application of heat transfer coefficient 

Model 1 
Model 2 
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Application of heat 
transfer coefficients to 
the ring lands and piston 
out skirt 

 

 

 

 

Figure 5.16. Application of the heat transfer coefficients to the compression ring in the FE 

models 1 and 2. 

5.4.2.3. Heat transfer between ring lands and piston outer skirt and the cooling oil 

The heat transfer coefficient (HTC) between the ring lands, the piston outer skirt and the 

cooling oil was calculated using equations (2.16–2.17) and the results are given in Table 5.7. 

In both FE models, the HTC was applied to all the outer surfaces of the piston below the 

compression ring as indicated in Figure 5.17. Note that defining the HTC required the engine 

oil temperature which depended on many factors. This information is not specified by the 

manufacturer in the engine manual. However, it was suggested by (Turner, 2018) that the 

average engine oil temperature for the engine considered is 100 °C (Table 5.4). 

Property Engine Speed (rpm) 
6000 and 7000 

Heat Transfer Coefficient (W/m2.K) 4624 
Temperature (K) 373 

 

 

 

 

Figure 5.17. Application of the heat transfer coefficients to the ring lands and piston outer 

skirt in the FE models 1 and 2. 

Table 5.7. Heat transfer coefficient values of the ring lands and outer piston skirt. 
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Model 1 Model 2 

Application of the heat transfer coefficients to 
the piston under-crown and inner walls of 
piston skirt shown in yellow colour 

5.4.2.4.  Heat transfer between the piston under-crown and inner walls of the piston skirt and the 

cooling oil 

The heat transfer coefficient between the piston under-crown and the inner walls of the piston 

skirt was calculated using equations (2.21–2.22) and the results are given in Table 5.8. The 

application of the heat transfer coefficients to models 1 and 2 can be seen in Figure 5.18. 

Property 
Engine Speed (RPM) 

6000 7000 

Heat Transfer Coefficient (W/m2.K) 1705 1929 

 Ambient Temperature (K) 373 373 

 

 

 

 

 

 

 

 

 

Figure 5.18. Application of the heat transfer coefficients to the piston under-crown and inner 

walls of piston skirt in the FE models 1 and 2. 

5.4.2.5. Cooling jacket heat transfer coefficient 

It was stated in Section 2.2.2.5 that the heat transfer coefficient of the combustion engine 

cooling jacket was determined experimentally and it was beyond the scope of this work. The 

Table 5.8. Heat transfer coefficient values of the piston under-crown and the inner 

walls of the piston skirt. 
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Application of heat 
transfer coefficient 
to the cooling jacket 
shown in yellow 
colour 

value used in this work was therefore taken from literature (Esfahanian, Javaheri and 

Ghaffarpour, 2006)  as 1480 (W/   ) for spark ignition engines similar to the engine 

considered in this project. The average water temperature was taken to be 373 K or 100 °C 

(Turner, 2018). The application of the heat transfer coefficient to the cooling jacket can be 

seen in Figure 5.19. 

 

 

 

 

 

Figure 5.19. Application of the heat transfer coefficient to the cooling jacket in FE model 2. 

5.5. FEA results of the baseline piston 

The results presented in this section were based on the critical load condition highlighted in 

Section 5.5.1. Results are presented for piston temperature distribution (Section 5.5.2.2), 

maximum principal stress (Section 5.5.2.3), plastic strain (Section 5.5.2.4) and deformation 

(Section 5.5.2.5). These values were significant factors in piston design analysis. A mesh 

convergence analysis was carried out which indicated that convergence occurred at an 

element size of 3.5 mm (Figures 5.20–5.21). The directional Cartesian axes used for the 

analyses aligned with the pin longitudinal direction (X), radial to the pin longitudinal 

direction (Y) and the notional direction of the piston motion (Z), as shown in Figures 5.2 and 

5.3 (page 70). 
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5.5.1. Critical load cases 

It can be deduced from Figures 5.9, 5.11 and 5.13 that the maximum values for different 

mechanical loads occurred at different angular positions of the crankshaft.  In order to avoid 

neglecting any combination of these forces that might be critical, a number of appropriately 

selected points in time were analysed as suggested by Mahle (2016). These included the 

points at which the individual mechanical loads reached a maximum. This gave three load 

cases in a given engine speed and engine cycle which were the points of maximum 

combustion pressure, maximum inertial and maximum lateral forces. The maximum 

combustion pressure for the engine operating envelope occurred at 6000 rpm and the 

maximum acceleration occurred at 7000 rpm. The acceleration produced flexure against the 

combustion pressure at the point of maximum pressure during an engine cycle and acted 

along the pressure direction during the compression stroke just before the piston reached the 

top dead centre. So in total 4 critical loaded cases were present, these loading conditions were 

modelled and the results are given in Table 5.14 (page 91). 

 The maximum combustion pressure load case that occurs at a crank angle of 16.5° after the 

top dead centre (TDC) for the analysed engine speed of 6000 rpm, turned out to be the most 

critical.  The results presented in this work therefore focused on this load case. The 

mechanical load values for the maximum combustion pressure load case at 6000 rpm are 

given in Table 5.9. 

Load Value 

Pressure (bar) 85.5  

Acceleration (      ) 14356  

Lateral Force (N) 5626 

 
Table 5.9. Mechanical load values in the maximum combustion load case at 6000 rpm. 
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5.5.2. Results 

As indicated in Section 5.3.1 Ansys WorkbechTM provided different contact formulations and 

interface treatments for consideration of the piston modelling. While for the contact 

formulation Ansys WorkbechTM recommended the use of programme controlled option 

whenever possible, but for the contact interface it did not make any recommendations. To 

establish a starting point for the FEA, programmed controlled (Pure Penalty) contact 

formulation was selected with the interface treatment of Add offset Ramped Effects and 

Add offset No Ramping. The offset values used are given in Section 5.3.1. Furthermore, the 

gaps or offset values were also doubled to assess the sensitivity of the model to offset 

variation. The stress results for mesh size of 5 mm and the interface treatment and offset 

results are given in Table 5.10. 

The maximum principal stresses were assessed at critical locations that caused thermo-

mechanical fatigue failures in pistons as reported by (Silva, 2006; Floweday et al., 2011; M, 

Sanjay and Mandloi, 2016). The most critical location was the crown area located on the 

same vertical plane that contained the pin hole (encircled in red in Figure 5.26). The thermo-

mechanical fatigue crack originates on the crown and travels towards the high stress region in 

the pin hole (encircled in red in Figure 5.27). The stress in the pin hole was therefore also 

assessed. 

Interface Treatment and Offsets 
Crown Stress (MPa) Pin Hole Stress (MPa) 

Model 1 Model 2 Model 1 Model 2 

No Ramping, Actual Offset Values 131.12 130.18 233.81 260.97 

Ramping, Actual Offset Values 127.93 122.60 229.29 267.70 

No Ramping, Double Offset Values 125.64 119.24 231.80 286.24 

Ramping, Double Offset Values 121.82 108.15 227.01 299.45 

 Table 5.10. Stress values in both FE models with various contact interface treatments.  
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It can be seen from the results in Table 5.10 that doubling the offset values had an impact on 

the stresses therefore the correct offset values were important. Furthermore, No ramping 

with added offset option which was the default option had higher stresses in the critical area 

(piston crown) than with ramping effects. No ramping option was selected as it was the 

default option and produced the highest stresses in the crown area in both FE. This will lead 

to a conservative design in terms of factor of safety. Once the interface treatment was 

selected, mesh convergence analyses were carried as highlighted the following section.  

5.5.2.1. Mesh convergence analyses 

The mesh convergence analyses were carried out at the piston crown which was the most 

critical location due to the thermo-mechanical fatigue failure and the pin hole. The results are 

plotted in Figures 5.20 and 5.21 respectively. The results indicate that the mesh converged at 

an element size of 3.5 mm. 

 

 

 

 

 

 

 

Figure 5.20. Mesh convergence analyses at crown for both FE models. 
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Figure 5.21. Mesh convergence analyses at the pin hole for both FE models. 

Due to the presence of nonlinear contacts and nonlinear material properties, the simulation 

model took very long time to solve especially for the model 2. To reduce the solving time, the 

mesh size in the non-critical parts was increased. The non-critical parts were the connecting 

rod, the cylinder, the mounting studs and the washers. The mesh sizes used were 6 and 9 mm 

and the element size 6 mm gives the results closer to the originally converged element size of 

3.5 mm.  The results are given in Table 5.11. 

Mesh Size (mm) Crown Principal 

Stress (MPa) 

Pin Hole Principal 

Stress (MPa) 

3.5 (Original) 134 244.58 

6 134.17 242.95 

9 132.69 242.12 

 

The mesh at the pin hole was further refined up to 3 times to assess its impact on stress and 

the results are given in Table 5.12. Refinement 2 was selected as it produced the highest 

stress in the piston crown which is the critical region.   

 

Table 5.11. Mesh convergence analyses results for the non-critical parts. 
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Mesh 

Refinement 

Crown Principal Stress 

(MPa) 

Pin Hole Principal 

Stress (MPa) 

Model 1 Model 2 Model 1 Model 2 

1 137.54 132.52 233.03 249.48 

2 136.49 131.27 249.40 258.62 

3 136.62 131 252.44 262.93 

 

Once the mesh convergence and refinement analyses were carried out, the other two contact 

formulations highlighted in Section 5.3.1 were also analysed and the results are given in 

Table 5.13. 

 

 

 

 

 

 

Pure Penalty was selected as the stresses were higher than Normal Lagrange and virtually 

the same as Augmented Lagrange. This would lead to a more conservative design. It was also 

the default option suggested by Ansys WorkbenchTM (AnsysWorkbech, 2018). Pure Penalty 

is computationally inexpensive and less likely to over-constrain the formulation unlike 

Lagrange formulations. Over-constraining leads to incorrect stresses and deformation.  

Table 5.12. Mesh refinement at the pin hole for both FE models. 

Table 5.13. Different contact formulations for both FE models. 
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Once the FE model settings were established, all the four critical load cases described in 

Section 5.5.1 were simulated and the results are given in Table 5.14. 

 

 

 

 

 

 

Table 5.14. Piston stresses in critical areas for the critical load cases.  

It can be seen from the results in Table 5.14 that the maximum combustion load case at 6000 

rpm caused the highest principal stress. To ensure that the no other points caused higher 

stresses, other points at 6000 rpm were also analysed for Model 2 and the results are given in 

Figures 5.22–5.23. 
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Figure 5.22. Maximum principal stresses in piston crown over an entire engine cycle at 6000  

rpm in Model 2. 

 

 

 

 

 

 

 

 

Figure 5.23. Maximum principal stresses in piston pin hole over an entire engine cycle at 

6000 rpm in Model 2.   

The detailed results for the maximum combustion pressure load case that occurred at 6000 

rpm are given below. 
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Model 1 Model 2 

5.5.2.2. Temperature distribution in Piston 

Thermo-mechanical analysis was carried out on the two models using the mechanical loads 

and heat transfer coefficients determined in Sections 5.4.1 and 5.4.2 respectively. The quasi-

static temperature distribution of the piston for both FE models can be seen in Figure 5.24 

while the temperature distribution in the cylinder is given in Figure 5.25. 

 

 

 

 

 

Figure 5.24. Piston temperature distributions in both FE models. 

 

 

 

 

 

 

Figure 5.25. Temperature distribution in cylinder in model 2. 

The temperature distribution results showed that the maximum temperature in model 1 was 

approximately 3 degrees lower than model 2 and for both models the maximum temperature 
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Critical regions at piston crown Critical region at pin hole 

occurred at the locations (valve pocket edges) that were the furthest from any cooling 

surfaces.  

5.5.2.3. Maximum principal stress distribution in piston 

Majority of the pistons produced are heat treated to T6 condition which reduces the ductility 

from the as manufactured component. Reduced ductility combined with the stress 

concentrations at the pin hole and web-boss interface may cause the piston to fail in brittle 

manner as described by (Floweday et al., 2011). Brittle failure or fracture is associated with 

no visual or macroscale plastic deformation of a material (Becker, 2002). It was therefore 

deemed important to investigate the maximum principal stresses in the pistons which were 

probed at the same locations as mentioned in Section 5.5.2. The results of the principal 

stresses are shown in Figures 5.26 and 5.27 for models 1 and 2 respectively. The stresses in 

model 1 were approximately 4% higher, but 3.6% lower than model 2 at the crown and the 

pin hole locations respectively.   

 

  

 

 

 

 

 

Figure 5.26. Maximum principal stresses in piston in model 1. 
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Critical regions at piston crown Critical region at pin hole  

 

 

 

 

 

 

Figure 5.27. Maximum principal stresses in piston in model 2. 

5.5.2.4. Plastic strain distribution in piston 

The plastic strains were also assessed to see if any plastic deformation occurred under the 

piston operating conditions. As indicated in Figures 5.28 and 5.29 no plastic deformations 

occurred at the pistons’ crowns in the critical regions.   

 

 

 

 

 

 

Figure 5.28. Plastic strain in piston in model 1. 
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Figure 5.29. Plastic strain in piston in model 2. 

From the results it can be seen that model 1 gave higher stresses than model 2 at the piston 

crown and would therefore be more conservative in terms of piston design. Depending on 

how critical piston mass reduction is in terms of the engine design, model 1 or 2 might be 

selected based on the stresses only. It is important to state that stress is not the only criterion 

that needs to be considered when designing pistons. The deformation that the piston 

undergoes during engine operation governs the piston cold mounting clearance values and 

must also be taken into account (Mahle, 2016). The results for the piston deformations are 

given in the following section. 

5.5.2.5. Piston directional deformations 

The directional deformations of the piston are illustrated in Figures 5.30–5.36. All the piston 

directional deformations were taken relative to piston crown centre on the top surface. The 

red dashed lines on the plots represent the positions along which measurements were made. 

The piston deformations in the X directions for both models are shown in Figure 5.30, 

measured along the dashed line shown in Figure 5.31, with the respective piston displacement 

plots shown in Figure 5.31. 
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Figure 5.30. Piston deformation graphs in X directions for both FE models. 

 

 

  

 

 

 

 

Figure 5.31. Piston deformation plots in X directions for both FE models. 

The piston deformations in the Y directions for both models are shown in Figure 5.32, 

measured along the dashed line shown in Figure 5.33, with the respective piston displacement 

plots shown in Figure 5.33. 
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Figure 5.32. Piston deformation graphs in Y directions for both FE models. 

 

 

 

 

 

 

Figure 5.33. Piston deformation plots in Y directions for both FE models. 

The piston deformations in the Z directions for both models are shown in Figure 5.34, 

measured along the red dashed line shown in Figure 5.35, with the respective piston 

displacement plots shown in Figure 5.35. 
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Figure 5.34. Piston deformation graphs in Z directions for both FE models. 

 

 

 

 

 

 

Figure 5.35. Piston deformation plots in Z directions for both FE models.  

Figure 5.36 shows the pin deformations looking along the Z axis for the two different models. 

The pin in model 1 indicates a dome shaped deformation, while the pin in model 2 is 

compressed by the connecting rod in the middle.  
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Figure 5.36. Pin deformation plots in Z direction in both FE models. 

Based on the discussion of the original piston FEA results in Section 7.6, model 2 came out 

to be more representative of the load conditions that the piston is subjected to in reality. The 

new piston design was based on model 2 simulation conditions and the development of the 

new piston design is presented in Section 5.6.  

5.5.2.6. Fatigue life 

Fatigue life curves for Al-2618 given by Lunn (Lumm, 1972) at various temperatures can be 

seen in Figure 5.37. Based on model 2 stress at crown (131.27 MPa), the piston should last 9-

10 million cycles. According to the engine manual, the piston should last 4 – 7.2 million 

cycles or up to 40 service hours (Appendix B.1). 

 

 

 

 

 

 

 

Figure 5.37. Fatigue strength of Al-2618 at different temperatures. 

Model 1 Model 2 
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5.6. New lightweight piston design 

The existing engine components imposed certain limitations on design of the new piston 

assembly compatibility. These limitations are given in Section 5.6.1 while the different 

design approaches and their results are given in Sections 5.6.2 and 5.6.3. 

5.6.1. Design approach to reduce piston mass and limitations due to the existing engine 

components 

The design approach was to reduce piston mass by thinning different sections of the piston as 

stated in Sections 1.1.1 and 4.9. This was feasible because the new alloy has higher strength 

and Young’s Modulus  Table 5.1, page 75). 

For the new piston to be compatible with existing engine assembly there were certain features 

and sections of the piston that needed to be kept the same. These are highlighted in this 

section (Figure 5.38). These regions were excluded from the optimisation analysis as 

highlighted in Figure 5.39. 
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Figure 5.38. Features and regions of piston that we were left unmodified.  

 Compression height and the ring land thickness: Reducing this could have affected the 

compression ratio which in turn could affect the combustion process. On the other 

hand, increasing the compression height could increase the likelihood of collision 

between the piston and the valves (Winship, 1967).  

 Valve pockets cut-outs and crown shape: These could affect the combustion process 

and to keep the combustion mechanism unaffected, these were kept the same as the 

original. 

 Ring grooves depth and thickness: The groove depth and thickness could affect 

performance of the compression and oil rings. They affect the blow-by and friction 

respectively; hence they were kept as the original geometry.   

 Pin hole diameter and profile: The pin hole diameter and profile were kept the same 

since this could affect the interaction between the pin and piston and any change 

could affect the stresses in piston (Winship, 1967). 

 Skirt profile: Pistons rely on skirts for guidance and thus proper dynamic behaviour. It 

was therefore left unmodified (Azevedo and Filho, 1988a).  

 Skirt length: The skirt length below the centreline of the wrist pin is a must 

consideration in any piston design because it affects piston stability, noise and 

endurance.  

 Wrist pin boss spacing: It has to be left unmodified else it con-rod will not fit.  
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The piston manufacturing considerations/limitations are given in Section 5.7.  

5.6.2 Topology optimisation for piston mass reduction 

Topology optimisation has become a useful tool for the design of many structures and 

components. The topology optimisation tool in Ansys Workbench™ was first introduced in 

the version 18.2; in this work version 19.1 was used. The topology optimisation tool in Ansys 

Workbench™ was not sufficient for the piston design in this project; hence its limitations for 

this project are highlighted in the following section. 

5.6.2.1 Limitations of topology optimisation in Ansys 

The topology optimisation tool in Ansys Workbench™ had many limitations, but the relevant 

ones for the piston design in this project are highlighted as follows (Scharcnet, 2018): 

 Nonlinear contacts such as frictional contacts required for this study were not 

supported. The supported contact types included bonded or no separation. However, 

changing from frictional to bonded or no separation gave noticeably higher stresses in 

pin hole, which also affected the stresses in crown. 

 Thermal effects could not be considered. 

 Acceleration or inertial load could not be supported if the topology optimisation was 

linked with static structural analysis which was the case in this project.  

To avoid aforementioned limitations and for the topology optimisation tool to function, the 

frictional contacts were changed to contact type bonded. The thermal and inertial loads were 

suppressed or excluded from the analysis.  

5.6.2.2. Topology optimisation methodology and results 

The instructions on how to use the topology optimisation analysis tool is given in (Scharnet, 

2018). The objective of the topology optimisation analysis was to reduce the mass and the 

constraints were to keep the piston deformation the same as the original piston.  
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In addition to the features in Section 5.6.1 (Figures 5.38-5.39), cylinder, mounting studs, 

washers, pin and connecting rod were also excluded from the optimisation regions.  

 

 

 

 

 

Figure 5.39. Exclusion regions (red) for the piston topology optimisation. 

The results from the topology optimisation are given in Figure 5.40. 

 

 

 

 

 

 

Figure 5.40. Optimised piston design from the topology optimisation analysis. 

Although topology optimisation has produced some results (Figure 5.40), they cannot be 

relied upon for piston redesign because it did not consider, acceleration, thermal loads etc. as 

mentioned in the previous section. Furthermore, the results suggest removing material from 

areas where the stresses may be lower compared to other regions of the piston. However, the 

temperature in these regions is low (110 °C) and it is assumed that in the original design these 
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regions would have been designed optimally using the original alloy. The new alloy at these 

temperatures is slightly stronger than the original alloy (Figures 4.44 – 4.45), but not by a 

large margin as in the rest of the temperature range, therefore reducing too much material in 

these areas (pin boss) could affect the integrity of the design.  

It was therefore decided to redesign/optimise the piston by inspection (Section 5.6.3) rather 

than by an Ansys based automatic optimisation process, due to its limitations. 

5.6.3. Piston design optimisation by inspection 

The inspection design optimisation was carried out by removing material from low stressed 

locations of the piston and re-evaluating stress and deformation response to verify 

acceptability. The parameters measured were the maximum principal stress, temperature and 

deformations and the simulated results are given in Figures 5.41–5.47. The incremental 

material removal steps are tabulated in Table 5.15 which shows where the geometrical 

changes were made; resulting in material removed. 
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Table 5.15. Descriptions of geometrical changes for manual piston optimisation. 
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The maximum principal stresses in the critical regions for the manual inspection piston 

design optimisation are given in Figures 5.41–5.42.  

 

 

 

 

 

 

 

 

Figure 5.41. Maximum principal stresses in the piston crown due to incremental material 

removal. 

 

 

 

 

 

 

 

Figure 5.42. Maximum principal stresses in pin hole due to incremental material removal. 
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The maximum piston temperature and maximum deformations in X, Y and Z directions due 

to the incremental material removal can be seen below in Figures 5.43 and 5.44 respectively.   

 

 

 

 

 

 

 

Figure 5.43. Maximum temperature changes in piston due to incremental material removal. 

 

 

 

 

 

 

 

 

Figure 5.44. Deformation changes in piston due to incremental material removal. 
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The comparison of the directional deformations of the manually optimised piston in X, Y and 

Z directions can be seen in Figures 5.45–5.47. The measurements were taken on the piston 

crown similar to what was carried out in Section 5.5.2. 

 

 

 

  

 

 

 

 

 

Figure 5.45. Piston deformation graphs in X directions for original and new pistons. 

 

 

 

 

 

 

 

 

Figure 5.46. Piston deformation graphs in Y directions for original and new pistons. 
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Figure 5.47. Piston deformation graphs in Z directions for original and new pistons. 

A dimensional and feature comparison of the original and new pistons is illustrated in in 

Figure 5.48. The different features are highlighted/ numbered with respect to the features 

outlined in Table 5.15. 
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Figure 5.48. Comparison of original and new piston designs. 

The manufacturing of the new piston and the modifications needed to accommodate the new 

piston in the existing engine for compatibility are presented in Chapters 5 & 6 in Sections 5.7 

and 6.5 respectively. 

5.7. Manufacturing of the new piston design 

Once the new piston design was finalised and before the manufacturing could proceed, the 

material had to be upset forged to a larger diameter. The material was available in a bar form 

of 60 mm diameter and 340 mm in length (Figure 5.49). However a billet of 103 mm in 

diameter and length of 50 mm was required to machine a piston with 97 mm diameter and 

36.3 mm length.  
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Figure 5.49. The available material before upset forging. 

The bar was cut into pieces with lengths of 155 mm to be forged into billets of the required 

size, the calculations for determining the 155 mm length are given in Appendix C.4. Images 

of one of the forged billets can be seen in Figure 5.50. Post forging, the billets were heat 

treated according to the methodology given in Section 4.4.  

 

 

 

 

Figure 5.50. Pictures of the upset forged billets. 

The heat treated billets were sent to GE Precision Engineering for machining. GE Precision 

Engineering has been manufacturing similar pistons for a long time and the engineers noticed 

that the original piston had not been reverse engineered correctly and therefore suggested 

some small changes such as ring groove profiles. The changes required were incorporated in 

the optimised model and the FE analysis was re-run. The small geometrical changes did not 

make any significant impact on the FE results (in fact the stress at the pin hole was reduced, 

see Table 5.16). The FE simulated maximum principal stress distribution results after changes 

are shown in Figure 5.51 and it is very close to the first optimised model (Figures 5.41–5.42). 

The comparison of the stress values at critical locations can be seen in Table 5.16. 

340 mm 
    Ø60 mm 
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Figure 5.51. FE results after the suggested changes were made (optimised model). 

Model Crown Stress (MPa) Pin Hole Stress (MPa) 

First Optimised Model 145.78 278.7 

After Changes 148.04 254.24 

% Change Increase of 1.55  Decrease of 8.77 

 

 

Images of the machined pistons can be seen in Figure 5.52 while pictures of the coated piston 

can be seen in Figure 5.53. The coating used was Xylan 1010 which is also used in F1 pistons 

(Whitford, 2018). 

 

 

 

 

Figure 5.52. Images of the machined pistons. 

Table 5.16. Stresses of first optimised piston and after the suggested changes for 
machining 

              Piston Top View         Piston Underside View 
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Figure 5.53. Images of the coated piston. 

5.7.1. Challenges encountered with piston design and manufacturing 

- Not all geometrical features of the original piston were adequately acquired because 

the scanning laser could not reach those features such as ring grooves sufficiently. 

- The company which agreed to forge the material at the beginning of the project had 

management restructure, and the new management was not willing to forge high 

silicon content alloy as there was risk of breaking the die.  

- Finding a forging company with correct die size was challenging. Smaller die would 

not produce the required billet size while there was not enough material for larger die 

to produce two billets.  

- After forging the material in Argentina and shipping it back to UK, the HomeOffice 

withheld the material until they were completed their investigations which resulted in 

significant delays for project the manufacturing.  

5.8. Summary 

The work undertaken in this chapter analysed two different approaches for the FE modelling 

of a piston as suggested in literature. It highlights the importance of accounting for the lateral 

forces in piston numerical simulation, which were largely ignored in most publications. The 

results showed that using piston, pin, some portion of the connecting rod and a cylinder 

(model 2) was a more realistic representation of the structural response of the piston assembly 

Skirt 
Coating 
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compared to the combination of only piston and pin (model 1) that was widely used in 

literature. The results are discussed in Section 7.6. Based on model 2 and using the new 

alloy’s properties, the piston was redesigned by thinning the different sections of the piston to 

reduce the overall piston mass. The new piston’s mass was 218.35 grams which is 16.38% 

lighter than the original piston with mass of 261.13 grams.  The stress in the critical areas of 

the redesigned piston increased approximately proportionally due to the thinning of the 

piston. This was however not a concern because of the higher strength of the new alloy. 

The chapter also explained manufacturing of the new pistons and challenges encountered 

with piston design and manufacturing.  
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Chapter 6: Engine testing and results 

6.1. Introduction 
This Chapter explains the modifications made to the engine, auxiliary components design and 

installation of various sensors to prepare the engine for dynamometer testing based on the 

objectives of the research. It also describes the test methodology and engine performance 

parameters required to be measured. The engine test scope, test limitations and technical 

challenges encountered are highlighted. Furthermore, it covers the new piston design, 

manufacturing challenges and the modifications needed to the engine to accommodate the 

new piston. The engine test results with the original and new pistons are presented and 

compared to assess any modifications in engine performance. 

6.2. Engine test methodology 

The methodology used for the engine testing is illustrated in the flowchart shown in Figure 

6.1. 

 

 

 

Figure 6.1. Flow chart of the engine test methodology. 

6.3. Engine test scope and limitations 

The engine used in this project was a high performance motorbike engine, KTM 450 XCF 

2008 (Table 5.2). The scope of the initial engine testing was to obtain performance 

parameters that were required as baseline for the new piston design. The parameters 

measured and/or calculated included engine speed, in-cylinder pressure, coolant temperature, 
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air-fuel ratios, torque and fuel consumption. Other parameters such as air intake temperature 

and pressure that could affect the engine performance were also measured.  

Engine operation can be affected by numerous factors. In this project, every effort was made 

to control these factors, however some assumptions were made during the engine testing 

which are given below: 

1. The engine rotational speed was assumed to be constant.  

2. The slight temperature variation (1-2 °C) in the engine tests cell was assumed not to 

have significant impact on the intake air temperature which could affect the engine 

performance.  

3. The small variation in engine coolant temperature did not have any impact on the 

thermal stability of the engine hence no impact on the engine performance.  

4. The small insignificant variations in air-fuel ratios were ignored. 

5. Humidity of the test cell was not controlled and it was assumed to be stable and not 

have any significant effect on the engine performance.  

6.4. Engine test preparation 

The test engine used in this project was a production engine which was modified to allow for 

the installation of the sensors required for the data acquisition.  

6.4.1. Choice/selection of dynamometer 

The dynamometer or dyno for short, used in this project was a Schenck, type W130 (Eddy-

Current Dynamometer) (Schenck, 2001). To ensure that the dyno was suitable for the project, 

the expected maximum torque and power-speed curves of the engine were superimposed on 

the dynamometer performance envelope (Martyr and Plint, 2007). This showed that the test 

requirements were within the dyno capability. The specifications of the dyno are given in 

Table C.1 and Figure C.1 in Appendix C.1 
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6.4.2. Mount design 

The correct mounting of an engine is one of the extremely important aspects of engine testing 

and neglecting it can lead to misleading results and increases the likelihood of accidents. The 

test engine used in this project was a single cylinder, and therefore prone to vibrations. The 

mount was designed to keep the vibrations to a manageable level by utilising the same 

mounting locations as in the motorbike in which the engine is normally installed.  

A schematic of the engine mount with the engine can be seen in Figure 6.2. The 2D 

engineering drawings of the individual components and exploded view of the assembly are 

given in Appendix C.2. 

 

 

 

 

 

 

 

Figure 6.2. CAD model of engine mount assembly (units in mm). 

6.4.3. Coupling with dynamometer 

Selecting the appropriate couplings and shaft for connecting to the engine is another key 

aspect of engine testing. Choosing an inappropriate couplings can lead to various problems 

such as torsional oscillations, whirling of coupling shaft, catastrophic failure and others 

(Jayabalan, 2004; Martyr and Plint, 2007; Mohd Hasnun Ariff, 2012). The design and 
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(a)     (b) 

fabrication of the shaft is a complicated and specialist task that was beyond the scope of this 

project. To find the correct shaft for the application in this project, a specialist company 

(Voith Turbo HighFlex Gmbh & Co.KG) was contacted to recommend a suitable solution. 

Upon investigation, it was discovered that they had designed two shafts for Oxford Brookes 

University in the past for such applications. Pictures of the coupling shaft used in this project 

can be seen in Figure 6.3. 

 

 

 

 

Figure 6.3. Pictures of the coupling shaft with universal joint used in this project. 

The test engine came with a standard sprocket (Figure 6.4a) at the drive end, but had to be 

modified to be coupled with the coupling shaft end (Figure 6.3 Plan View). The external teeth 

of the sprocket were machined and the rest of the sprocket was welded to a flange with holes 

as can be seen in Figure 6.4b. 

 

 

 

 

Figure 6.4. a) Pictures of the standard sprocket for the test engine. b) Modified sprocket. 

Dyno End              Engine End        Plan View of Engine End 
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6.4.4. Electrical wiring harness and cranking 

The wiring system of an engine plays a central role in connecting a number of important 

components such as electronic control unit (ECU), spark plug, starter motor, lighting etc. The 

approach used for this project was to take the existing harness system of the engine and 

disconnect the wires not needed.  

A standard starter motor for the test engine was used to crank the engine and it was powered 

by a standard 12 V battery that was available in the test cell. 

6.4.5. Exhaust system and lambda sensor 

The space limitation, layout and congested nature of the test cell heavily affected the design 

of the exhaust system. The exhaust system was designed to avoid compromising the safety of 

the cell operators by keeping proximity with hot metal exhaust piping to a minimum as 

specified by (Martyr and Plint, 2007). The exhaust system was designed to accommodate an 

O2 sensor as the project needed one (Figure 6.5).  

The exhaust system was designed (Figure 6.6) to be similar to the original system especially 

the length of the primary pipe because any changes in the length of the primary pipe could 

lead to changes in the exhaust and induction process as a result of changes in the pattern of 

exhaust pulses in the system. This could affect the volumetric efficiency and power output of 

the engine.  
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Figure 6.5. Installation of the boss on exhaust pipe for lambda sensor. 

 

 

 

 

 

 

 

Figure 6.6. A picture of the exhaust system and support fixture used for the test engine. 

6.4.6. Cooling system 

The cooling system of the test cell was capable of providing water of suitable quality, 

temperature and pressure to allow sufficient volume to pass through the engine for sufficient 

cooling. The coolant medium used for the test engine was a mixture of water and antifreeze 
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Flywheel Bolt      Shaft Extension        Oil Sealing Plug      Shaft Coupling       Encoder 

(ethylene glycol). The recommended coolant flow rate for the test engine was 1.2 l/min which 

was within the test cell capacity. 

6.4.7. Crank position location system 

The purpose of the crank position system was to locate the piston (top dead centre) and use it 

as a trigger point for measuring the in-cylinder pressure readings. The location of the 

piston/crank was needed to superimpose the pressure with other forces acting on the piston. 

The encoder mounting assembly is shown in Figures 6.7-6.8. 

 

 

 

 

Figure 6.7. Representation of the crankshaft extension for the encoder installation. 

 

 

 

 

 

 

 

Figure 6.8. Encoder assembly mounted on the engine. 
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6.4.8. Torque, speed and fuel measuring systems 

The torque and engine speed were determined using a dynamometer control and data logging 

software CADET. To ensure the accuracy of torque and speed measurements, the 

dynamometer was calibrated before the testing by the manufacturer of the engine control and 

data acquisition system, Sierra-CP. The CADET system was also implemented by Sierra-CP.  

The fuel consumption of the engine during testing was measured using an FMS-1000 fuel 

system, which was a gravimetric fuel measuring system from Sierra-CP (Figure 6.9). The 

FMS-1000 system was controlled and monitored by CADET, which recorded and displayed 

the data obtained (Engineering, 2003; Barbour et al., 2008). A screen shot of the control 

system can be seen in Figure 6.10. The new fuel measuring system installed for this project 

was commissioned and calibrated by Sierra-CP.  

 

 

 

 

 

 

Figure 6.9. FMS-1000 fuel weigher system used in this project. 
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Figure 6.10. Screenshot of the FMS 1000 control. 

6.4.9. Installation and Calibration of in-cylinder pressure sensor 

The in-cylinder pressure measurements can be used for various analyses (Trimby et al., 

2017),  but in this project it was measured to determine the maximum combustion pressure 

and hence determine the worst case loading for the piston. The pressure measurements were 

also used to derive thermal loading on the piston (Section 2.9.2). The pressure sensor used for 

this project was a spark plug integrated sensor from Optrand which is fibre optic sensor (1/4-

20 UNC Flange) (Figure 6.11a).  

A picture of the modified spark plug with sensor can be seen in Figure 6.11a. The sensing 

element needed to be connected to an enclosure that housed all the electronic circuitry via an 

optical fibre cable (Figure 6.11b).  
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Figure 6.11. a) Sensor mounted modified spark plug. b) Pressure sensor electronic circuitry  

Further information about the sensor can be found in the sensor specification (Appendix C.3) 

and (Optrand, 2001; Optron, 2013). 

To calculate the pressure from the pressure sensor’s output voltage, the following formula 

(6.1) was used (Optron, 2013). 

P = (V-Vmin)/s                                                                6.1 

where P, V, Vmin and s are pressure (PSI), output voltage (V), minimum output voltage (V) 

and sensitivity (V/PSI). The sensitivity factor value was indicated on the circuitry enclosure 

(2.73 mV/PSI at 200 °C) in unit of mV/PSI.    

6.4.10. Installation and calibration of air intake pressure sensor, temperature and carburettor 

Engine performance could be affected by the condition of incoming air and needed to be 

accounted for. These parameters stayed fairly stable during for specific test conditions. In this 

project some of these parameters were monitored to check that no significant deviation 

occurred. According to the European and American Standards for testing internal combustion 

engines, the values for the three parameters are as follows: 
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 Pressure (atmospheric pressure or 1 bar) 

 Temperature (25 C or 298 K) 

 Relative humidity (30%) (Martyr and Plint, 2007) 

Since the test engine was naturally aspirated, the inlet temperature remained nearly the same 

as the room temperature. On the other hand, the inlet pressure was measured using another 

Optrand sensor (Figure 6.12).  

 

 

 

 

 

 

 

Figure 6.12. Air inlet modification to allow for the sensor installation. 

6.4.11. Other engine test considerations 

Other considerations included throttle position control, gear changing mechanism, data 

acquisition system.   

6.5. Modifications required for the accommodation of new piston in the test 

engine 

Balancing the rotating assembly is critical to maximise the engine performance and 

longevity. Any mass changes made to any component in the rotating assembly require 
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Side View of Material removed Top View of Material removed 

rebalancing of the whole assembly; more information can be found in these sources (Builder; 

Builder, 2009; Massingill, 2016). Pictures of the modified crankshaft can be seen in Figure 

6.13. 

 

 

 

 

 

 

Figure 6.13. Pictures of modified crankshaft assembly.  

6.6. Comparison of the original and new engine configurations 

Engine developers use various performance indicators for comparing different engine 

configurations. Some of these indicators can be measured experimentally while others can be 

calculated from experimental data using various equations.  The various performance 

indicators that were measured experimentally for both test configurations were fuel 

consumption (g/sec), torque (Nm), intake pressure (bar), test cell temperature (°C), coolant 

temperature (°C), air fuel ratio (AFR) and in-cylinder peak pressure (bar). Other fundamental 

performance indicators include mass flow rate of air (MFRair), which can be used as an 

indication of load instead of torque; and brake specific fuel consumption (BSFC), which can 

be used instead of fuel consumption. MFRair can be calculated from air fuel ratio or lambda 

(ʎ) using equation (6.2) 
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Lambda (AFR) = 
 

 
     (6.2) 

  is equivalence ratio which is the inverse of air fuel ratio and can be calculated using 

equation (6.3) 

   
     

      
 = 

 
  
  

   

 
  
  

    
     (6.3) 

Substituting (6.3) into (6.2) and rearranging for         gives 

          
  

  
                         (6.4) 

Where   ,   ,        ,        , AFR and    

  
    are mass of air (g), mass of fuel 

(g), mass of air actual (g), mass of fuel actual (g), air fuel ratio and air fuel ratio 

standard/stoichiometric.  
  

  
    is 14.7 (standard commercial gasoline), AFR and         

are measured experimentally.         is actual fuel consumption and measured as g/sec. 

Brake specific fuel consumption (BSFC, g/kW.hr) can be calculated using equation (6.5) 

      
  

  
      (6.5) 

Where    is brake power (kW) and can be determined from equation (6.6) 

       
 

  
     (6.6) 

Where   , N and    are torque (Nm), engine speed (rpm) and the number of revolution per 

cycle.    is 1 and 2 for two and four stroke engine respectively. 
 

  
 is the rate at which the 
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engine functions (i.e. at which it produces work output). Note to convert N from revolution 

per minute to revolution per second.   

Volumetric efficiency, when comparing the two different pistons, is critical to explain the 

difference in performance. Engine torque and hence power are directly related to the amount 

of air the engine can ingest in each cycle and volumetric efficiency measures the actual 

amount of air ingested by a 4 stroke engine during the open or breathing part of the cycle. 

Volumetric efficiency can be calculated using equation (6.7) 

             
      

        
     (6.7) 

Where   ,   ,     are volumetric efficiency, air density (Kg/m3) and displacement volume of 

the engine (m3).  

Various performance indicators such as brake specific fuel consumption, mass flow rate of air 

and volumetric efficiency were calculated using equations (6.2-6.7) and the experimental data 

from engine tests. These performance indicators were plotted in graphical forms, as reported 

in Section 6.7. The engine test results in Figures 6.14-16 in two different configurations could 

not clearly show if the engine performance improved with the new piston compared to the 

original piston. The results however did show that the new piston was more fuel efficient at 

lower speed (3000 rpm) and lower torques (Figure 6.14a-b) which could be due to the new 

piston running leaner; the data showed the engine had higher volumetric efficiency with new 

piston (Figure 6.14c-d). An engine with higher volumetric efficiency is generally more fuel 

efficient and therefore uses less fuel to produce the same output. 

For the other two engine speeds of 4500 rpm and 6000 rpm, the results showed that the new 

piston was more fuel efficient than the original piston at lower torque and MFRair values. For 

engine speed of 4500 rpm, these torque and MFRair values were less than 10 Nm and 145 
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g/sec respectively (Figure 6.15a-b). For engine speed of 6000 rpm, these torque and MFRair 

values were 13 Nm and 235 g/sec respectively (Figure 6.16a-b). Overall, the new piston 

showed benefits at 3000 and 6000 rpm. 

Even though testing of the new piston has demonstrated application of the new alloy in 

higher temperature applications such as pistons for internal combustion engine.  However, the 

engine testing facility available for this research was not able to control certain parameters 

that could affect the engine performance such as air-intake temperature, humidity etc. The 

test cell temperature was measured during testing, but it could not be controlled. On average 

the test cell temperature was 6 °C higher for new piston than the original piston and this 

would have negatively impacted the engine performance.  

Many researchers (Birtok-Băneasă, Raţiu and Hepuţ; Pan et al., 2015; Treeamnuk, 

Treeamnuk and Papakae, 2018; Khaifullizan et al., 2021) have investigated the impact of 

intake air temperature on engine performance specifically fuel consumption and all reported 

that decreasing air intake temperature decreases fuel consumption due to the increasing 

amount of Oxygen in air. Colder air has higher Oxygen density compared to hotter air. In 

addition; lower air intake temperature reduces ignition delay and the combustion starts at the 

end of the compression stroke and early expansion stroke therefore converts larger portion of 

the fuel energy to useful work. 

Furthermore, the research by (Birtok-Băneasă, Raţiu and Hepuţ; Treeamnuk, Treeamnuk and 

Papakae, 2018) showed that the impact of air intake temperature on engine performance is 

more dominant at higher engine speeds. This is due to the higher injected fuel at higher 

engine speed which requires more Oxygen to complete the combustion. (Birtok-Băneasă, 

Raţiu and Hepuţ, 2017  demonstrated that a 10 degrees increase in air intake temperature 
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from 20 °C to 30 °C resulted in 4% more fuel consumption at 1500 rpm while this value 

increased to 22 % at engine speed of 3000 rpm. 

Also, the test engine in this project was using carburettor not fuel injector which most modern 

engine use and therefore the air fuel mixture could not be controlled.  

6.7. Tests results with original and new pistons 

The engine tests were carried out with the original and new pistons. The original piston was 

tested twice, where the purpose of the first tests was to obtain the worst case loading on the 

piston for designing the new piston. The engine was therefore tested at speeds of 3500, 4000, 

5000, 6000 and 7000 rpm in half and full throttle positions. The critical load case occurred at 

6000 rpm at full throttle (see Section 5.5.1). 

The second set of tests with the original piston was carried out at 3000, 4500 and 6000 rpm at 

different fixed torques ranging from 6-24 Nm at increment of 3 Nm. In the second case with 

the new piston, tests were carried out at the same conditions as for the second set of the tests 

with the original piston. Measurements were taken under the same operating conditions in 

order to determine any gains or losses in the engine performance.  

At each operating condition, the engine was allowed to run for about 5-6 minutes until it 

reached thermal stability in the new state before any measurements were taken. Thermal 

stability was established by monitoring the coolant temperature and the amount of exhaust 

oxygen (from lambda sensor readings) until they stopped fluctuating. 

The engine was tested in third gear only for all the engine speeds. The engine had a gear ratio 

of 3.32 between the gear box and output sprocket for third gear and the torque values 

obtained from the dyno were therefore divided by 3.32 to get the actual torque. The engine 

performance results for both configurations in a graphical form are given in Figures 6.14–
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6.16 while some of the experimental results are tabulated in Appendix C.5. Descriptions of 

the KPIs are given as the following along with why they are important to measure. 

BSFC stands for brake specific fuel consumption and it describes the amount of fuel used per 

unit energy output. In other words, it indicates how well the fuel is utilised and it is inversely 

proportional to thermal efficiency. It is one of the most important criterion for comparing 

different engine configuration. Given everything else being the same, the engine with lower 

BSFC is better.  

Torque is the ability of an engine to turn the crankshaft overcoming the resistance applied to 

the wheels and used in conjunction with BSFC. When other engine operational parameters 

are similar or the same, the engine with the same BSFC, but higher torque is a better 

performance engine, hence is a critical criterion to measures. It is measured directly from the 

dynamometer.  

Volumetric efficiency measures the actual amount of air ingested by an engine during the 

open or breathing part of the engine cycle. Engine torque and hence power is directly related 

to the amount of air the engine ingests in each cycle. It is critical to compare the volumetric 

efficiencies of engine when comparing their torques as lower volumetric efficiency leads to 

lower torques hence the comparison will not be fair.  

In-cylinder peak pressure has direct effect on torque and it is therefore an important indicator 

to consider for fair comparison when comparing different engine configurations. 

6.7.1. Test results at 3000 rpm 

The various engine performance results for both piston configurations at 3000 rpm are plotted 

in Figure 6.14. 
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Figure 6.14. Comparisons of various performance indicators for original and new pistons at 

        3000 rpm a) BSFC vs. MFRair b) BSFC vs. torque c) volumetric efficiency vs.

 torque d) volumetric efficiency vs. MFRair e) peak pressure vs. MFRair 

The results for 3000 rpm in Figure 6.14 indicated that the new piston was more fuel efficient 

compared to the original piston especially at lower torque (Figures 6.14a-b). This may be 

attributed to the higher volumetric efficiency of the engine which leads to leaner operation of 

the engine with the new piston (Figures 6.14c-d). The AFR values measured were higher / 

leaner for the new piston compared to the original piston (Table C.3). For the same torque, 

the engine with higher volumetric efficiency will consume less fuel due to the availability of 

more Oxygen which reduces ignition delay hence converts more of the fuel energy to useful 

work (Birtok-Băneasă, Raţiu and Hepuţ, 2017 . Furthermore, higher volumetric efficiency 

reduces pumping work/losses (the work in exhaust and intake strokes) which improves 

specific fuel consumption (Sher, 1998).  
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The in-cylinder peak pressure for original piston increases more linearly with MFRair 

compared to the new piston; the original piston follows the peak pressure as expected. 

6.7.2. Test results at 4500 rpm 

The various engine performance results for both configurations at 4500 rpm are plotted in 

Figure 6.15. 
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Figure 6.15. Comparisons of various performance indicators for original and new pistons at 

        4500 rpm a) BSFC vs. MFRair b) BSFC vs. torque c) volumetric efficiency vs.

 torque d) volumetric efficiency vs. MFRair e) peak pressure vs. MFRair 

The results for engine speed of 4500 rpm showed that the new piston was more fuel efficient 

than the original piston at lower torque and MFRair values of less than 10 Nm or 145 g/sec 

respectively (Figures 6.15a-b). This was despite that the engine with new piston had smaller 

volumetric efficiency in the aforementioned MFRair range (Figures 6.15c-d). The lower fuel 

efficiency of new piston at certain torque values despite higher or similar volumetric 

efficiency especially at higher torque values may be due to the higher intake air temperature 

which adversely affect engine performance due to decrease in Oxygen as mentioned earlier. 

The engine with original piston showed abnormal behaviour at lower torque and MFRair 

values (Figures 6.15a-b) as the BSFC values drop sharply (Figures 6.15a).  
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6.7.3. Test results at 6000 rpm 

The various engine performance results for both configurations at 6000 rpm are plotted in 

Figure 6.16. 

a)  

 

 

 

 

 

 

 

 

b)  

 

 

 

 

 

 



140 
 

0.00

0.20

0.40

0.60

0.80

1.00

1.20

3 6 9 12 15 18 21 24

V
ol

 E
ff

 

Torque (Nm) 

Volmetric Efficiency Vs Torque - 6000 rpm 

Original Piston
New Piston

0.00

0.20

0.40

0.60

0.80

1.00

1.20

160 190 220 250 280 310 340 370

V
ol

 E
ff

 

MFRair(g/sec) 

Volmetric Efficiency Vs MFRair - 6000 rpm 

Original Piston
New Piston

c)  

 

 

 

 

 

 

 

d)  

 

 

 

 

 

 

 

 

 

 



141 
 

0

10

20

30

40

50

60

70

80

160 190 220 250 280 310 340 370

Pe
ak

 P
re

ss
ur

e 
(B

ar
) 

MFRair (g/sec) 

Peak Pressure Vs MFRair - 6000 rpm 

Original Piston
New Piston

e)  

 

 

 

 

 

 

 

Figure 6.16. Comparisons of various performance indicators for original and new pistons at 

        6000 rpm a) BSFC vs. MFRair b) BSFC vs. torque c) volumetric efficiency vs.

 torque d) volumetric efficiency vs. MFRair e) peak pressure vs. MFRair 

The results for engine speed of 6000 rpm showed that the new piston was more fuel efficient 

than the original piston at lower torque and MFRair values of less than 13 Nm or 235 g/sec 

respectively (Figures 6.16a-b). The engine with both pistons had nearly the same volumetric 

efficiencies (Figures 6.16c-d), but higher in-cylinder peak pressure with new piston in the 

aforementioned MFRair range (Figures 6.16e). The engine with original piston showed 

abnormal behaviour at lower MFRair values as the BSFC values drop sharply (Figures 

6.16a). The lower fuel efficiency of new piston at certain torque values despite similar 

volumetric efficiency especially at higher torque values may be due to the higher intake air 

temperature which adversely affect engine performance due to decrease in Oxygen as 

mentioned earlier. 
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The limited engine testing results presented in this work have shown that the new piston 

produces enhanced performance in certain operating conditions, whilst performing similarly 

or slightly worse in others. To ultimately determine whether the new lightweight piston 

would generate any sizeable difference in engine performance and/or efficiency across the 

wider engine running envelope, further work is needed. 

6.8. Summary 

The chapter started by laying out the engine test methodology and defining the test scope and 

limitations. The engine test preparations were explained in details along with the 

modifications required to balance the crankshaft due to the lightweight piston. The work 

undertaken in this chapter consisted in testing the engine with the old and new lightweight 

pistons installed. The engine results for the two cases were presented in graphical forms in 

this chapter.   
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Chapter 7: Discussion 

7.1. Introduction 
The literature review showed that racing engineers and engine designers knew from the very 

early stage of engine development that engine performance could be improved by increasing 

the mean piston speed (MPS). Reducing piston mass was one of the approaches identified to 

increase MPS hence the engine designers experimented with stronger and lighter materials 

and switched from cast iron to steel. That trend has continued ever since with the application 

of different alloys and composites in pistons as described in Chapter 2 and the investigation 

of the new nanostructured aluminium alloy for piston application in this project is one more 

event in the evolution of piston materials.   

 In order to assess the suitability of the new alloy for piston application and to obtain the 

mechanical properties required for piston design, the alloy’s microstructure was characterised 

and a series of mechanical tests were carried out as detailed in Chapter 4. Furthermore, to 

understand the piston operating environment, a number of engine tests were carried out with 

the unmodified original piston.  To develop a new lighter piston with nearly the same 

structural integrity, a finite element analysis approach was used as described in Chapter 5.  

The discussion summarises findings of the results from the testing and simulation work 

described in the preceding chapters. Through the work undertaken, it will be shown that the 

overall aim of the project, and the objectives identified in Chapter 1 have been achieved.  

7.2. Microstructure of the alloy 

From investigating the results obtained in Chapter 4, it was concluded that accurate results 

had been achieved. The microstructural homogeneity of the as-received alloy observed and 

determined through optical microscopy and particle analyses corresponded to the hardness 
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tests taken across the sample surface. The approximately same averaged particle size and 

little varying hardness across the sample’s surface was indicative of the alloy having isotropic 

properties throughout the bar’s cross section.   

The particle volume fraction results confirmed the specified volume fraction of 22.5% by the 

manufacturer (Figure 4.7) and it can be seen in Figure 4.4 in Chapter 4 that the particles were 

uniformly dispersed which can be attributed to rapid solidification as suggested by (Rafiei, 

Varahram and Davami, 2012; Abed, 2014). The results of all observed particles in Figure 4.9 

determined that nearly 50% and 90% of the particles had 3D sizes of about up to 1.7 and 3.2 

µm respectively. The particles sizes were many folds smaller compared to the aluminium 

alloys produced using industrial metallurgy (IM) methods where the particle sizes vary 10 – 

100 µm (Lobry et al., 2011). The smaller size of particles can be ascribed to the rapid 

solidification (RS) method melting spinning used to produce the alloy investigated in this 

work (Rafiei, Varahram and Davami, 2012).  

In addition, the results in Figure 4.9 showed that there was significant variation in particle 

sizes of all the observed particles across the bar’s cross section. The actual particle sizes were 

likely to be smaller than measured because a significant number of the particles had been 

dislodged from the aluminium matrix during grinding and polishing of the sample and left 

voids which were expected to be larger than the particles. The two distinct peaks seen on the 

left side of the graph in Figure 4.9 showed the two intermetallics observed in the XRD 

analysis in Figure 4.43. 

The X-ray diffraction (XRD) analyses (Figure 4.43) determined the presence of three 

different phases with the most dominant being Al  α , while the other two were Mg2Si and 

Mg17Al12. The latter two are known to improve not only strength of the alloy, but other 
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properties such as wear, corrosion and ductility (Yan, 2014; Asghar et al., 2020; Moharami et 

al., 2020; Wang et al., 2021) 

Furthermore, the energy dispersive X-rays (EDS) analyses for the bulk alloy (Figure 4.12 and 

Tables 4.1-2) showed the respective compositional ratio of the elements specified by the 

manufacturer, however in some instances the EDS results did not exactly match the 

manufacturer specification. It was due to the dislodging of the particles. The EDS analyses 

carried out on large particles showed that they were mainly composed of Al, Mg and Si 

respectively (Figure 4.15 and Tables 4.3-4) which also correlated to the intermetallic particles 

identified in XRD results shown in Figure 4.43.  

7.3. Heat treatments 

A soaking temperature and time of 530 °C and 1 hour respectively were used for solid 

solution heat treatment and there were some bases from literature for selecting these values; 

however no specific tests were carried out to determine the effects of them on the aging 

process or T6 condition.  

As the alloy contained large amount of copper and previous knowledge of the similar alloys 

have shown that the artificial aging should start within 45 minutes of quenching to avoid 

precipitation that could compromise the hardness of the alloy in T6 condition. This was 

achieved through force cooling the furnace from solid solution temperature (530 °C) to aging 

temperature (140–180 °C) using a fan. However the time varied from 35–45 minutes as it 

depended on the ambient temperature at the laboratory. This little time variation between 

quenching and aging did not seem to have any effect on the T6 condition.  

As the material contained combination of alloying elements hence exhibited a multistage 

precipitation which made it difficult to select clearly defined T6 condition. It was not straight 

forward to determine the T6 condition from the artificial aging heat treatment results in 
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Figures 4.18–4.19 as the results overlapped and fluctuated. However, the aging results at 160 

°C followed the theoretical curve pattern for T6 condition which increases incrementally 

reaching a maximum and then slowly decreases. Furthermore, the hardness of the sample 

heat treated at 160 °C for 30 hours did not change significantly after removing from the 

furnace and leaving it at RT for a week (Figure 4.19). This seemed to correspond to a T6 

condition. The hardness of the new alloy increased from an average of 97 HV (Figure 4.10) 

in as-received state to 175.5 HV in T6 (Figure 4.19). Furthermore, the scatter in the hardness 

results was less than 4% (Figures A3 – A14). 

The samples soaked at different temperatures reached stability at different amount of times; 

however the samples at 200 °C took the longest (100 h) to reach stability (Figures 4.22–4.23). 

While the samples treated at 150 °C did not have any impact on the hardness at all, indicating 

that no significant microstructural changes occur in the alloy up to 150 °C. The alloy reached 

thermal stability in approximately 100 hours for all temperatures.  

7.4. Mechanical properties, deformation and fracture behaviour 

It can be seen from the tensile tests results in Figure 4.26 that the specimens in room 

temperature or T6 condition had the highest yield strengths with an average value of 

approximately 409 MPa, but showed no appreciable deformations/strains (Figure 4.27). On 

the other hand, the specimens at 350 °C had the lowest strengths with an average value of 

approximately 26 MPa (Figure 4.26), but had the highest deformations (Figure 4.27). The 

results also indicated that the alloy did not show any significant reduction in strength up to 

150 °C similar to stability results in Figures 4.22-23 which could be due the lack of 

coarsening of the strengthening particles (Lobry et al., 2011). Furthermore, there was not any 

significant scatter in test results for different specimens for the same testing conditions 

because the test specimens were stabilised prior to testing.  
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Fracture analyses of a tensile test specimen tested at room temperature showed that the 

specimen had failed in brittle manner as no necking could be observed (Figure 4.31a). While 

a specimen tested at 350 °C had appreciable necking and failed in ductile manner (Figure 

4.31b). Furthermore, the specimen tested at RT fractured approximately 45° to the applied 

load while the specimen tested at 350 °C fractured 90  to the applied load, showing the 

fracture was caused by shear stress. 

Fractographic analyses of the fractured faces (Figures 4.33 and 4.35) showed that the large 

particles made of Al, Mg and Si formed pits around them and could have been the likely 

cause of fracture/crack initiation. The average dimple sizes were 3.8 and 5.4 micron for 

samples tested at RT and 350 °C respectively.  In addition, the fracture surface of the 

specimen tested in T6 state (Figure 4.33) did not show any appreciable microplasticity 

compared to the specimen tested at 350  C  Figure 4.35 . The microplasticity at 350  C could 

be due to the aluminium matrix becoming overly ductile and flows. Furthermore, there were 

more micro-cracks in the specimen tested in T6 state than the specimen tested at 350  C; this 

could have been due to the lack of microplasticity indicating that the aluminium matrix had 

been sheared.  

The compression test results in Figure 4.38 demonstrated that the specimens in extrusion 

direction (ED) had higher yield strengths compared to the transverse direction. This was 

because of the grains alignment along the extrusion direction due to the nature of the 

extrusion process (Chen et al., 2009; Wang et al., 2016). Furthermore, the average yield 

strength in transverse direction was approximately 510 MPa which was 25% higher 

compared to 409 MPa in tension. Fractographic analyses of the specimens tested in 

compression also revealed that pitting occurred around large particles (Figures 4.39 and 4.41) 

that were made of Al, Mg and Si (Figures 4.40 and 4.42). 
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The tensile test results obtained in Section 4.6.1 for the new alloy showed an improvement 

over other conventional aluminium alloys at the test temperatures. Figure 7.1 compares the 

yield strengths of the new alloy and two conventional aluminium alloys used in high 

temperature applications such as internal combustion engine pistons. The yield strength 

values for the conventional alloys were obtained from (American Society for Metals. 

Handbook, 1979; Kaufman, 1999). 

 

 

 

 

 

 

 

 

 

 

Figure 7.1. Yield strength comparison of two different piston aluminium alloys vs. the new 

alloy (American Society for Metals. Handbook, 1979; Kaufman, 1999). 

The yield strength comparison graph of the new alloy and two conventional aluminium alloys 

in Figure 7.1 shows that the new alloy has better yield strengths at varying test temperatures 

than the conventional aluminium alloys. This opens doors for wide types of high temperature 

applications such as internal combustion engine components. On the basis of microstructural 

analyses carried out in this work and results of similar materials from literature (Tellkamp, 
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Lavernia and Melmed, 2001; Han et al., 2003; Shanmugasundaram et al., 2010), it appears 

that the higher yield strengths of the new alloy can be attributed to strengthening mechanisms 

such as grain size refinement (Hall-Petch effect) and precipitation hardening (Orowan 

mechanism) made possible by rapid solidification (Shanmugasundaram et al., 2010). It has 

been shown by (Liu et al., 2010) that increase of  Mg content  in aluminium decreases 

average grain size and improves grain distribution. Again, addition of high Mg content to 

aluminium has been facilitated by rapid solidification.  

7.5. Strength contribution of different strengthening mechanisms 

In order to estimate the contribution of each strengthening mechanism to the yield strength of 

an alloy, an in-depth characterisation of the microstructure is needed. There are few 

publications such as (Pedrazzini et al., 2016) that have carried out such characterisation on 

aluminium based nanostructured aluminium alloys. The strength contributions of different 

strengthening mechanisms to the investigated alloy have been estimated as the following. 

7.5.1. Particle strengthening 

The effect of particles on dislocation movement depends on their location in the 

microstructure, type of interface, strength and size. Dislocations either shear through particles 

or bow around particles which leave a dislocation loop around the particles and the latter is 

known as Orowan mechanism. Orowan mechanism is the more common strengthening 

mechanism in alloys such as the one investigated in this work. Its contribution to the yield 

strength can be estimated by equation (7.1) (Galano and Audebert, 2022) 

     
     

   
           (7.1)                               

Where     is the strengthening contribution to yield stress (MPa) due to the hard particles, M 

is the Taylor factor that accounts for the homogeneous deformation of the individual grains in 
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a polycrystal, G is the shear modulus (27 GPa for aluminium),    is the Burgers vector 

(0.286 nm) (Shanmugasundaram et al., 2010) and Lps is the edge to edge planar inter-particle 

spacing (nm) for the spherical particles that can be estimated using equation (7.2) (Galano 

and Audebert, 2022) 

   
    

    
            (7.2) 

Where    is particle volume fraction (22.5%) and    is the mean planar particle diameter 

(nm), which is related to the particle diameter in volume (7.3),    as (Galano and Audebert, 

2022) 

      √
 

 
      (7.3) 

For an aluminium based nanostructured alloy (Al-Cu), (Galano and Audebert, 2022) 

estimated the precipitate diameter (  ) to be 110 nm and it is the value assumed for this 

alloy. 

M in equation (7.1) is dependent on the matrix texture and therefore different values are 

reported in literature, but for an aluminium based hot extruded nanostructured alloy 

(             ), it has been adopted to be 3.5 (Pedrazzini et al., 2016; Galano and Audebert, 

2022) and the same value is used here.  

Substituting equation (7.3) into (7.2) and then (7.2) into (7.1) gives equation (7.4). 

     
    

    √
 
 

    
       

          (7.4) 
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Substituting the above values into equation (7.4) estimates that nearly 131 MPa or 32% of the 

alloy’s strength is contributed by particles strengthening which aligns with values reported in 

literature (Pedrazzini et al., 2016).   

7.5.2. Grain boundary strengthening 

Grain boundary strengthening can be estimated by the so-called Hall-Petch (H-P) relation, as 

shown in equation (7.5), which has been found to match quantitatively the grain size effect on 

the yield strength of polycrystalline materials (Eshelby, Frank and Nabarro, 1951; Galano and 

Audebert, 2022). They found that the development of intra-granular dislocation pile-ups has a 

slip length proportional to the inverse square root of the mean grain size: 

          
 

√ 
          (7.5) 

Where      is the strengthening contribution to yield stress (MPa) due to the grain 

boundaries,     is the lattice frictional stress (for Al, it is commonly taken    = 16 MPa), d is 

the average grain size (nm), and k is known as the “locking parameter” (MPa√ ), which 

measures the relative hardening contribution of the grain boundaries.  

Deviations of the inverse square root of the average grain size have been theoretically 

proposed and experimentally found in the literature. The H-P relation was proposed to be re-

written as equation (7.6): 

            
       (7.6) 

Where HP is known as the Hall-Petch exponent (originally proposed as HP = -0.5) which is 

influenced by the microstructural state of the alloy. The value of k can be obtained as the 

slope of the straight line when the yield strength values are plotted against     or using 

theoretical models (Conrad, 1963).  
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Theoretical estimations for the grain size exponent (HP) have suggested different values 

(Kocks, 1970; Hirth, 1972; Dunstan and Bushby, 2014), but (Christman, 1993) fitted 

experimental grain-size strengthening data for the FCC metals and found it to be -0.33 and 

this value is used here too.  

For an aluminium based nanostructured alloy (Al-Cu), (Shanmugasundaram et al., 2010) 

estimated the average grain size (d) and locking parameter (k) to be 30 nm and 0.13 MPa √  

respectively.  

Substituting the above values into equation (7.6) estimates that nearly 55.5 MPa or 13.6% of 

alloy’s strength is contributed by grain size strengthening.   

7.5.3. Dislocation-dislocation interaction strengthening 

Dislocation-dislocation interaction is an important strengthening mechanism to be considered 

here and it can be estimated using equation (7.7) (Galano and Audebert, 2022) 

           √          (7.7) 

Where    , M,  ,  ,   and    are strengthening contribution to yield stress (MPa) due to the 

dislocation-dislocation interaction, Taylor factor, dislocation strengthening efficiency, shear 

modulus (GPa), Burger vector (nm) and dislocation density (m-2).  

Dislocation strengthening efficiency is a function of the strain rate and temperature, and at 

strain rate of           and room temperature, it is reported to be 0.3. According to (Galano 

and Audebert, 2022), a reasonable dislocation density value for hot extruded nanostructured 

alloy is in the order of         . 

Substituting the values into  7.7  estimates that nearly 81 MPa or 19.8% of alloy’s strength is 

contributed by dislocation-dislocation interaction which aligns with values reported in 

literature.   
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7.5.4. Solid solution strengthening 

Considering the high solubility of the alloying elements in this alloy facilitated by rapid 

solidification method melt spinning, the remaining strength 141 MPa or 34.6% is assumed to 

be contributed by the solid solution strengthening.    

Table 7.1 summarises the contributions of different strengthening mechanism determined 

above. 

 

 

 

 

 

Table 7.1. Summary of various strengthening mechanisms contributions. 

7.6. Finite element analysis of the original piston 

The quasi-static temperature distribution in the pistons shown in Figure 5.24 indicated that 

the maximum temperature was nearly 3 degrees higher in model 2 than model 1. This could 

be due to the presence of the cylinder that restricts the heat flow from the piston to the 

environment as the top portion of the cylinder is also exposed to the combustion gases 

(Figures 5.15 and 5.25). 

From the stress results in Figures 5.26 and 5.27, it was clear that the different approaches 

were significant in terms of the difference in stresses produced. The stresses in model 1 were 

approximately 4% higher, but 3.6% lower than model 2 at the crown and the pin hole 

locations (critical regions) respectively. The lower stress in piston crown in model 2 was 
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associated with the larger inertial force, generated by the higher mass of the moving 

components due to addition of the connecting rod and the fact that the inertial force generates 

opposing flexure to that of the combustion pressure effect (Wang, Liu and Shi, 2010). The 

plastic strain results given in Figures 5.28 and 5.29 indicated that no plastic deformation was 

occurring in both the FE models.  

Piston deformations in the X and Y directions affect the piston to cylinder running clearances 

which in turn might affect the engine performance. Larger piston-cylinder clearances lead to 

compression loss while smaller piston-cylinder clearances increase friction between piston 

and cylinder. Both of these conditions are likely to reduce engine performance. Improper 

piston-cylinder clearances also reduce piston fatigue life and can cause engine seizure 

(Bonelli et al., 2014). 

The piston deformations in the X directions for both models were nearly the same as can be 

seen in Figure 5.30 and their respective deformation plots shown in Figure 5.31. The equal 

deformations in the X directions were due to the same loading conditions on both side of the 

piston crown centre in the X directions.  

The piston deformations in the Y directions in Figures 5.32 and 5.33 indicate that the piston 

in model 2 deformed more in the positive Y direction compared to negative Y direction due 

to the lateral force. The movement in the negative Y direction will generate compressive 

stresses due to the piston being pressed against the cylinder wall. On the other hand, the 

piston deformations in the Y directions were approximately symmetrical in model 1 (Figures 

5.32–5.33), it indicated that the lateral force was not fully transferred to the piston due to the 

pin-connecting rod interface constraint. 

The piston deformations in the Z directions in Figures 5.34–5.35 suggested that the piston in 

model 2 deformed approximately 5 times more on one side (opposite to the lateral force) 
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compared to model 1. This was because the lateral force pressed the piston against the 

cylinder resulting in increased friction between the piston and cylinder, hindering the piston 

deformation in the Z direction, caused by the combustion pressure. On the other side of the 

piston there was reduced friction allowing more of the effect of the combustion pressure to be 

realised which increased the Z direction deformation.  

The piston deformations in the Z directions suggested that the piston crown in model 1 

deformed in the negative Z direction (shown in red box dashed lines in Figure 5.34). Piston 

deformation in the Z direction affects the clearances between piston crown, intake and 

exhaust valves. The deformation in negative Z direction in model 1 may cause the piston 

designer to allow larger piston-valve clearances than necessary which will impact the 

compression ratio leading to reduced engine performance.  

The piston-valve clearances have tight tolerances and in the case of the engine used in this 

work the cold piston-valve clearance ranges were 0.07–0.13 mm for intake and 0.12–0.18 

mm for exhaust valves respectively. The larger clearances required on the exhaust valves are 

due to the exhaust valves expanding more than the intake valves. The incoming air and fuel 

keep the intake valve pockets cooler. The deformations of the intake and exhaust valve 

pockets in both models were probed to determine the valve pocket deformations that will 

suggest the least piston to valve clearances (more likely to make contact with the valves). The 

higher deformation of the valve pockets in the negative Z direction or lower deformation in 

positive Z direction will dictate piston to valve clearances. The deformations of the intake 

valve pockets were 0.04 and 0.47 mm, while for the exhaust valve pockets the values were 

0.05 and 0.65 mm for models 1 and 2 respectively.  

The results indicated that the exhaust valve pockets deformed more than the intake valve 

pockets in both FE models, which is realistic. However, the smaller deformations of intake 
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and exhaust valve pockets in the positive Z direction in model 1 indicate that model 1 will 

predict smaller piston to valve clearances than model 2. Based on the valve pockets 

deformations, model 1 was indicating 12 and 13 times lower piston to valve clearances than 

model 2 for the intake and exhaust valve pockets respectively. This could lead to allowing 

larger piston-valve clearances than needed (affecting piston compression height), to avoid 

piston hitting the valves, which will affect the compression ratio and may reduce engine 

performance. 

The anti-thrust side (opposite to the lateral force direction side or the exhaust valve pocket 

side) of the piston skirt is made thicker in designs to resist the larger deformation as described 

above (model 2 in Figure 5.34). These deformation differences cannot be seen in model 1 and 

would therefore lead to flawed skirt design. The skirt thicknesses in thrust and anti-thrust 

sides for the piston investigated in this work were 2.255 mm and 2.505 mm respectively. The 

strength of the skirt maintains the piston axis parallel to the cylinder axis and is the major 

controlling factor at operating temperatures affecting ring land size and outside diameter, and 

the ring attitude normal to the cylinder face (Azevedo and Filho, 1988b).  

The unrealistic piston deformations in the Z direction in model 1 may have been caused by 

the unrealistic pin deformation. As the ends of the pin bend in the positive Z direction (bowed 

down) due to the combustion load, the middle of the pin bends in the negative Z direction 

(see deformation plots in Figure 5.36) due to the pin-connecting rod constraint. Since the 

piston was supported by the pin; the piston followed the same deformation pattern which may 

have led to improper piston deformations in the Z direction at the middle of the crown. The 

pin deformation plots in Figure 5.36 showed that the pin in model 2 was compressed in the 

middle by the connecting rod, which seems more realistic.  
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Based on the discussion of the results for the two different FE models, it can be concluded 

that model 2 was more representative of the load conditions that the piston was subjected to 

in reality. Model 2 was used as a foundation to design the new piston using the new alloys 

properties and the discussion of the new piston design is given in the following section.  

7.7. Finite element analysis of the new lightweight piston and implementation of 

the new piston in the engine with existing components 

In order for the new piston to be compatible with the existing engine components, the new 

piston had to be designed with a number of constraints (See Section 5.6.1). These constraints 

made it more challenging to reduce the mass as many sections of the piston could not be 

modified (Figures 5.38-39). One of the two approaches used to reduce the piston mass was 

topology optimisation (Section 5.6.2), but it was too limited for application in this project. 

However, some adjustments were made to see if it will work. Despite, these adjustments the 

results were not of any practical use (Figure 5.40) hence it was decided to use an 

iterative/inspection approach to reduce the piston mass using the FEA methodology 

developed in Section 5.5. 

The different iterations carried out are tabulated in Table 5.15 and it can be seen that the 

piston mass was reduced by 16.38% without increasing the stresses significantly as indicated 

in Figures 5.41–5.42. The small increase in stress is not of any concern since the new alloy 

has higher strengths at elevated temperatures than the original alloy (Al-2618). Furthermore, 

the directional deformations of the new piston design stayed nearly the same as the original 

piston (Figures 5.45–5.47). 

The final machined piston turned out to be slightly heavier than the final optimised piston, it 

was due the coating and also some modifications needed to make the design machinable. 

However, the final machined piston was still 13.5% lighter than the original piston.   
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Chapter 8: Conclusions and further work 

8.1. Conclusions 

8.1.1. Overall research findings 

The most fundamental conclusion arising from this study is that it is feasible to use the new 

nanostructured aluminium alloy in piston applications that enable to design a lightweight 

piston. Furthermore, it was determined that the new alloy has better mechanical properties 

than the existing piston material at piston operating temperature range. All the objectives set 

out in Chapter 1 were met.  

8.1.2. Critical review of piston material evolution 

Due to the ever growing concerns over the emissions, global warming and to reduce fuel 

consumption, the automotive industry is under immense pressure to improve the efficiency of 

internal combustion engines. Reducing frictional losses, more specifically the frictional losses 

caused by the piston and rings assembly, is one of the primary approaches by the engine 

designers to achieve this. Reducing piston mass is known to have significant impact on the 

piston and ring assembly frictional losses, a high demand for the development of lightweight 

pistons was identified. This trend in the automotive industry further motivated to assess the 

feasibility of the newly developed nanostructured aluminium alloy in lightweight piston 

applications. The literature research critically reviewed the recent innovations in the 

development of nanostructured aluminium alloys for high temperature applications such as 

pistons.  

It was found that nanostructured aluminium alloys have attracted significant attention during 

the last two-three decades due to their superior mechanical properties at higher temperatures 

compared to conventional aluminium alloys. Furthermore, through the literature research it 
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was discovered that efforts have been made to assess the feasibility of certain nanostructured 

aluminium alloys in piston applications. However, the introduction of even better 

nanostructured aluminium alloys made possible by improved manufacturing processes led to 

the programme of work for this project. In addition, the government plans to leap back to 

petrol engines in smaller engine vehicles will further catapult the effort to develop better 

nanostructured aluminium alloys for piston application as the aluminium alloys are the 

preferred choice of material for pistons in petrol engines.     

8.1.3. Characterisation of the new alloy for piston applications and its comparison with existing 

piston alloys 

The as-received alloy was characterised using numerous intrusive and non-intrusive 

techniques. It was established that the alloy had homogenous microstructure and therefore 

had homogenous hardness across the bar’s cross section. Furthermore, the EDS analysis 

confirmed the composition of the alloy specified by the manufacturer and it was shown that 

the large particles were mainly consisted of Al, Mg and Si respectively.  

The heat treatment results indicated that T6 condition was achieved at 160 °C for 30 hours 

and the hardness of the alloy increased from an average of 97 HV in as-received state to 

175.5 HV in T6. The hardness of the new alloy at T6 was 35% higher than corresponding to 

Al-2168 (130 HV in T6) that is used in the test engine piston in this project.  

The high temperature tensile tests carried out at piston operating temperature showed that the 

new alloy had 1.09–1.82 times higher strengths than Al-2618 depending on the test 

temperature. In addition, the new alloy also had higher strengths than other aluminium alloys 

used in piston applications. The only exception was 7075 which had slightly higher strength 

up to 120 °C, but that was not much of an importance for piston mass reduction since 

majority of the piston mass lies above the pin whole where the temperature varies from 120–
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265 °C. The significantly less fluctuation in tensile test results was attributed to the 

stabilisation of the dog-bone specimen prior to testing. 

The different strengthening mechanisms that contributed to the strength of the new alloy were 

estimated to be 34.6% 32%, 19.8%, 13.6%,  solid solution strengthening, particle 

strengthening, dislocation-dislocation interaction and grain size strengthening. 

8.1.4. Finite element modelling of the original & new piston and manufactured pistons 

Through the completion of this project a contribution to knowledge has been made in 

understanding the geometry idealisation for finite element analysis of piston design. Two 

different approaches were used in the literature for idealisation of piston loading model; of 

which the most widely used simplification is based on the use of piston and gudgeon pin 

geometry only. Mahle (2016) though suggests that the geometry used for a piston should 

include some portion of the connecting rod’s small end and the cylinder in addition to the 

piston and gudgeon pin. Furthermore, Mahle (2016) stated that there are three types of 

mechanical loads acting on a piston (combustion pressure, inertial and lateral forces), but 

most of the published papers did not account for the lateral force. According to dynamic and 

free body diagram analysis of the crank slider mechanism, nearly one-third of the connecting 

rod’s mass acts on the piston side of the crank slider mechanism  Norton, 2008 . The inertial 

force acts in the opposing direction to the effect of the combustion pressure. 

The work undertaken in this research analysed two different approaches as suggested in 

literature for the FEA modelling of a piston.  The results showed that using piston, pin, some 

portion of the connecting rod and a cylinder (model 2) is a more realistic representation of the 

structural response of the piston assembly compared to the combination of only piston and 

pin (model 1) that is widely used in literature. The work highlights that, model 1 may 

overestimate the stresses and produce unrealistic deformations in the piston which may lead 
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to an improper design. Model 2 leads to more realistic pin deformation and allows the action 

of the lateral force on the piston to be incorporated. The deformations obtained have 

significant effect on possible piston clearances and skirt design choices. The results 

demonstrate the significance of making appropriate model choices in order to obtain realistic 

results for piston design. 

Based on the discussion of the original piston FEA results in Section 7.6, model 2 came out 

to be more representative of the load conditions that the piston is subjected to in reality. 

Therefore the new piston design was based on model 2. 

One of the two approaches used to reduce the piston mass was topology optimisation, but it 

was too limited for application in this project. Hence it was decided to use an 

iterative/inspection approach to reduce the piston mass using the FEA methodology. The 

design approach was to reduce piston mass by thinning the different sections of the piston. 

The new piston’s mass was 218.35 grams which was 16.38% lighter than the original piston 

with mass of 261.13 grams. The final machined piston turned out to be slighter heavier than 

the final optimised piston, it was due the coating and also some modifications needed to make 

the design machinable. However, the final machined piston was still 13.5% lighter than the 

original piston. 

8.1.5. Engine performance with new configuration 

It could not be conclusively said from the results if the new piston was more fuel efficient 

overall in all test conditions, but the new piston was more fuel efficient than the original 

piston at higher speeds and lower torques. At lower speed of 3000 rpm, the new piston was 

more fuel efficient in all torque values. Overall, the new piston has higher volumetric 

efficiency compared to the original piston, but at higher engine speed of 6000 rpm and higher 

torque the new piston had lower volumetric efficiency.  



162 
 

The research also highlighted the limitations such as controlling test cell temperature, 

humidity etc. in the engine test facility available for the research, which would have 

negatively affected the engine performance. The test cell temperature, which was also the 

temperature of the intake air, was 6 °C higher on average for the new piston which would 

have adversely impacted engine performance with the new piston.  

Further work is advised to ultimately determine if the new alloy gives any significant 

performance gains.  

8.1.6. Novel contribution of the research 

The novelty of this research can be attributed to the following contributions: 

 A critical review of the developments in piston materials and designs for internal 

combustion engine applications; 

 The microstructural investigations and determination of mechanical properties at 

piston operating temperature range. 

 Better understanding of piston design using finite element analysis and proposing a 

more realistic finite model for piston design. 

 Development of lightweight piston design with reduced mass. 

 Demonstration and application of the new alloy in internal combustion engine piston.  

8.2. Further work 

8.2.1. Application of the new alloy in diesel engine piston and other high temperature 

applications 

It was stated earlier that the investigated alloy could be used in both diesel and petrol engine, 

but the focus of this research was to assess it for petrol engine. However, it may yield good 

results in diesel engine too and it would be desirable to test this alloy in diesel engine. Due to 
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the higher pressures in diesel engine, a thicker piston may need to be designed compared to 

steel piston that are currently used, but the lower density and higher strength of this alloy 

compared to other aluminium alloys may still enable lighter piston overall than steel 

counterpart. However, the fatigue life of the piston may be lower compared to steel, but 

before the piston can be tested for fatigue life, the alloy’s fatigue properties need to be 

determined in different temperatures. 

It would be desirable to carry out these tests in facility where most of the parameters that can 

affect the engine performance can be controlled. Once, all the development studies are done, 

pistons can be tested in a vehicle in real life environment to iron out further issues.  

Other applications can include using nanostructured aluminium alloys in compressor blades 

in jet engine etc. 

8.2.2. Tensile tests at higher strain rates and determination of other mechanical properties at 

various temperatures 

It is well known that the strain rate at which the tensile tests are carried out affects the tensile 

strength of the material and therefore the tensile tests are normally carried out at strain rate 

1xE-4 per second. Since the piston mostly work in high strain environment caused by the 

combustion pressures, it will be useful to see how the new alloy strength is impacted when 

tested at high strain rates. 

Pistons have to last certain million cycles or hours, in the case of this piston; it has to last for 

about 10 million cycles or 40 hours. It will be beneficial to carry out the fatigue test on the 

material at piston operating temperature range and then carry out durability tests on the new 

piston to see how long it will last. If the fatigue life of the new piston is much longer than the 

original piston, then it will open door for further mass reduction.   
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Appendix A 

Appendix A.1. Averaged artificial aging results for all the test temperatures 
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Figure A.1. T6 heat treatment results for all the test temperatures after removing the samples from the furnace.
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Figure A.2. T6 heat treatment results for all the test temperatures a week after removing the samples from the furnace
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Appendix A.2. Scatter in artificial aging results for all the test temperatures 

The scatter in heat treatment results for various temperatures is given below in Figures A.3 – 

A.14. The error bars on the graphs are set to 3%. 

A.2.1. 140 °C 

 

 

 

 

 

 

Figure A.3. Scatter in the 140 °C heat treatment results after removing the samples from the 

furnace. 

 

 

 

 

 

 

Figure A.4. Scatter in the 140 °C heat treatment results a week after removing the samples 

from the furnace. 
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A.2.2. 160 °C 

 

 

 

 

 

 

 

 

Figure A.5. Scatter in the 160 °C heat treatment results after removing the samples from the 

furnace. 

 

 

 

 

 

 

 

Figure A.6. Scatter in the 160 °C heat treatment results a week after removing the samples 

from the furnace. 
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Figure A.7. Scatter in the 165 °C heat treatment results after removing the samples from the 

furnace. 

 

 

 

 

 

 

 

Figure A.8. Scatter in the 165 °C heat treatment results a week after removing the samples 

from the furnace. 
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Figure A.9. Scatter in the 170 °C heat treatment results after removing the samples from the 

furnace. 

 

 

 

 

 

 

 

Figure A.10. Scatter in the 170 °C heat treatment results a week after removing the samples 

from the furnace. 
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Figure A.11. Scatter in the 175 °C heat treatment results after removing the samples from the 

furnace. 

 

 

 

 

 

 

 

Figure A.12. Scatter in the 175 °C heat treatment results a week after removing the samples 

from the furnace. 
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A.2.6. 180 °C 

 

 

 

 

 

 

 

 

Figure A.13. Scatter in the 180 °C heat treatment results after removing the samples from the 

furnace. 

 

 

 

 

 

 

 

Figure A.14. Scatter in the 180 °C heat treatment results a week after removing the samples 

from the furnace.
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Appendix A.3. 2D engineering drawings of test specimen 

 

 

 

 

 

 

 

 

 

 

Figure A.15.A 2D engineering drawing of flat dogbone specimen for tensile tests. 
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Figure A.16. A 2D engineering drawing of the cylindrical specimen for the compression tests 
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Appendix A.4. XRD reference cards 

The X-ray diffraction reference cards used in this project are given as the following. 

A.4.1. XRD card for Mg17Al12 crystal structure  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.17. XRD reference card for Mg17Al12 crystal structure. 
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A.4.2. Aluminium (Al) 

 

 

 

 

 

 

 

 

 

Figure A.18. Aluminium XRD reference card. 

A.4.3. XRD cards for Mg2Si crystal structure 
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Figure A.19. XRD reference card for Mg2Si crystal structure. 

The other XRD reference card for Mg2Si is given as the following. 
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Figure A.20. XRD reference card for Mg2Si crystal structure 
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Appendix B 

B.1. Engine technical data: Engine tightening torques and piston life 

The recommended cylinder mounts and nuts torque value and piston life for the test engine 

can been in the engine manual in Figures B.1 and B.2 respectively.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure B.1. The recommended torque for the cylinder mounts and nuts. 
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Figure B.2. The recommended service life for the original piston. 
 

B.2. Pressure on the cylinder head nuts 

To attach the cylinder to the rest of the engine, mouting studs/bolts were used. In the case of 

the test engine used in the project, the mounting studs/bolts were M10 x 1.25 mm with 

nominal diameter of 9.96 mm. The washer/nuts had outter and inner diameters of 20 mm and 

10 mm respectively. The dry firctional coefficent between steel nuts and alumnium engine 

casing was assummed to be 0.61 as suggested by (Edge, 2018a). Equaiton 5.1 was used to 

find the tension/axial load in the mounting studs which was then converted into pressure 

using the nuts surface area. 
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T = cDF     (5.1)                                    

Where T, c, D and F are torque, coefficient of friction constant, nominal bolt diameter and F 

was bolt tension (axial load). 

Subsititing into 5.1 and rearranging gave 

F = (30)/(0.61x10/1000) = 4918 N 

Area of the washer on which the torque/load was acting was calculated as the following. 

Area of a circle =     

Area of a washer = [      – (     )] = 0.0009425 m^2 

Knowing the surface area on the washer and the load acting on it, the pressure was calcualted 

as the following 

P = F/A = 4918/0.0009425  = 5.22 MPa 

B.3. Engineering drawings of the different engine components 

The 2D engineering drawings for the different components included in the FE analyses are 

given as the following. 
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Figure B.3. A 2D engineering drawing of the connecting rod small end for the piston FEA. 
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Figure B.4. A 2D engineering drawing of the cylinder mounts for the  piston FEA. 
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Figure B.5. A 2D engineering drawing of the cylinder liner and casing for the piston FEA. 
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Figure B.6. A 2D engineering drawing of the gudegon pin for the piston FEA. 
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Figure B.7. A 2D engineering drawing of the washer for the piston FEA.
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Figure B.8. A 2D engineering drawing of the original piston for the piston FEA 



199 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 



200 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.9. A 2D engineering drawing of the new piston for the piston FEA 
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B.4. Material properties for FEA 

The mechanical properties and some further information about the different material used for 

the various components in piston FEA are given as the following.  

B.4.1. Connecting rod and gudegon pin 

Connecting rods are normally drop forged out of steel alloys followed by case hardening. The 

typical steel alloys used are 42CrMo4, 43CrMo4, 44csr4, 8620 AISI etc. The connecting rod 

for the test engine (KTM 450 XCF 2008) was made of 8620 AISI by Hot Rods 

(FullThrottleTahoe, 2017; Racing, 2017; Vertex, 2017; Sales, 2018). Furthermore, the 

connecting rod for the test engine undergoes a process of double forging which helps to 

improve the grain flow as well as dimensional consistency (Vertex, 2017).  

However, the connecting rod is as good as its supporting/related parts such as wrist/gudegon 

pin etc. The wrist pin for test engine was also made of 8620 AISI steel (Interalloy, 2011) and 

coated with DLC (Diamond Like Carbon). Furthermore, the wrist pin was case hardened. The 

temperatures dependent mechanical properties of the 8620 AISI steel required for FEA are 

given in Table B.1. 

Property AISI 8620 Steel 
Density,   (  

  ) Temp (°C),               
25                           7872 

Poisson Ratio, ν Temp (°C),             ν 
25                           0.287 
100                         0.29 
150                         0.291 
200                         0.293 
250                         0.294 
300                         0.295 
350                         0.296 

Thermal Conducitvity, k 
(W/m°C) 

Temp (°C),             k 
25                           42.5 
100                         42 
150                         41.5 
200                         41 
250                         40 
300                         39 
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350                         37.5 
 
 

Young’s Modulus, E  GPa  

Temp (°C),             E 
25                           206 
100                         203 
150                         200 
200                         197 
250                         193 
300                         189 
350                         183 

 
Ultimate Tensile Strength 

(UTS) (MPa) 

Temp (°C),            UTS 
25                           560 

 
Yield Strength (YS) (MPa) 

Temp (°C),            YS 
25                           385 

 
 

Thermal Expansion 
Coefficient (TEC) (µm/m.K) 

Temp (°C),        TEC 
25                        11.4 
100                      12.5 
150                      13.2 
200                      13.5 
250                      14.1 
300                      14.4 
350                      14.7 

 

 

B.4.2. Cylinder block 

Cylinder block, (Figure B.10) also known as engine block is the main housing for the 

different parts found in engines and constitutes 20 – 25% of the engine’s total weight. As it is 

the main housing, it has to include a number of requirements. These requirements include the 

wear resistance, long lasting maintenance, and withstand the pressure created when 

combustion take place. It also has to withstand high temperature, vibration when the engine is 

in the running condition. For many of the requirements the main feature is its material used 

and the commonly used material is aluminium alloys (Bloggers, 2014). The aluminium alloys 

widely used are 319 and A356 and for the test engine cylinder block A356 was used 

(Tsuyoshi and Sasaki, 2010). The alloy’s properties required for FEA are given in Table B.2. 

Table B.1. Mechanical properties of AISI 8620 steel used in the connecting rod and pin of 

the test engine. 
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Nickel silicon carbide plating is used on the cylinder bore as opposed to cast iron or chrome 

plating, and the reason is that nickel silicon carbide allows for tighter tolerances between the 

piston and cylinder in large bores, provides a low friction surface. It is very durable and 

allows for greater heat dissipation to the water jacket (Vertex, 2017).  

 

 

 

 

Figure B.10. A picture of the cylinder block for the test engine (Vertex, 2017). 

Property A356 Aluminium Alloy 
Density,   (  

  ) Temp (°C),               
25                           2685 

Poisson Ratio, ν Temp (°C),             ν 
25-350                   0.33 

Thermal Conducitvity, k 
(W/m°C) 

Temp (°C),             k 
25                           151 

 
 

Young’s Modulus, E  GPa) 

Temp (°C),             E 
25                           72 
100                         70 
150                         68 
200                         65 
250                         57 
300                         47 
350                         29 

 
Ultimate Tensile Strength 

(UTS) (MPa) 

Temp (°C),            UTS 
25                           230 
150                         160 
200                         85 
250                         50 
300                         30 

 
 

Yield Strength (YS) (MPa) 

Temp (°C),            YS 
25                           165 
150                         140 
200                         60 
250                         35 
300                         25 
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Thermal Expansion 
Coefficient (TEC) (µm/m.K) 

Temp (°C),        TEC 
25                        21.5 
100                      21.5 
150                      22.5 
200                      22.5 
250                      23.5 
300                      23.5 

 

 

B.4.3. Cylinder threaded studs and nuts 

Threaded fasteners are the vital links that secure everything together in an engine and are 

often taken for granted. Studs are preferred over bolts because they provide the ability to 

obtain much more accurate torque values and clamping force as they do not twist during nut 

tightening and stay stationary. All these result in less wear in block’s threads and extends the 

life of threaded holes and engine block (Mavrigian, 2011). Engine cylinder studs are made of 

different materials, but the ones used in test engine were made stainless steel 316. The 

stainless steel properties required for FEA are given in Table B.3. It is also assumed that nuts 

used with studs are also made of the same material. 

Property 316 Stainless Steel 
Density,   (  

  ) Temp (°C),               
25                           7950 

Poisson Ratio, ν Temp (°C),             ν 
25                           0.26 
150                         0.26 
250                         0.29 
350                         0.37 

Thermal Conducitvity, k 
(W/m°C) 

Temp (°C),             k 
25                           16.3 

 
 

Young’s Modulus, E  GPa  

Temp (°C),             E 
25                           200 
100                         194 
200                         185 
300                         177 

 
Ultimate Tensile Strength 

(UTS) (MPa) 

Temp (°C),            UTS 
25                           560 
200                         560 
300                         540 

Table B.2. Mechanical properties of aluminium alloy 356-T6-T-T61 used in the cylinder block of 

the test engine. 
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Yield Strength (YS) (MPa) 

Temp (°C),            YS 
25                           240 
200                         240 
300                         215 

 
 

Thermal Expansion 
Coefficient (TEC) (µm/m.K) 

Temp (°C),        TEC 
25                        15.7 
100                      16.5 
200                      16.9 
300                      17.3 

 

B.5. Instantaneous combustion gas temperature and heat transfer coefficient 

The instantaneous combustion gas temperature and heat transfer coefficient results for the 

two engine speeds are in Sections B.5.1 and B.5.2.  

B.5.1. 6000 RPM 

The instantaneous combustion gas temperature and heat transfer coefficient results for one 

engine cycle at 6000 rpm are given in Figures B.11 and B.12. 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure B.11. Instantaneous combustion gas temperature for one engine cycle at 6000 rpm. 

 
 
 

Table B.3. Mechanical properties of stainless steel 316 used in studs and nuts of the test engine. 
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Figure B.12. Instantaneous combustion heat transfer coefficient for one engine cycle at 6000 

rpm. 

B.5.2. 7000 RPM 

The instantaneous combustion gas temperature and heat transfer coefficient results for one 

engine cycle at 7000 rpm are given in Figures B.13 and B.14. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.13. Instantaneous combustion gas temperature for one engine cycle at 7000 rpm. 
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Figure B.14. Instantaneous combustion heat transfer coefficient for one engine cycle at 7000 

rpm. 
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Appendix C 

Appendix C.1. Dynamometer specification and torque, power speed curves 

Criteria Value 

Power (kW) 130 

Rated Torque (Nm) 400 

Minimal speed for rated torque (rpm) 1250 

Maximal Speed (rpm) 10000 

Minimal speed for maximal power 

(rpm) 

3104 

Moment of Inertia (Kgm^3) 0.14 

Maximal share of mass to be coupled at 

N max (Kg) 

2.0 

Maximum exciting current (A) 6.1 

Weight (Kg) 270 

Operating Temperature (°C) 0…+70 without cooling water addition 

-25…+70 with antifreezer and power 

reduction of 10-20% 

Transporting and storage temperature 

(°C) 

-50 … +85 

Cooling water supply See page 26 of the dyno manual 

Measuring accuracy speed (rpm) ± 1, not lower than 0.025% of rating 

Measuring accuracy torque (%) 0.2, referring to rating 

Control accuracy speed (rpm) ± 10 

Control accuracy torque (%) ± 1, referring to rating 

 

 

 

 

Table C.1. Performance specification of Schenck, type W130 dynamometer used in this project. 
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Figure C.1. The torque and power speed curves of Schenck, type W130 dynamometer used 

in this project. 

Appendix C.2. 2D engineering drawings of engine mount and other components 
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Figure C.2. A 2D engineering drawing of the engine mount. 



211 
 

 

 

 

 

 

 

 

 

 

 

 

Figure C.3. A 2D engineering drawing of the upright plate. 
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Figure C.4. A 2D engineering drawing of the engine aligning plate. 
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Figure C.5. A 2D engineering drawing of the engine representation. 
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Figure C.6. An exploded view of the engine mount assembly setup 
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Appendix C.3. In-cylinder pressure sensor specification 

Criteria Values 

Pressure Range 0 – 100 bar (1500 Psi) 

Over Pressure 2 x Pressure Range (typical) 

Non-Linearity and Hysteresis ±0.1 – 0.5% 

Sensitivity Factor Value 2.73 mV/Psi at 200 °C 

Vibration  100 G 

Pressure Media Gaseous or Liquid 

Current Draw 85 mA Max, 50 mA Typical 

Power Supply Voltage 9 – 18V DC 

Cable Bending Radius 5 mm or 3/16” 

Fibre Optic Cable Length  1.5 m 

Cable Operating Temperature -40 – 200 °C 

Sensor Housing Temperature Range -40 – 380 °C 

Frequency Range 1.0 Hz to 25 kHz 

Installation Torque 8 in-lbs or 0.9 Nm 

 

Appendix C.4. Calculation for cutting the bar  

In order to determine what length the available material bar should be cut to, so the required 

billet with diameter of 103 mm and length of 50 mm could be forged. First the volume of the 

required billet was determined, and then using the cylinder volume equation, the length of the 

cut bar was determine using the diameter of available material bar.  

A billet is a cylinder hence volume of the billet can be determined using the following 

equation 

       

where V, r and h are the volume, radius and height of the required billet. Substituting the 

values in the above equation gives 

Table C.2. Performance specification of the in-cylinder pressure sensor used in this project. 
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            =    416614.5 mm3 

Now that we know the volume of the required billet and diameter of the current bar (60 mm), 

we can use the same equation rearranged for h to determine the length of the cut. 

                         
    

  

 
  

   = 147.3 mm 

The theoretical length needed to make a billet of the required size is 147.3 mm, however the 

bar was cut in length of 155 mm to account of any material shrinkage and loss during forging.  

Appendix C.5. Tabulated engine results  

The averaged engine test results at different engine speeds for both configurations are 

presented in table forms below. 

Torque 

(Nm) 

Fuel Consumption (g/sec) Air Fuel Ratio 

Original Piston New Piston Original Piston New Piston 

6 0.51 0.50 11.30 11.97 

9 0.58 0.57 11.27 11.60 

12 0.67 0.65 11.53 11.57 

15 0.84 0.83 11.27 11.63 

18 0.96 0.96 11.20 11.47 

 

 

 

 

Table C.3. Averaged engine test results in two configurations at engine speed of 3000 rpm. 
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Torque 

(Nm) 

Fuel Consumption (g/sec) Air Fuel Ratio 

Original Piston New Piston Original Piston New Piston 

6 0.80 0.65 11.20 11.83 

9 0.87 0.85 11.10 11.30 

12 1.06 1.11 10.63 10.70 

15 1.17 1.31 10.37 10.73 

18 1.36 1.44 10.53 11.13 

21 1..57 1.64 10.70 11.63 

 

 

Torque 

(Nm) 

Fuel Consumption (g/sec) Air Fuel Ratio 

Original Piston New Piston Original Piston New Piston 

6 1.17 1.08 10.80 11.17 

9 1.44 1.34 10.37 10.47 

12 1.54 1.50 10.30 10.40 

15 1.61 1.72 10.50 10.37 

18 1.82 1.86 10.77 10.43 

21 2.02 2.06 10.90 10.73 

24 2.21 2.30 11.1 10.80 

 

 

 

Table C.4. Averaged engine test results in two configurations at engine speed of 4500 rpm. 

Table C.5. Averaged engine test results in two configurations at engine speed of 6000 rpm. 
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Appendix D 

The design and failure mode effect analysis (DFMEA) carried out to find the root causes of 
new piston seizure is given below. 
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DFMEA 
Design Failure Mode and Effects Analysis   

Product 
Part 

Piston 
Assembly Team:                   FMEA No.:             

Project:   Responsible: Habibullah 
Adil   Manager:             Original Date: 05/03/2021 Revision 

Date: 30/03/2021       

Item Function(s) 
Potential 
Failure  
Mode 

Potential 
Effect(s) of 

Failure  Se
ve

rit
y Potential 

Causes(s) of 
Failure  

Control Methods       

R
PN

 

Recommended 
Action       Result       

            
Current Design 

Controls 
(Prevention) 

O
cc

ur
re

nc
e 

Current Design 
Controls (Detection) 

D
et

ec
tio

n 

  Recommended 
Action(s) Responsibility 

Target 
Completion 

Date 
Action Taken  

Se
ve

rit
y 

O
cc

ur
re

nc
e 

D
et

ec
tio

n 

R
PN

 

Piston 

Transfers the 
combustion 
energy/load 

to the 
connecting 

rod at 
pressures of 

up to 100 
bar. 

Insufficient 
clearance Piston scuffing 6 incorrect 

dimensioning 

FMEA was used to 
ensure the 
deformation of 
new piston design 
during operation 
does not exceed 
the original piston 

7 

Coolant temperature at 
exit from engine will be 
monitored and ensured 
to stay between 110 - 
120 C to avoid 
overheating of the 
piston so it does not 
deform too much or the 
cylinder not expanding 
enough to allow for 
piston expansion. In-
cylinder pressure will 
be monitored and 
measured to ensure it 
does not exceed 100 
bar. Increase engine 
speeds in small 
increments of 500 rpm 
during engine speeds. 

4 168 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 6 3 108 

        6 excessive 
thermal loads 

The new piston 
was designed and 
simulated in the 
maximum engine 
loading condition 
to ensure it can 
withstand the 
thermo-
mechanical loads 
of the engine. 
Coolant 
temperature 
monitor guidelines 
to ensure it stays 
between 110 - 120 
C. Adjust 

6 

In-cylinder pressures 
will be monitored to 
ensure they do not go 
above 100 bar which 
can cause excess 
thermal loads. Coolant 
temperature will be 
monitored and ensured 
to stay between 110 - 
120 C. Air fuel ratio 
(lambda) will be 
measured and 
monitored to ensure the 
mixture does not get 
too lean or rich to 
cause excess thermal 

4 144 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 5 3 90 
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carburettor (set 
needle to fourth 
position from top) 
not to put too 
much fuel into 
combustion 
chamber 

loads (range of 10.5 to 
15). Increase engine 
speeds in small 
increments of 500 rpm 
during engine speeds. 

      total engine 
seizure 9 incorrect 

dimensioning 

FMEA was used to 
ensure the 
deformation of 
new piston design 
during operation 
does not exceed 
the original piston 

7 

Coolant temperature at 
exit from engine will be 
monitored and ensured 
to stay between 110 - 
120 C to avoid 
overheating of the 
piston so it does not 
deform too much or the 
cylinder not expanding 
enough to allow for 
piston expansion. In-
cylinder pressure will 
be monitored and 
measured to ensure it 
does not exceed 100 
bar. Increase engine 
speeds in small 
increments of 500 rpm 
during engine speeds. 

4 252 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 6 3 162 

        9 excessive 
thermal loads 

The new piston 
was designed and 
simulated in the 
maximum engine 
loading condition 
to ensure it can 
withstand the 
thermo-
mechanical loads 
of the engine. 
Coolant 
temperature 
monitor guidelines 
to ensure it stays 
between 110 - 120 
C. Adjust 
carburettor (set 
needle to fourth 
position from top) 
not to put too 
much fuel into 
combustion 
chamber 

6 

In-cylinder pressures 
will be monitored to 
ensure they do not go 
above 100 bar which 
can cause excess 
thermal loads. Coolant 
temperature will be 
monitored and ensured 
to stay between 110 - 
120 C. Air fuel ratio 
(lambda) will be 
measured and 
monitored to ensure the 
mixture does not get 
too lean or rich to 
cause excess thermal 
loads (range of 10.5 to 
15). Increase engine 
speeds in small 
increments of 500 rpm 
during engine speeds. 

4 216 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 5 3 135 
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reduced 
piston/engine 
life/reliability 

7 incorrect 
dimensioning 

FMEA was used to 
ensure the 
deformation of 
new piston design 
during operation 
does not exceed 
the original piston 

7 

Coolant temperature at 
exit from engine will be 
monitored and ensured 
to stay between 110 - 
120 C to avoid 
overheating of the 
piston so it does not 
deform too much or the 
cylinder not expanding 
enough to allow for 
piston expansion. In-
cylinder pressure will 
be monitored and 
measured to ensure it 
does not exceed 100 
bar. Increase engine 
speeds in small 
increments of 500 rpm 
during engine speeds. 

4 196 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 6 3 126 

        7 excessive 
thermal loads 

The new piston 
was designed and 
simulated in the 
maximum engine 
loading condition 
to ensure it can 
withstand the 
thermo-
mechanical loads 
of the engine. 
Coolant 
temperature 
monitor guidelines 
to ensure it stays 
between 110 - 120 
C. Adjust 
carburettor (set 
needle to fourth 
position from top) 
not to put too 
much fuel into 
combustion 
chamber 

6 

In-cylinder pressures 
will be monitored to 
ensure they do not go 
above 100 bar which 
can cause excess 
thermal loads. Coolant 
temperature will be 
monitored and ensured 
to stay between 110 - 
120 C. Air fuel ratio 
(lambda) will be 
measured and 
monitored to ensure the 
mixture does not get 
too lean or rich to 
cause excess thermal 
loads (range of 10.5 to 
15). Increase engine 
speeds in small 
increments of 500 rpm 
during engine speeds. 

4 168 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 5 3 105 

      

reduce engine 
performance 
due to 
increased 
friction 

6 incorrect 
dimensioning 

FMEA was used to 
ensure the 
deformation of 
new piston design 
during operation 
does not exceed 
the original piston 

7 

Coolant temperature at 
exit from engine will be 
monitored and ensured 
to stay between 110 - 
120 C to avoid 
overheating of the 
piston so it does not 
deform too much or the 
cylinder not expanding 
enough to allow for 
piston expansion. In-
cylinder pressure will 
be monitored and 
measured to ensure it 
does not exceed 100 
bar. Increase engine 
speeds in small 
increments of 500 rpm 

4 168 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 6 3 108 
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during engine speeds. 

        6 excessive 
thermal loads 

The new piston 
was designed and 
simulated in the 
maximum engine 
loading condition 
to ensure it can 
withstand the 
thermo-
mechanical loads 
of the engine. 
Coolant 
temperature 
monitor guidelines 
to ensure it stays 
between 110 - 120 
C. Adjust 
carburettor (set 
needle to fourth 
position from top) 
not to put too 
much fuel into 
combustion 
chamber 

6 

In-cylinder pressures 
will be monitored to 
ensure they do not go 
above 100 bar which 
can cause excess 
thermal loads. Coolant 
temperature will be 
monitored and ensured 
to stay between 110 - 
120 C. Air fuel ratio 
(lambda) will be 
measured and 
monitored to ensure the 
mixture does not get 
too lean or rich to 
cause excess thermal 
loads (range of 10.5 to 
15). Increase engine 
speeds in small 
increments of 500 rpm 
during engine speeds. 

4 144 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 5 3 90 

      

 piston and 
compression 
ring micro-

welding 

8 incorrect 
dimensioning 

FMEA was used to 
ensure the 
deformation of 
new piston design 
during operation 
does not exceed 
the original piston 

7 

Coolant temperature at 
exit from engine will be 
monitored and ensured 
to stay between 110 - 
120 C to avoid 
overheating of the 
piston so it does not 
deform too much or the 
cylinder not expanding 
enough to allow for 
piston expansion. In-
cylinder pressure will 
be monitored and 
measured to ensure it 
does not exceed 100 
bar. Increase engine 
speeds in small 
increments of 500 rpm 
during engine speeds. 

4 224 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 6 3 144 

        8 excessive 
thermal loads 

The new piston 
was designed and 
simulated in the 
maximum engine 
loading condition 
to ensure it can 
withstand the 

6 

In-cylinder pressures 
will be monitored to 
ensure they do not go 
above 100 bar which 
can cause excess 
thermal loads. Coolant 
temperature will be 

4 192 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 5 3 120 
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thermo-
mechanical loads 
of the engine. 
Coolant 
temperature 
monitor guidelines 
to ensure it stays 
between 110 - 120 
C. Adjust 
carburettor (set 
needle to fourth 
position from top) 
not to put too 
much fuel into 
combustion 
chamber 

monitored and ensured 
to stay between 110 - 
120 C. Air fuel ratio 
(lambda) will be 
measured and 
monitored to ensure the 
mixture does not get 
too lean or rich to 
cause excess thermal 
loads (range of 10.5 to 
15). Increase engine 
speeds in small 
increments of 500 rpm 
during engine speeds. 

    
Lack of 

lubrication, 
dry running 

Piston scuffing 6 fuel flooding 

Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much fuel into 
combustion 
chamber. Ensure 
to run the engine 
in idle for long 
enough (approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 
disappears. 

5 

Run the engine idle for 
awhile until the strong 
gasoline smell from 
exhaust disappear. 
Listen for fast cranking 
when starting the 
engine. Look out for 
abnormal fuel 
consumption using the 
Fuel Measuring 
System. 

5 150 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 4 3 72 

        6 excessive 
use of choke 

Ensure the test 
cell is not too cold 
so there is not 
much need of 
using choke. If 
there is need for 
using choke then 
run the engine for 
long enough 
(approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 
disappears. 

7 

Physically check to 
ensure choke is closed. 
Look out for abnormal 
fuel consumption using 
the Fuel Measuring 
System. Reduced 
engine performance. 
Coolant temperature at 
exit from engine will be 
monitored and ensured 
to stay between 110 - 
120 C. Air fuel ratio 
(lambda) will be 
measured and 
monitored to ensure the 
mixture does not get  
rich to cause excess 
thermal loads (range of 
10.5 to 15). 

5 210 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 5 3 90 

        6 overly rich 
mixture 

Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much fuel into 
combustion 
chamber. Ensure 
to run the engine 

6 

Measure and monitor 
the air fuel ratio (AFR) 
or lambda and ensure it 
stays within 10.5 - 14.5 
by adjusting carburettor 
jets. Look out for 
abnormal fuel 
consumption using the 

4 144 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 5 2 60 
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in idle for long 
enough (approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 
disappears. 

Fuel Measuring 
System. Run the 
engine idle for awhile 
until the strong gasoline 
smell from exhaust 
disappears. 

        6 

oil dilution 
caused by 

short-
distance 
driving 

Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much fuel into 
combustion 
chamber. Ensure 
to run the engine 
in idle for long 
enough (approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 
disappears. 

6 Test oil sample to 
confirm oil dilution 5 180 

Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 5 2 60 

        6 incomplete 
combustion 

Ensure the air flow 
in the test cell is 
not interrupted and 
it can provide 
enough air for the 
engine operation. 
Adjust carburettor 
not to put too 
much fuel into 
combustion 
chamber. Ensure 
to run the engine 
in idle for long 
enough (approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 
disappears. Use 
the correct ECU 
for engine. 

6 

Measure and monitor 
the air fuel ratio (AFR) 
or lambda and ensure it 
stays within 10.5 - 14.5 
by adjusting carburettor 
jets. Look out for 
abnormal fuel 
consumption using the 
Fuel Measuring 
System. Run the 
engine idle for awhile 
until the strong gasoline 
smell from exhaust 
disappears. 

4 144 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 5 2 60 

      total engine 
seizure 9 fuel flooding 

Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much fuel into 
combustion 
chamber. Ensure 
to run the engine 
in idle for long 
enough (approx. 5 
minutes) after just 

5 

Run the engine idle for 
awhile until the strong 
gasoline smell from 
exhaust disappears. 
Listen for fast cranking 
when starting the 
engine. Look out for 
abnormal fuel 
consumption using the 
Fuel Measuring 
System. 

5 225 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 4 3 108 
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starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 
disappears. 

        9 excessive 
use of choke 

Ensure the test 
cell is not too cold 
so there is not 
much need of 
using choke. If 
there is need for 
using choke then 
run the engine for 
long enough 
(approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 
disappears. 

7 

Physically check to 
ensure choke is closed. 
Look out for abnormal 
fuel consumption using 
the Fuel Measuring 
System. Reduced 
engine performance. 
Coolant temperature at 
exit from engine will be 
monitored and ensured 
to stay between 110 - 
120 C. Air fuel ratio 
(lambda) will be 
measured and 
monitored to ensure the 
mixture does not get  
rich to cause excess 
thermal loads (range of 
10.5 to 15). 

5 315 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 5 3 135 

        9 overly rich 
mixture 

Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much fuel into 
combustion 
chamber. Ensure 
to run the engine 
in idle for long 
enough (approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 
disappears. 

6 

Measure and monitor 
the air fuel ratio (AFR) 
or lambda and ensure it 
stays within 10.5 - 14.5 
by adjusting carburettor 
jets. Look out for 
abnormal fuel 
consumption using the 
Fuel Measuring 
System. Run the 
engine idle for awhile 
until the strong gasoline 
smell from exhaust 
disappears. 

4 216 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 5 2 90 

        9 

oil dilution 
caused by 

short-
distance 
driving 

Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much fuel into 
combustion 
chamber. Ensure 
to run the engine 
in idle for long 
enough (approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 

6 Test oil sample to 
confirm oil dilution 4 216 

Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 5 2 90 
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strong gasoline 
smell from exhaust 
disappears. 

        9 incomplete 
combustion 

Ensure the air flow 
in the test cell is 
not interrupted and 
it can provide 
enough air for the 
engine operation. 
Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much fuel into 
combustion 
chamber. Ensure 
to run the engine 
in idle for long 
enough (approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 
disappears. Use 
the correct ECU 
for engine. 

6 

Measure and monitor 
the air fuel ratio (AFR) 
or lambda and ensure it 
stays within 10.5 - 14.5 
by adjusting carburettor 
jets. Look out for 
abnormal fuel 
consumption using the 
Fuel Measuring 
System. Run the 
engine idle for awhile 
until the strong gasoline 
smell from exhaust 
disappears. 

4 216 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 5 2 90 

      

reduced 
engine 

performance 
due to 

increased 
friction 

6 fuel flooding 

Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much fuel into 
combustion 
chamber. Ensure 
to run the engine 
in idle for long 
enough (approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 
disappears. 

5 

Run the engine idle for 
awhile until the strong 
gasoline smell from 
exhaust disappears. 
Listen for fast cranking 
when starting the 
engine. Look out for 
abnormal fuel 
consumption using the 
Fuel Measuring 
System. 

5 150 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 4 3 72 

        6 excessive 
use of choke 

Ensure the test 
cell is not too cold 
so there is not 
much need of 
using choke. If 
there is need for 
using choke then 
run the engine for 
long enough 
(approx. 5 

7 

Physically check to 
ensure choke is closed. 
Look out for abnormal 
fuel consumption using 
the Fuel Measuring 
System. Reduced 
engine performance. 
Coolant temperature at 
exit from engine will be 
monitored and ensured 

5 210 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 5 3 90 
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minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 
disappears. 

to stay between 110 - 
120 C. Air fuel ratio 
(lambda) will be 
measured and 
monitored to ensure the 
mixture does not get  
rich to cause excess 
thermal loads (range of 
10.5 to 15). 

        6 overly rich 
mixture 

Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much fuel into 
combustion 
chamber. Ensure 
to run the engine 
in idle for long 
enough (approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 
disappears. 

6 

Measure and monitor 
the air fuel ratio (AFR) 
or lambda and ensure it 
stays within 10.5 - 14.5 
by adjusting carburettor 
jets. Look out for 
abnormal fuel 
consumption using the 
Fuel Measuring 
System. Run the 
engine idle for awhile 
until the strong gasoline 
smell from exhaust 
disappears. 

4 144 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 5 2 60 

        6 

oil dilution 
caused by 

short-
distance 
driving 

Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much fuel into 
combustion 
chamber. Ensure 
to run the engine 
in idle for long 
enough (approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 
disappears. 

6 Test oil sample to 
confirm oil dilution 5 180 

Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 5 2 60 

        6 incomplete 
combustion 

Ensure the air flow 
in the test cell is 
not interrupted and 
it can provide 
enough air for the 
engine operation. 
Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much fuel into 
combustion 
chamber. Ensure 
to run the engine 
in idle for long 
enough (approx. 5 
minutes) after just 

6 

Measure and monitor 
the air fuel ratio (AFR) 
or lambda and ensure it 
stays within 10.5 - 14.5 
by adjusting carburettor 
jets. Look out for 
abnormal fuel 
consumption using the 
Fuel Measuring 
System. Run the 
engine idle for awhile 
until the strong gasoline 
smell from exhaust 
disappears. 

4 144 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 5 2 60 
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starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 
disappears. Use 
the correct ECU 
for engine. 

      
reduced 

piston/engine 
life/reliability 

7 fuel flooding 

Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much fuel into 
combustion 
chamber. Ensure 
to run the engine 
in idle for long 
enough (approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 
disappears. 

5 

Run the engine idle for 
awhile until the strong 
gasoline smell from 
exhaust disappears. 
Listen for fast cranking 
when starting the 
engine. Look out for 
abnormal fuel 
consumption using the 
Fuel Measuring 
System. 

5 175 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 4 3 84 

        7 excessive 
use of choke 

Ensure the test 
cell is not too cold 
so there is not 
much need of 
using choke. If 
there is need for 
using choke then 
run the engine for 
long enough 
(approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 
disappears. 

7 

Physically check to 
ensure choke is closed. 
Look out for abnormal 
fuel consumption using 
the Fuel Measuring 
System. Reduced 
engine performance. 
Coolant temperature at 
exit from engine will be 
monitored and ensured 
to stay between 110 - 
120 C. Air fuel ratio 
(lambda) will be 
measured and 
monitored to ensure the 
mixture does not get  
rich to cause excess 
thermal loads (range of 
10.5 to 15). 

5 245 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 5 3 105 

        7 overly rich 
mixture 

Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much fuel into 
combustion 
chamber. Ensure 
to run the engine 
in idle for long 
enough (approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 

6 

Measure and monitor 
the air fuel ratio (AFR) 
or lambda and ensure it 
stays within 10.5 - 14.5 
by adjusting carburettor 
jets. Look out for 
abnormal fuel 
consumption using the 
Fuel Measuring 
System. Run the 
engine idle for awhile 
until the strong gasoline 
smell from exhaust 
disappears. 

4 168 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 5 2 70 
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disappears. 

        7 

oil dilution 
caused by 

short-
distance 
driving 

Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much fuel into 
combustion 
chamber. Ensure 
to run the engine 
in idle for long 
enough (approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 
disappears. 

6 Test oil sample to 
confirm oil dilution 5 210 

Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 5 2 70 

        7 incomplete 
combustion 

Ensure the air flow 
in the test cell is 
not interrupted and 
it can provide 
enough air for the 
engine operation. 
Adjust carburettor 
not to put too 
much fuel into 
combustion 
chamber. Ensure 
to run the engine 
in idle for long 
enough (approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 
disappears. Use 
the correct ECU 
for engine. 

6 

Measure and monitor 
the air fuel ratio (AFR) 
or lambda and ensure it 
stays within 10.5 - 14.5 
by adjusting carburettor 
jets. Look out for 
abnormal fuel 
consumption using the 
Fuel Measuring 
System. Run the 
engine idle for awhile 
until the strong gasoline 
smell from exhaust 
disappears. 

4 168 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 5 2 70 

      

piston and 
compression 
ring micro-

welding 

8 fuel flooding 

Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much fuel into 
combustion 
chamber. Ensure 
to run the engine 
in idle for long 
enough (approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 

5 

Run the engine idle for 
awhile until the strong 
gasoline smell from 
exhaust disappears. 
Listen for fast cranking 
when starting the 
engine. Look out for 
abnormal fuel 
consumption using the 
Fuel Measuring 
System. 

5 200 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 4 3 96 
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smell from exhaust 
disappears. 

        8 excessive 
use of choke 

Ensure the test 
cell is not too cold 
so there is not 
much need of 
using choke. If 
there is need for 
using choke then 
run the engine for 
long enough 
(approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 
disappears. 

7 

Physically check to 
ensure choke is closed. 
Look out for abnormal 
fuel consumption using 
the Fuel Measuring 
System. Reduced 
engine performance. 
Coolant temperature at 
exit from engine will be 
monitored and ensured 
to stay between 110 - 
120 C. Air fuel ratio 
(lambda) will be 
measured and 
monitored to ensure the 
mixture does not get  
rich to cause excess 
thermal loads (range of 
10.5 to 15). 

5 280 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 5 3 120 

        8 overly rich 
mixture 

Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much fuel into 
combustion 
chamber. Ensure 
to run the engine 
in idle for long 
enough (approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 
disappears. 

6 

Measure and monitor 
the air fuel ratio (AFR) 
or lambda and ensure it 
stays within 10.5 - 14.5 
by adjusting carburettor 
jets. Look out for 
abnormal fuel 
consumption using the 
Fuel Measuring 
System. Run the 
engine idle for awhile 
until the strong gasoline 
smell from exhaust 
disappears. 

4 192 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 5 2 80 

        8 

oil dilution 
caused by 

short-
distance 
driving 

Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much fuel into 
combustion 
chamber. Ensure 
to run the engine 
in idle for long 
enough (approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 

6 Test oil sample to 
confirm oil dilution 5 240 

Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 5 2 80 
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disappears. 

        8 incomplete 
combustion 

Ensure the air flow 
in the test cell is 
not interrupted and 
it can provide 
enough air for the 
engine operation. 
Adjust carburettor 
not to put too 
much fuel into 
combustion 
chamber. Ensure 
to run the engine 
in idle for long 
enough (approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 
disappears. Use 
the correct ECU 
for engine. 

6 

Measure and monitor 
the air fuel ratio (AFR) 
or lambda and ensure it 
stays within 10.5 - 14.5 
by adjusting carburettor 
jets. Look out for 
abnormal fuel 
consumption using the 
Fuel Measuring 
System. Run the 
engine idle for awhile 
until the strong gasoline 
smell from exhaust 
disappears. 

4 192 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 5 2 80 

    
Seizure due 

to 
overheating 

Piston 
scuffing 6 

Extended 
high loads on 

the engine 
before it has 
been fully run 

in 

Run the engine 
under light load 
condition (approx. 
1 hour in 
increments of 20 
minutes) before 
the actual testing. 

4 

Look out for reduced 
engine performance 
due to increased 
friction i.e. lower torque 
than expected 

6 144 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 3 4 72 

        6 
Faults in 

combustion 
process 

Ensure the air flow 
in the test cell is 
not interrupted and 
it can provide 
enough air for the 
engine operation. 
Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much/less fuel 
into combustion 
chamber.  Use the 
correct ECU for 
engine. 

6 

Look out for reduced 
engine performance 
due to increased 
friction i.e. lower torque 
than expected. 
Measure and monitor 
the air fuel ratio (AFR) 
or lambda and ensure it 
stays within 10.5 - 14.5 
by adjusting carburettor 
jets 

6 216 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 5 3 90 

        6 
Faults in 
engine 
cooling 
system 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 

4 

Coolant temperature at 
exit from engine will be 
monitored and ensured 
to stay between 110 - 
120 C. 

4 96 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 3 2 36 
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have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 
pumped/circulated. 

      total engine 
seizure 9 

Extended 
high loads on 

the engine 
before it has 
been fully run 

in 

Run the engine 
under light load 
condition (approx. 
1 hour in 
increments of 20 
minutes) before 
the actual testing. 

4 

Look out for reduced 
engine performance 
due to increased 
friction i.e. lower torque 
than expected 

6 216 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 3 4 108 

        9 
Faults in 

combustion 
process 

Ensure the air flow 
in the test cell is 
not interrupted and 
it can provide 
enough air for the 
engine operation. 
Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much/less fuel 
into combustion 
chamber.  Use the 
correct ECU for 
engine. 

6 

Look out for reduced 
engine performance 
due to increased 
friction i.e. lower torque 
than expected. 
Measure and monitor 
the air fuel ratio (AFR) 
or lambda and ensure it 
stays within 10.5 - 14.5 
by adjusting carburettor 
jets 

6 324 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 5 3 135 

        9 
Faults in 
engine 
cooling 
system 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 
pumped/circulated. 

4 

Coolant temperature at 
exit from engine will be 
monitored and ensured 
to stay between 110 - 
120 C. 

4 144 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 3 2 54 

      

reduced 
engine 

performance 
due to 

increased 
friction 

6 

Extended 
high loads on 

the engine 
before it has 
been fully run 

in 

Run the engine 
under light load 
condition (approx. 
1 hour in 
increments of 20 
minutes) before 
the actual testing. 

4 

Look out for reduced 
engine performance 
due to increased 
friction i.e. lower torque 
than expected 

6 144 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 3 4 72 

        6 
Faults in 

combustion 
process 

Ensure the air flow 
in the test cell is 
not interrupted and 
it can provide 
enough air for the 
engine operation. 
Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much/less fuel 
into combustion 

6 

Look out for reduced 
engine performance 
due to increased 
friction i.e. lower torque 
than expected. 
Measure and monitor 
the air fuel ratio (AFR) 
or lambda and ensure it 
stays within 10.5 - 14.5 
by adjusting carburettor 
jets 

6 216 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 5 3 90 
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chamber.  Use the 
correct ECU for 
engine. 

        6 
Faults in 
engine 
cooling 
system 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 
pumped/circulated. 

4 

Coolant temperature at 
exit from engine will be 
monitored and ensured 
to stay between 110 - 
120 C. 

4 96 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 3 2 36 

      
reduced 

piston/engine 
life/reliability 

7 

Extended 
high loads on 

the engine 
before it has 
been fully run 

in 

Run the engine 
under light load 
condition (approx. 
1 hour in 
increments of 20 
minutes) before 
the actual testing. 

4 

Look out for reduced 
engine performance 
due to increased 
friction i.e. lower torque 
than expected 

6 168 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 3 4 84 

        7 
Faults in 

combustion 
process 

Ensure the air flow 
in the test cell is 
not interrupted and 
it can provide 
enough air for the 
engine operation. 
Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much/less fuel 
into combustion 
chamber.  Use the 
correct ECU for 
engine. 

6 

Look out for reduced 
engine performance 
due to increased 
friction i.e. lower torque 
than expected. 
Measure and monitor 
the air fuel ratio (AFR) 
or lambda and ensure it 
stays within 10.5 - 14.5 
by adjusting carburettor 
jets 

6 252 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 5 3 105 

        7 
Faults in 
engine 
cooling 
system 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 
pumped/circulated. 

4 

Coolant temperature at 
exit from engine will be 
monitored and ensured 
to stay between 110 - 
120 C. 

4 112 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 3 2 42 

      

piston and 
compression 
ring micro-

welding 
8 

Extended 
high loads on 

the engine 
before it has 
been fully run 

in 

Run the engine 
under light load 
condition (approx. 
1 hour in 
increments of 20 
minutes) before 
the actual testing. 

4 

Look out for reduced 
engine performance 
due to increased 
friction i.e. lower torque 
than expected 

6 192 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 3 4 96 
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        8 
Faults in 

combustion 
process 

Ensure the air flow 
in the test cell is 
not interrupted and 
it can provide 
enough air for the 
engine operation. 
Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much/less fuel 
into combustion 
chamber.  Use the 
correct ECU for 
engine. 

6 

Look out for reduced 
engine performance 
due to increased 
friction i.e. lower torque 
than expected. 
Measure and monitor 
the air fuel ratio (AFR) 
or lambda and ensure it 
stays within 10.5 - 14.5 
by adjusting carburettor 
jets 

6 288 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 5 3 120 

        8 
Faults in 
engine 
cooling 
system 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 
pumped/circulated. 

4 

Coolant temperature at 
exit from engine will be 
monitored and ensured 
to stay between 110 - 
120 C. 

4 128 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 3 2 48 

    

Fracture due 
to mechanical 

contact 
between 

piston crown 
and cylinder 

head 

Total engine 
failure 10 

Excessive 
clearances in 

the 
connecting 
rod bearing 
or worn out 
connecting 
rod bearing 

Check the 
connecting rod for 
wear before 
installation. Design 
the new piston 
with same 
clearance between 
connecting rod 
bearing  

2 Listen for rattling sound 
during engine operation 5 100 

Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 10 2 3 60 

        10 

Too small 
gap between 
piston crown 
and cylinder 

head 

Check the gap 
between piston 
and cylinder head 
before installation. 
Design the new 
piston with same 
clearance between 
piston and cylinder 
head 

2 
Listen for any abnormal 
sounds during engine 
operation 

5 100 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 10 2 3 60 

      

Excessive 
Vibration as 
the piston 

can no 
longer 

straight in 
the cylinder 

7 

Excessive 
clearances in 

the 
connecting 
rod bearing 
or worn out 
connecting 
rod bearing 

Check the 
connecting rod for 
wear before 
installation. Design 
the new piston 
with same 
clearance between 
connecting rod 
bearing  

2 Listen for rattling sound 
during engine operation 5 70 

Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 2 3 42 
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        7 

Too small 
gap between 
piston crown 
and cylinder 

head 

Check the gap 
between piston 
and cylinder head 
before installation. 
Design the new 
piston with same 
clearance between 
piston and cylinder 
head 

2 
Listen for any abnormal 
sounds during engine 
operation 

5 70 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 2 3 42 

Piston Skirt 

Keeps the 
whole piston 

assembly 
aligned with 
cylinder lines 

while 
resisting 

lateral force 
of up to 7 kN 

Insufficient 
clearance Piston scuffing 6 

incorrect 
dimension by 

design 

FMEA was used to 
ensure the 
deformation of 
new piston skirt 
design during 
operation does not 
exceed the original 
piston 

7 

Coolant temperature 
will be monitored and 
ensured to stay 
between 110 - 120 C to 
avoid overheating of 
the piston so it does not 
deform too much. In-
cylinder pressure will 
be monitored and 
measured to ensure it 
does not exceed 100 
bar. Increase engine 
speeds in small 
increments of 500 rpm 
during engine speeds. 

4 168 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 6 3 108 

        6 
distortion 

during 
operation 

FMEA was used to 
ensure the 
deformation of 
new piston skirt 
design during 
operation does not 
exceed the original 
piston 

7 

Coolant temperature 
will be monitored and 
ensured to stay 
between 110 - 120 C to 
avoid overheating of 
the piston so it does not 
deform too much. In-
cylinder pressure will 
be monitored and 
measured to ensure it 
does not exceed 100 
bar. Increase engine 
speeds in small 
increments of 500 rpm 
during engine speeds. 

4 168 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 4 3 72 

        6 

cylinder head 
over-

tightened or 
unevenly 
tightened 

Ensure 10 and 
then 30  Nm 
torque is applied 
as recommended 
by the 
manufacturer and 
the tightened 
diagonally 

4 

Look out for reduced 
engine performance 
due to increased 
friction 

6 144 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 3 3 54 

        6 

uneven 
distortion of 
the cylinder 

due to 
problems in 

cooling 
system 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 
pumped/circulated. 

4 

Look out for reduced 
engine performance 
due to increased 
friction. Monitor and 
measure the coolant 
temperature at exit 
from engine and ensure 
it says between 110 - 
120 C 

4 96 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 3 3 54 
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        6 unsuitable 
head gasket 

Use the head 
gasket 
recommended by 
the manufacturer 
(KTM) and 
purchase from 
manufacturer's 
approved suppliers 

3 

Look out for reduced 
engine performance 
due to increased 
friction 

6 108 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 2 2 24 

        6 

uneven 
sealing of the 
cylinder head 

or gasket 

Use KTM 
approved 
workshop to carry 
out engine 
assembly 

5 

Look out for reduced 
engine performance 
due to increased 
friction 

6 180 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 3 3 54 

        6 

dirty or 
distorted 

threads in the 
threaded 

bores or on 
the cylinder 
head bolts 

Inspect the 
threads and bores 
before installation 
of the head bolts 

3 

Look out for reduced 
engine performance 
due to increased 
friction 

6 108 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 2 3 36 

      total engine 
seizure 9 

incorrect 
dimension by 

design 

FMEA was used to 
ensure the 
deformation of 
new piston skirt 
design during 
operation does not 
exceed the original 
piston 

7 

Coolant temperature 
will be monitored and 
ensured to stay 
between 110 - 120 C to 
avoid overheating of 
the piston so it does not 
deform too much. In-
cylinder pressure will 
be monitored and 
measured to ensure it 
does not exceed 100 
bar. Increase engine 
speeds in small 
increments of 500 rpm 
during engine speeds. 

4 252 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 6 3 162 

        9 
distortion 

during 
operation 

FMEA was used to 
ensure the 
deformation of 
new piston skirt 
design during 
operation does not 
exceed the original 
piston 

7 

Coolant temperature 
will be monitored and 
ensured to stay 
between 110 - 120 C to 
avoid overheating of 
the piston so it does not 
deform too much. In-
cylinder pressure will 
be monitored and 
measured to ensure it 
does not exceed 100 
bar. Increase engine 
speeds in small 
increments of 500 rpm 
during engine speeds. 

4 252 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 4 3 108 

        9 

cylinder head 
over-

tightened or 
unevenly 
tightened 

Ensure 10 and 
then 30  Nm 
torque is applied 
as recommended 
by the 
manufacturer and 
the tightened 
diagonally 

4 

Look out for reduced 
engine performance 
due to increased 
friction 

6 216 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 3 3 81 
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        9 

uneven 
distortion of 
the cylinder 

due to 
problems in 

cooling 
system 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 
pumped/circulated. 

4 

Look out for reduced 
engine performance 
due to increased 
friction. Monitor and 
measure the coolant 
temperature at exit 
from engine and ensure 
it says between 110 - 
120 C 

4 144 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 3 3 81 

        9 unsuitable 
head gasket 

Use the head 
gasket 
recommended by 
the manufacturer 
(KTM) and 
purchase from 
manufacturer's 
approved suppliers 

3 

Look out for reduced 
engine performance 
due to increased 
friction 

6 162 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 2 2 36 

        9 

uneven 
sealing of the 
cylinder head 

or gasket 

Use KTM 
approved 
workshop to carry 
out engine 
assembly 

5 

Look out for reduced 
engine performance 
due to increased 
friction 

6 270 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 3 3 81 

        9 

dirty or 
distorted 

threads in the 
threaded 

bores or on 
the cylinder 
head bolts 

Inspect the 
threads and bores 
before installation 
of the head bolts 

3 

Look out for reduced 
engine performance 
due to increased 
friction 

6 162 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 2 3 54 

      

reduced 
engine 

performance 
due to 

increased 
friction 

6 
incorrect 

dimension by 
design 

FMEA was used to 
ensure the 
deformation of 
new piston skirt 
design during 
operation does not 
exceed the original 
piston 

7 

Coolant temperature 
will be monitored and 
ensured to stay 
between 110 - 120 C to 
avoid overheating of 
the piston so it does not 
deform too much. In-
cylinder pressure will 
be monitored and 
measured to ensure it 
does not exceed 100 
bar. Increase engine 
speeds in small 
increments of 500 rpm 
during engine speeds. 

4 168 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 6 3 108 

        6 
distortion 

during 
operation 

FMEA was used to 
ensure the 
deformation of 
new piston skirt 
design during 
operation does not 
exceed the original 
piston 

7 

Coolant temperature 
will be monitored and 
ensured to stay 
between 110 - 120 C to 
avoid overheating of 
the piston so it does not 
deform too much. In-
cylinder pressure will 
be monitored and 
measured to ensure it 
does not exceed 100 
bar. Increase engine 

4 168 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 4 3 72 
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speeds in small 
increments of 500 rpm 
during engine speeds. 

        6 

cylinder head 
over-

tightened or 
unevenly 
tightened 

Ensure 10 and 
then 30  Nm 
torque is applied 
as recommended 
by the 
manufacturer and 
the tightened 
diagonally 

4 

Look out for reduced 
engine performance 
due to increased 
friction 

6 144 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 3 3 54 

        6 

uneven 
distortion of 
the cylinder 

due to 
problems in 

cooling 
system 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 
pumped/circulated. 

4 

Look out for reduced 
engine performance 
due to increased 
friction. Monitor and 
measure the coolant 
temperature at exit 
from engine and ensure 
it says between 110 - 
120 C 

4 96 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 3 3 54 

        6 unsuitable 
head gasket 

Use the head 
gasket 
recommended by 
the manufacturer 
(KTM) and 
purchase from 
manufacturer's 
approved suppliers 

3 

Look out for reduced 
engine performance 
due to increased 
friction 

6 108 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 2 2 24 

        6 

uneven 
sealing of the 
cylinder head 

or gasket 

Use KTM 
approved 
workshop to carry 
out engine 
assembly 

5 

Look out for reduced 
engine performance 
due to increased 
friction 

6 180 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 3 3 54 

        6 

dirty or 
distorted 

threads in the 
threaded 

bores or on 
the cylinder 
head bolts 

Inspect the 
threads and bores 
before installation 
of the head bolts 

3 

Look out for reduced 
engine performance 
due to increased 
friction 

6 108 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 2 3 36 

      
reduced 

piston/engine 
life/reliability 

7 
incorrect 

dimension by 
design 

FMEA was used to 
ensure the 
deformation of 
new piston skirt 
design during 
operation does not 
exceed the original 
piston 

7 

Coolant temperature 
will be monitored and 
ensured to stay 
between 110 - 120 C to 
avoid overheating of 
the piston so it does not 
deform too much. In-
cylinder pressure will 
be monitored and 
measured to ensure it 
does not exceed 100 
bar. Increase engine 
speeds in small 
increments of 500 rpm 
during engine speeds. 

4 196 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 6 3 126 
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        7 
distortion 

during 
operation 

FMEA was used to 
ensure the 
deformation of 
new piston skirt 
design during 
operation does not 
exceed the original 
piston 

7 

Coolant temperature 
will be monitored and 
ensured to stay 
between 110 - 120 C to 
avoid overheating of 
the piston so it does not 
deform too much. In-
cylinder pressure will 
be monitored and 
measured to ensure it 
does not exceed 100 
bar. Increase engine 
speeds in small 
increments of 500 rpm 
during engine speeds. 

4 196 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 4 3 84 

        7 

cylinder head 
over-

tightened or 
unevenly 
tightened 

Ensure 10 and 
then 30  Nm 
torque is applied 
as recommended 
by the 
manufacturer and 
the tightened 
diagonally 

4 

Look out for reduced 
engine performance 
due to increased 
friction 

6 168 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 3 3 63 

        7 

uneven 
distortion of 
the cylinder 

due to 
problems in 

cooling 
system 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 
pumped/circulated. 

4 

Look out for reduced 
engine performance 
due to increased 
friction. Monitor and 
measure the coolant 
temperature at exit 
from engine and ensure 
it says between 110 - 
120 C 

4 112 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 3 3 63 

        7 unsuitable 
head gasket 

Use the head 
gasket 
recommended by 
the manufacturer 
(KTM) and 
purchase from 
manufacturer's 
approved suppliers 

3 

Look out for reduced 
engine performance 
due to increased 
friction 

6 126 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 2 2 28 

        7 

uneven 
sealing of the 
cylinder head 

or gasket 

Use KTM 
approved 
workshop to carry 
out engine 
assembly 

5 

Look out for reduced 
engine performance 
due to increased 
friction 

6 210 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 3 3 63 

        7 

dirty or 
distorted 

threads in the 
threaded 

bores or on 
the cylinder 
head bolts 

Inspect the 
threads and bores 
before installation 
of the head bolts 

3 

Look out for reduced 
engine performance 
due to increased 
friction 

6 126 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 2 3 42 
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piston and 
compression 
ring micro-

welding 

8 
incorrect 

dimension by 
design 

FMEA was used to 
ensure the 
deformation of 
new piston skirt 
design during 
operation does not 
exceed the original 
piston 

7 

Coolant temperature 
will be monitored and 
ensured to stay 
between 110 - 120 C to 
avoid overheating of 
the piston so it does not 
deform too much. In-
cylinder pressure will 
be monitored and 
measured to ensure it 
does not exceed 100 
bar. Increase engine 
speeds in small 
increments of 500 rpm 
during engine speeds. 

4 224 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 6 3 144 

        8 
distortion 

during 
operation 

FMEA was used to 
ensure the 
deformation of 
new piston skirt 
design during 
operation does not 
exceed the original 
piston 

7 

Coolant temperature 
will be monitored and 
ensured to stay 
between 110 - 120 C to 
avoid overheating of 
the piston so it does not 
deform too much. In-
cylinder pressure will 
be monitored and 
measured to ensure it 
does not exceed 100 
bar. Increase engine 
speeds in small 
increments of 500 rpm 
during engine speeds. 

4 224 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 4 3 96 

        8 

cylinder head 
over-

tightened or 
unevenly 
tightened 

Ensure 10 and 
then 30  Nm 
torque is applied 
as recommended 
by the 
manufacturer and 
the tightened 
diagonally 

4 

Look out for reduced 
engine performance 
due to increased 
friction 

6 192 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 3 3 72 

        8 

uneven 
distortion of 
the cylinder 

due to 
problems in 

cooling 
system 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 
pumped/circulated. 

4 

Look out for reduced 
engine performance 
due to increased 
friction. Monitor and 
measure the coolant 
temperature at exit 
from engine and ensure 
it says between 110 - 
120 C 

4 128 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 3 3 72 

        8 unsuitable 
head gasket 

Use the head 
gasket 
recommended by 
the manufacturer 
(KTM) and 
purchase from 
manufacturer's 
approved suppliers 

3 

Look out for reduced 
engine performance 
due to increased 
friction 

6 144 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 2 2 32 
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        8 

uneven 
sealing of the 
cylinder head 

or gasket 

Use KTM 
approved 
workshop to carry 
out engine 
assembly 

5 

Look out for reduced 
engine performance 
due to increased 
friction 

4 160 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 3 3 72 

        8 

dirty or 
distorted 

threads in the 
threaded 

bores or on 
the cylinder 
head bolts 

Inspect the 
threads and bores 
before installation 
of the head bolts 

3 

Look out for reduced 
engine performance 
due to increased 
friction 

4 96 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 2 3 48 

    Lack of 
lubrication Piston scuffing 6 lack of 

engine oil 

Visually inspect 
and check for 
engine oil before 
running the 
engine. Top up the 
engine with KTM 
recommended  
engine oil in 
sufficient quantity 

1 

Visually inspect and 
check for engine oil 
before running the 
engine. Look out for 
reduced engine 
performance due to 
increased friction 

3 18 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 1 2 12 

        6  oil pressure 
is low 

Inspect engine oil 
pump and ensure 
it is in good 
condition before 
running the 
engine. Top up the 
engine with KTM 
recommended  
engine oil in 
sufficient quantity 

2 

Inspect engine oil pump 
and ensure it is in good 
condition before 
running the engine. 
Look out for reduced 
engine performance 
due to increased 
friction 

3 36 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 2 2 24 

      total engine 
seizure 9 lack of 

engine oil 

Visually inspect 
and check for 
engine oil before 
running the 
engine. Top up the 
engine with KTM 
recommended  
engine oil in 
sufficient quantity 

1 

Visually inspect and 
check for engine oil 
before running the 
engine. Look out for 
reduced engine 
performance due to 
increased friction 

3 27 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 1 2 18 

        9  oil pressure 
is low 

Inspect engine oil 
pump and ensure 
it is in good 
condition before 
running the 
engine. Top up the 
engine with KTM 
recommended  
engine oil in 
sufficient quantity 

2 

Inspect engine oil pump 
and ensure it is in good 
condition before 
running the engine. 
Look out for reduced 
engine performance 
due to increased 
friction 

3 54 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 2 2 36 

      

reudced 
engine 

performance 
due to 

increased 
friction 

6 lack of 
engine oil 

Visually inspect 
and check for 
engine oil before 
running the 
engine. Top up the 
engine with KTM 
recommended  
engine oil in 
sufficient quantity 

1 

Visually inspect and 
check for engine oil 
before running the 
engine. Look out for 
reduced engine 
performance due to 
increased friction 

3 18 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 1 2 12 
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        6  oil pressure 
is low 

Inspect engine oil 
pump and ensure 
it is in good 
condition before 
running the 
engine. Top up the 
engine with KTM 
recommended  
engine oil in 
sufficient quantity 

2 

Inspect engine oil pump 
and ensure it is in good 
condition before 
running the engine. 
Look out for reduced 
engine performance 
due to increased 
friction 

3 36 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 2 2 24 

      
reduced 

piston/engine 
life/reliability 

7 lack of 
engine oil 

Visually inspect 
and check for 
engine oil before 
running the 
engine. Top up the 
engine with KTM 
recommended  
engine oil in 
sufficient quantity 

1 

Visually inspect and 
check for engine oil 
before running the 
engine. Look out for 
reduced engine 
performance due to 
increased friction 

3 21 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 1 2 14 

        7  oil pressure 
is low 

Inspect engine oil 
pump and ensure 
it is in good 
condition before 
running the 
engine. Top up the 
engine with KTM 
recommended  
engine oil in 
sufficient quantity 

2 

Inspect engine oil pump 
and ensure it is in good 
condition before 
running the engine. 
Look out for reduced 
engine performance 
due to increased 
friction 

3 42 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 2 2 28 

      

piston and 
compression 
ring micro-

welding 

8 lack of 
engine oil 

Visually inspect 
and check for 
engine oil before 
running the 
engine. Top up the 
engine with KTM 
recommended  
engine oil in 
sufficient quantity 

1 

Visually inspect and 
check for engine oil 
before running the 
engine. Look out for 
reduced engine 
performance due to 
increased friction 

3 24 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8   2 0 

        8  oil pressure 
is low 

Inspect engine oil 
pump and ensure 
it is in good 
condition before 
running the 
engine. Top up the 
engine with KTM 
recommended  
engine oil in 
sufficient quantity 

2 

Inspect engine oil pump 
and ensure it is in good 
condition before 
running the engine. 
Look out for reduced 
engine performance 
due to increased 
friction 

3 48 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 2 2 32 

    
Seizure due 

to 
overheating 

Piston scuffing 6 

Overheating 
of the engine 
due to issues 
with cooling 

system 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 

4 

Look out for reduced 
engine performance 
due to increased 
friction. Monitor and 
measure the coolant 
temperature at exit 
from engine and ensure 
it says between 110 - 
120 C 

4 96 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 3 3 54 
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pumped/circulated. 

      total engine 
seizure 9 

Overheating 
of the engine 
due to issues 
with cooling 

system 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 
pumped/circulated. 

4 

Look out for reduced 
engine performance 
due to increased 
friction. Monitor and 
measure the coolant 
temperature at exit 
from engine and ensure 
it says between 110 - 
120 C 

4 144 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 3 3 81 

      

reduced 
engine 
performance 
due to 
increased 
friction 

6 

Overheating 
of the engine 
due to issues 
with cooling 

system 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 
pumped/circulated. 

4 

Look out for reduced 
engine performance 
due to increased 
friction. Monitor and 
measure the coolant 
temperature at exit 
from engine and ensure 
it says between 110 - 
120 C 

4 96 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 3 3 54 

      
reduced 
piston/engine 
life/reliability 

7 

Overheating 
of the engine 
due to issues 
with cooling 

system 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 
pumped/circulated. 

4 

Look out for reduced 
engine performance 
due to increased 
friction. Monitor and 
measure the coolant 
temperature at exit 
from engine and ensure 
it says between 110 - 
120 C 

4 112 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 3 3 63 

      

piston and 
compression 
ring micro-
welding 

8 

Overheating 
of the engine 
due to issues 
with cooling 

system 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 
pumped/circulated. 

4 

Look out for reduced 
engine performance 
due to increased 
friction. Monitor and 
measure the coolant 
temperature at exit 
from engine and ensure 
it says between 110 - 
120 C 

4 128 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 3 3 72 

Compression 
Ring 

Provides 
seal between 

piston and 
cylinder wall 

Wear Increased oil 
consumption 5 ring not fitted 

properly 

Use KTM 
approved 
workshop to fit the 
ring 

3 

Look out for reduced 
engine performance 
due to compression 
loss or increased 

5 75 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 5 2 3 30 
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withstanding 
pressures up 

to 100 bar 
and transfers 

heat to 
cylinder walls 

with 
convection of 

….. 

friction. Check engine 
oil level regularly for 
increased oil 
consumption 

        5 inappropriate 
cylinder finish 

Use KTM 
approved 
workshop to 
inspect and 
measure cylinder 
finish before 
engine assembly 

3 

Look out for reduced 
engine performance 
due to compression 
loss or increased 
friction. Check engine 
oil level regularly for 
increased oil 
consumption 

5 75 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 5 2 3 30 

      increased 
friction 6 ring not fitted 

properly 

Use KTM 
approved 
workshop to fit the 
ring 

3 

Look out for reduced 
engine performance 
due to compression 
loss or increased 
friction 

5 90 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 2 3 36 

        6 inappropriate 
cylinder finish 

Use KTM 
approved 
workshop to 
inspect and 
measure cylinder 
finish before 
engine assembly 

3 

Look out for reduced 
engine performance 
due to compression 
loss or increased 
friction 

5 90 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 2 3 36 

      
reduced 
engine 

performance 
6 ring not fitted 

properly 

Use KTM 
approved 
workshop to fit the 
ring 

3 

Look out for reduced 
engine performance 
due to compression 
loss or increased 
friction 

5 90 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 2 3 36 

        6 inappropriate 
cylinder finish 

Use KTM 
approved 
workshop to 
inspect and 
measure cylinder 
finish before 
engine assembly 

3 

Look out for reduced 
engine performance 
due to compression 
loss or increased 
friction 

5 90 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 2 3 36 

    Lack of 
lubrication 

piston skirt 
scuffing 6 Insufficient oil 

supply 

Visually inspect 
and check for 
engine oil before 
running the engine 
and top up with 
recommended oil if 
needed.  

1 
Check engine oil level 
regularly for increased 
oil consumption 

3 18 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 1 2 12 

        6 abnormal 
combustion 

Ensure the air flow 
in the test cell is 
not interrupted and 
it can provide 
enough air for the 
engine operation. 
Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much/less fuel 
into combustion 

7 

Listen for abnormal 
engine noise. Look out 
for reduced engine 
performance due 
increased friction i.e. 
lower torque than 
expected. Measure and 
monitor the air fuel ratio 
(AFR) or lambda and 
ensure it stays within 
10.5 - 14.5 by adjusting 
carburettor jets 

5 210 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 5 3 90 
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chamber.  Use the 
correct ECU for 
engine. 

        6 
cylinder 

temperature 
was too high 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 
pumped/circulated. 
Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much/less fuel 
into combustion 
chamber.  

7 

In-cylinder pressures 
will be monitored to 
ensure they do not go 
above 100 bar which 
can cause excess 
thermal loads. Coolant 
temperature will be 
monitored and ensured 
to stay between 110 - 
120 C. Air fuel ratio 
(lambda) will be 
measured and 
monitored to ensure the 
mixture does not get 
too lean or rich to 
cause excess thermal 
loads (range of 10.5 to 
15). 

4 168 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 5 2 60 

        6 unsuitable 
lubricating oil 

Use the engine oil 
recommended by 
the manufacturer 
(KTM) and 
purchase from 
manufacturer's 
approved suppliers 

1 

Look out for reduced 
engine performance 
due to compression 
loss or increased 
friction 

5 30 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 1 2 12 

        6 excessive 
engine loads 

Coolant 
temperature 
monitor guidelines 
to ensure it stays 
between 110 - 120 
C. Adjust 
carburettor (set 
needle to fourth 
position from top) 
not to put too 
much fuel into 
combustion 
chamber 

7 

Coolant temperature 
will be monitored and 
ensured to stay 
between 110 - 120 C to 
avoid overheating of 
the piston so it does not 
deform too much. In-
cylinder pressure will 
be monitored and 
measured to ensure it 
does not exceed 100 
bar. 

4 168 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 5 2 60 

        6 

imperfect 
honed 

cylinder 
which is not 
good for oil 
adhesion 

Use KTM 
approved 
workshop to 
inspect and 
measure cylinder 
finish before 
engine assembly 

3 

Look out for reduced 
engine performance 
due to compression 
loss or increased 
friction 

5 90 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 2 2 24 
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      piston skirt 
seizure 8 Insufficient oil 

supply 

Visually inspect 
and check for 
engine oil before 
running the engine 
and top up with 
recommended oil if 
needed.  

1 
Check engine oil level 
regularly for increased 
oil consumption 

3 24 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 1 2 16 

        8 abnormal 
combustion 

Ensure the air flow 
in the test cell is 
not interrupted and 
it can provide 
enough air for the 
engine operation. 
Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much/less fuel 
into combustion 
chamber.  Use the 
correct ECU for 
engine. 

7 

Listen for abnormal 
engine noise. Look out 
for reduced engine 
performance due 
increased friction i.e. 
lower torque than 
expected. Measure and 
monitor the air fuel ratio 
(AFR) or lambda and 
ensure it stays within 
10.5 - 14.5 by adjusting 
carburettor jets 

5 280 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 5 3 120 

        8 
cylinder 

temperature 
was too high 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 
pumped/circulated. 
Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much/less fuel 
into combustion 
chamber.  

7 

In-cylinder pressures 
will be monitored to 
ensure they do not go 
above 100 bar which 
can cause excess 
thermal loads. Coolant 
temperature will be 
monitored and ensured 
to stay between 110 - 
120 C. Air fuel ratio 
(lambda) will be 
measured and 
monitored to ensure the 
mixture does not get 
too lean or rich to 
cause excess thermal 
loads (range of 10.5 to 
15). 

4 224 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 5 2 80 

        8 unsuitable 
lubricating oil 

Use the engine oil 
recommended by 
the manufacturer 
(KTM) and 
purchase from 
manufacturer's 
approved suppliers 

1 

Look out for reduced 
engine performance 
due to compression 
loss or increased 
friction 

5 40 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 1 2 16 

        8 excessive 
engine loads 

Coolant 
temperature 
monitor guidelines 
to ensure it stays 
between 110 - 120 
C. Adjust 
carburettor (set 
needle to fourth 
position from top) 
not to put too 
much fuel into 

7 

Coolant temperature 
will be monitored and 
ensured to stay 
between 110 - 120 C to 
avoid overheating of 
the piston so it does not 
deform too much. In-
cylinder pressure will 
be monitored and 
measured to ensure it 
does not exceed 100 

4 224 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 5 2 80 
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combustion 
chamber 

bar. 

        8 

imperfect 
honed 

cylinder 
which is not 
good for oil 
adhesion 

Use KTM 
approved 
workshop to 
inspect and 
measure cylinder 
finish before 
engine assembly 

3 

Look out for reduced 
engine performance 
due to compression 
loss or increased 
friction 

5 120 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 8 2 2 32 

      
reduced 
engine 

performance 
6 Insufficient oil 

supply 

Visually inspect 
and check for 
engine oil before 
running the engine 
and top up with 
recommended oil if 
needed.  

1 
Check engine oil level 
regularly for increased 
oil consumption 

3 18 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 1 2 12 

        6 abnormal 
combustion 

Ensure the air flow 
in the test cell is 
not interrupted and 
it can provide 
enough air for the 
engine operation. 
Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much/less fuel 
into combustion 
chamber.  Use the 
correct ECU for 
engine. 

7 

Listen for abnormal 
engine noise. Look out 
for reduced engine 
performance due 
increased friction i.e. 
lower torque than 
expected. Measure and 
monitor the air fuel ratio 
(AFR) or lambda and 
ensure it stays within 
10.5 - 14.5 by adjusting 
carburettor jets 

5 210 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 5 3 90 

        6 
cylinder 

temperature 
was too high 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 
pumped/circulated. 
Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much/less fuel 
into combustion 
chamber.  

7 

In-cylinder pressures 
will be monitored to 
ensure they do not go 
above 100 bar which 
can cause excess 
thermal loads. Coolant 
temperature will be 
monitored and ensured 
to stay between 110 - 
120 C. Air fuel ratio 
(lambda) will be 
measured and 
monitored to ensure the 
mixture does not get 
too lean or rich to 
cause excess thermal 
loads (range of 10.5 to 
15). 

4 168 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 5 2 60 

        6 unsuitable 
lubricating oil 

Use the engine oil 
recommended by 
the manufacturer 
(KTM) and 
purchase from 
manufacturer's 
approved suppliers 

1 

Look out for reduced 
engine performance 
due to compression 
loss or increased 
friction 

5 30 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 1 2 12 
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        6 excessive 
engine loads 

Coolant 
temperature 
monitor guidelines 
to ensure it stays 
between 110 - 120 
C. Adjust 
carburettor (set 
needle to fourth 
position from top) 
not to put too 
much fuel into 
combustion 
chamber 

7 

Coolant temperature 
will be monitored and 
ensured to stay 
between 110 - 120 C to 
avoid overheating of 
the piston so it does not 
deform too much. In-
cylinder pressure will 
be monitored and 
measured to ensure it 
does not exceed 100 
bar. 

4 168 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 5 2 60 

        6 

imperfect 
honed 

cylinder 
which is not 
good for oil 
adhesion 

Use KTM 
approved 
workshop to 
inspect and 
measure cylinder 
finish before 
engine assembly 

3 

Look out for reduced 
engine performance 
due to compression 
loss or increased 
friction 

5 90 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 2 2 24 

      
reduced 

piston/engine 
life/reliability 

7 Insufficient oil 
supply 

Visually inspect 
and check for 
engine oil before 
running the engine 
and top up with 
recommended oil if 
needed.  

1 
Check engine oil level 
regularly for increased 
oil consumption 

3 21 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 1 2 14 

        7 abnormal 
combustion 

Ensure the air flow 
in the test cell is 
not interrupted and 
it can provide 
enough air for the 
engine operation. 
Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much/less fuel 
into combustion 
chamber.  Use the 
correct ECU for 
engine. 

7 

Listen for abnormal 
engine noise. Look out 
for reduced engine 
performance due 
increased friction i.e. 
lower torque than 
expected. Measure and 
monitor the air fuel ratio 
(AFR) or lambda and 
ensure it stays within 
10.5 - 14.5 by adjusting 
carburettor jets 

5 245 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 5 3 105 

        7 
cylinder 

temperature 
was too high 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 
pumped/circulated. 
Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much/less fuel 

7 

In-cylinder pressures 
will be monitored to 
ensure they do not go 
above 100 bar which 
can cause excess 
thermal loads. Coolant 
temperature will be 
monitored and ensured 
to stay between 110 - 
120 C. Air fuel ratio 
(lambda) will be 
measured and 
monitored to ensure the 
mixture does not get 
too lean or rich to 
cause excess thermal 
loads (range of 10.5 to 
15). 

4 196 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 5 2 70 
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into combustion 
chamber.  

        7 unsuitable 
lubricating oil 

Use the engine oil 
recommended by 
the manufacturer 
(KTM) and 
purchase from 
manufacturer's 
approved suppliers 

1 

Look out for reduced 
engine performance 
due to compression 
loss or increased 
friction 

5 35 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 1 2 14 

        7 excessive 
engine loads 

Coolant 
temperature 
monitor guidelines 
to ensure it stays 
between 110 - 120 
C. Adjust 
carburettor (set 
needle to fourth 
position from top) 
not to put too 
much fuel into 
combustion 
chamber 

7 

Coolant temperature 
will be monitored and 
ensured to stay 
between 110 - 120 C to 
avoid overheating of 
the piston so it does not 
deform too much. In-
cylinder pressure will 
be monitored and 
measured to ensure it 
does not exceed 100 
bar. 

4 196 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 5 2 70 

        7 

imperfect 
honed 

cylinder 
which is not 
good for oil 
adhesion 

Use KTM 
approved 
workshop to 
inspect and 
measure cylinder 
finish before 
engine assembly 

3 

Look out for reduced 
engine performance 
due to compression 
loss or increased 
friction 

5 105 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 2 2 28 

Cylinder Liner   Lack of 
lubrication 

increased 
friction 6 Fuel flooding 

Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much fuel into 
combustion 
chamber. Ensure 
to run the engine 
in idle for long 
enough (approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 
disappears. 

5 

Run the engine idle for 
awhile until the strong 
gasoline smell from 
exhaust disappears. 
Listen for fast cranking 
when starting the 
engine. Look out for 
abnormal fuel 
consumption using the 
Fuel Measuring 
System. 

5 150 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 3 3 54 

      
decreased 
engine 
performance 

6 Fuel flooding 

Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much fuel into 
combustion 
chamber. Ensure 
to run the engine 
in idle for long 
enough (approx. 5 
minutes) after just 
starting so any 
excess fuel is 

5 

Look out for reduced 
engine performance 
due to compression 
loss or increased 
friction 

5 150 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 3 3 54 



250 
 

burnt and the 
strong gasoline 
smell from exhaust 
disappear. 

      increased 
wear 6 Fuel flooding 

Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much fuel into 
combustion 
chamber. Ensure 
to run the engine 
in idle for long 
enough (approx. 5 
minutes) after just 
starting so any 
excess fuel is 
burnt and the 
strong gasoline 
smell from exhaust 
disappears. 

5 

Look out for reduced 
engine performance 
due to compression 
loss or increased 
friction 

5 150 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 3 3 54 

    

Mechanical 
damage to 
the honing 
structure of 
the cylinder 
liner due to 

carbon 
deposit on 
piston top 

land 

Damage to 
piston, rings 9 

Excessive 
pressure in 

the 
crankcase 
due to blow 

by 

Use KTM 
approved 
workshop to install 
compression ring 
etc. so the 
likelihood of blow 
by is decreased. 
Adjust carburettor 
(set needle to 
fourth position 
from top) so it 
does not put too 
much fuel into 
combustion 
chamber not to 
cause pressure 
more than 100 bar. 

3 

 In-cylinder pressure 
will be monitored and 
measured to ensure it 
does not exceed 100 
bar. 

4 108 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 2 3 54 

        9 
use of non-
approved 
engine oil 

Use the engine oil 
recommended by 
the manufacturer 
(KTM) and 
purchase from 
manufacturer's 
approved suppliers 

1 

Look out for reduced 
engine performance 
due to compression 
loss or increased 
friction. Listen for 
abnormal engine noise 
during operation 

5 45 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 1 3 27 

        9 

Inadequate 
finishing of 
the cylinder 

liner 

Use KTM 
approved 
workshop to 
inspect and 
measure cylinder 
finish before 
engine assembly 

3 

Look out for reduced 
engine performance 
due to compression 
loss or increased 
friction 

5 135 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 1 3 27 

    Uneven wear 

Compression 
ring not 

providing 
proper seal for 
engine oil and 

combustion 
gases 

6 

Uneven or 
incorrect 

tightening of 
the head 

bolts 

Ensure 10 and 
then 30  Nm 
torque is applied 
as recommended 
by the 
manufacturer and 
the tightened 

4 

Look out for reduced 
engine performance 
due to increased 
friction or compression 
loss 

5 120 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 3 2 36 
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diagonally (Picture 
2) 

        6 
incorrect 

cylinder head 
gasket 

Use the head 
gasket 
recommended by 
the manufacturer 
(KTM) and 
purchase from 
manufacturer's 
approved suppliers 

3 

Look out for reduced 
engine performance 
due to increased 
friction or compression 
loss 

5 90 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 2 2 24 

        6 
Distorted 
cylinder 
bores 

Use KTM 
approved 
workshop to 
inspect and 
measure cylinder 
before engine 
assembly 

2 

Look out for reduced 
engine performance 
due to increased 
friction or compression 
loss 

5 60 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 2 2 24 

        6 

dirty or 
distorted 

threads in the 
threaded 

bores or on 
the cylinder 
head bolts 

Inspect the 
threads and bores 
before installation 
of the head bolts 

3 

Look out for reduced 
engine performance 
due to increased 
friction or compression 
loss 

5 90 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 2 2 24 

      

Engine 
performance 
loss due to 

compression 
ring not 

providing 
proper seal 

6 

Uneven or 
incorrect 

tightening of 
the head 

bolts 

Ensure 10 and 
then 30  Nm 
torque is applied 
as recommended 
by the 
manufacturer and 
the tightened 
diagonally (Picture 
2) 

4 

Look out for reduced 
engine performance 
due to increased 
friction or compression 
loss 

5 120 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 3 2 36 

        6 
incorrect 

cylinder head 
gasket 

Use the head 
gasket 
recommended by 
the manufacturer 
(KTM) and 
purchase from 
manufacturer's 
approved suppliers 

3 

Look out for reduced 
engine performance 
due to increased 
friction or compression 
loss 

5 90 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 2 2 24 

        6 
Distorted 
cylinder 
bores 

Use KTM 
approved 
workshop to 
inspect and 
measure cylinder 
before engine 
assembly 

2 

Look out for reduced 
engine performance 
due to increased 
friction or compression 
loss 

5 60 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 2 2 24 

        6 

dirty or 
distorted 

threads in the 
threaded 

bores or on 
the cylinder 
head bolts 

Inspect the 
threads and bores 
before installation 
of the head bolts 

3 

Look out for reduced 
engine performance 
due to increased 
friction or compression 
loss 

5 90 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 2 2 24 
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Crack esp. at 
the top of the 
cylinder inner 

Damages 
other piston 
assembly 

components 
i.e. piston or 
compression 

ring 

9 
Material 

erosion due 
to knocking 

Visually inspect 
and check for 
erosion before 
engine assembly 

3 
Listen for abnormal 
engine sound during 
operation 

3 81 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 1 2 18 

        9 

foreign 
bodies 

underneath 
sealing 

surfaces 

Clean all the 
surfaces before 
engine assembly 

2 
Listen for abnormal 
engine sound during 
operation 

3 54 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 1 2 18 

        9 

improper 
handling of 
the cylinder 
liner esp. 

during 
transport 

Visually inspect 
and check the 
cylinder before 
engine assembly 

1 
Listen for abnormal 
engine sound during 
operation 

3 27 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 1 2 18 

Oil Ring 

Provides 
lubrication 
between 

piston skirt 
and cylinder 

wall. 

Loss of 
tension in the 
spring 

Increased oil 
consumption 
as the ring no 
longer scraps 
the oil 
effectively and 
more oil goes 
into the 
combustion 
chamber 
which gets 
burnt 

6 improper 
installation 

Use KTM 
approved 
workshop to install 
piston and the 
carry out the whole 
engine assembly 

2 

Look out for reduced 
engine performance 
due to increased 
friction. Regularly 
check for engine oil 
consumption 

5 60 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 1 2 12 

    
Loss of 
tension in the 
spring 

The oil ring 
can get stuck 
to one side in 
the cylinder 
and increases 
friction 

6 improper 
installation 

Use KTM 
approved 
workshop to install 
piston and the 
carry out the whole 
engine assembly 

2 

Look out for reduced 
engine performance 
due to increased 
friction 

5 60 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 1 2 12 

Pin Circlips 

Circlips are 
used to 

retain piston 
pin in place 

Fracture 
Damage to 
the piston 
assembly 

9 Excessive 
Loads 

Coolant 
temperature 
monitor guidelines 
to ensure it stays 
between 110 - 120 
C. Adjust 
carburettor (set 
needle to fourth 
position from top) 
not to put too 
much fuel into 
combustion 
chamber. In-
cylinder pressure 
will be monitored 
and ensured it 
does go exceed 
100 bar by 
adjusting 

5 

In-cylinder pressures 
will be monitored to 
ensure they do not go 
above 100 bar which 
can cause excess 
thermal loads. Coolant 
temperature will be 
monitored and ensured 
to stay between 110 - 
120 C. Air fuel ratio 
(lambda) will be 
measured and 
monitored to ensure the 
mixture does not get 
too lean or rich to 
cause excess thermal 
loads (range of 10.5 to 
15). Increase engine 
speeds in small 

4 180 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 3 2 54 
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carburettor.  increments of 500 rpm 
during engine speeds. 
Abnormal engine noise 

        9 

Improper 
handing 

when 
inserting the 

cirlips 

Use KTM 
approved 
workshop to install 
circlips and the 
carry out the whole 
engine assembly 

2 

Look out for reduced 
engine performance 
due to compression 
loss or increased 
friction. Abnormal 
engine noise 

5 90 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 1 2 18 

        9 

Piston 
running at an 
angle due to 

bent 
connecting 

rod 

Visually inspect 
and check the 
connecting rod 
before engine 
assembly 

2 

Look out for reduced 
engine performance 
due to compression 
loss or increased 
friction. Abnormal 
engine noise 

5 90 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 1 2 18 

    

Jump or 
knocked out 

of their 
grooves 

Damage to 
the piston 
assembly 

9 Excessive 
Loads 

Coolant 
temperature 
monitor guidelines 
to ensure it stays 
between 110 - 120 
C. Adjust 
carburettor (set 
needle to fourth 
position from top) 
not to put too 
much fuel into 
combustion 
chamber. In-
cylinder pressure 
will be monitored 
and ensured it 
does go exceed 
100 bar by 
adjusting 
carburettor.  

5 

In-cylinder pressures 
will be monitored to 
ensure they do not go 
above 100 bar which 
can cause excess 
thermal loads. Coolant 
temperature will be 
monitored and ensured 
to stay between 110 - 
120 C. Air fuel ratio 
(lambda) will be 
measured and 
monitored to ensure the 
mixture does not get 
too lean or rich to 
cause excess thermal 
loads (range of 10.5 to 
15). Increase engine 
speeds in small 
increments of 500 rpm 
during engine speeds. 
Abnormal engine noise 

4 180 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 3 2 54 

        9 

Improper 
handing 

when 
inserting the 

cirlips 

Use KTM 
approved 
workshop to install 
circlips and the 
carry out the whole 
engine assembly 

2 

Look out for reduced 
engine performance 
due to compression 
loss or increased 
friction. Abnormal 
engine noise 

5 90 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 1 2 18 

        9 

Piston 
running at an 
angle due to 

bent 
connecting 

rod 

Visually inspect 
and check the 
connecting rod 
before engine 
assembly 

2 

Look out for reduced 
engine performance 
due to compression 
loss or increased 
friction. Abnormal 
engine noise 

5 90 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 1 2 18 

Piston Top 
Land   Insufficient 

clearance  scuffing 6 

Overheating 
due to faults 

in 
combustion 

process 

Ensure the air flow 
in the test cell is 
not interrupted and 
it can provide 
enough air for the 

6 

Listen for abnormal 
engine noise. Look out 
for reduced engine 
performance due to 
increased friction i.e. 

5 180 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 5 3 90 
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engine operation. 
Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much/less fuel 
into combustion 
chamber.  Use the 
correct ECU for 
engine. 

lower torque than 
expected. Measure and 
monitor the air fuel ratio 
(AFR) or lambda and 
ensure it stays within 
10.5 - 14.5 by adjusting 
carburettor jets 

        6 

Faults in 
engine 
cooling 
system 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 
pumped/circulated. 

4 

Coolant temperature at 
exit from engine will be 
monitored and ensured 
to stay between 110 - 
120 C. 

4 96 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 3 2 36 

        6 faults in oil 
supply 

Check the oil 
pump is in good 
working condition, 
top up the engine 
with approved oil. 
Visually inspect 
and check for 
engine oil before 
running the engine 
and top up with 
recommended oil if 
needed.  

3 

Look out for reduced 
engine 
performance/behaviour. 
Check engine oil level 
regularly for increased 
oil consumption 

5 90 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 2 2 24 

        6 

Extended 
high loads on 

the engine 
before it has 
been fully run 

in 

Run the engine 
under light load 
condition (approx. 
1 hour in 
increments of 20 
minutes) before 
the actual testing. 

4 

Look out for reduced 
engine performance 
due to increased 
friction i.e. lower torque 
than expected 

5 120 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 2 2 24 

      Engine 
seizure 9 

Overheating 
due to faults 

in 
combustion 

process 

Ensure the air flow 
in the test cell is 
not interrupted and 
it can provide 
enough air for the 
engine operation. 
Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much/less fuel 
into combustion 
chamber.  Use the 
correct ECU for 
engine. 

6 

Listen for abnormal 
engine noise. Look out 
for reduced engine 
performance due to 
increased friction i.e. 
lower torque than 
expected. Measure and 
monitor the air fuel ratio 
(AFR) or lambda and 
ensure it stays within 
10.5 - 14.5 by adjusting 
carburettor jets 

5 270 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 5 3 135 
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        9 

Faults in 
engine 
cooling 
system 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 
pumped/circulated. 

4 

Coolant temperature at 
exit from engine will be 
monitored and ensured 
to stay between 110 - 
120 C. 

4 144 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 3 2 54 

        9 faults in oil 
supply 

Check the oil 
pump is in good 
working condition, 
top up the engine 
with approved oil. 
Visually inspect 
and check for 
engine oil before 
running the engine 
and top up with 
recommended oil if 
needed.  

3 

Look out for reduced 
engine 
performance/behaviour. 
Check engine oil level 
regularly for increased 
oil consumption 

5 135 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 2 2 36 

        9 

Extended 
high loads on 

the engine 
before it has 
been fully run 

in 

Run the engine 
under light load 
condition (approx. 
1 hour in 
increments of 20 
minutes) before 
the actual testing. 

4 

Look out for reduced 
engine performance 
due to increased 
friction i.e. lower torque 
than expected 

5 180 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 2 2 36 

    Radial Impact Engine noise 5 

Excessive 
installation 
clearances 
between 

piston and 
cylinder liner 

Design new piston 
with the same 
amount of 
clearance between 
the piston and 
cylinder liner as 
the original piston. 

4 Listen for abnormal 
engine noises 3 60 

Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 5 2 2 20 

        5 

Tight 
connection or 
not enough 
clearance 
between 

piston and 
connecting 
rod at small 

end 

Design new piston 
with the same 
amount of 
clearance between 
the piston and the 
connecting rod at 
small end as the 
original piston.  

4 Listen for abnormal 
engine noises 3 60 

Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 5 2 2 20 

        5 
Connecting 

rod not 
aligned 

Use KTM 
approved 
workshop to carry 
out engine 
assembly and 
check for 
connecting rod 
alignment 

3 Listen for abnormal 
engine noises 3 45 

Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 5 1 2 10 

      Piston fracture 9 

Excessive 
installation 
clearances 
between 

Design new piston 
with the same 
amount of 
clearance between 

4 
Reduced engine 
performance/behaviour, 
abnormal engine noise 

3 108 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 2 2 36 
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piston and 
cylinder liner 

the piston and 
cylinder liner as 
the original piston 

        9 

Tight 
connection or 
not enough 
clearance 
between 

piston and 
connecting 
rod at small 

end 

Design new piston 
with the same 
amount of 
clearance between 
the piston and the 
connecting rod at 
small end as the 
original piston 

4 
Reduced engine 
performance/behaviour, 
abnormal engine noise 

3 108 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 2 2 36 

        9 
Connecting 

rod not 
aligned 

Use KTM 
approved 
workshop to carry 
out engine 
assembly and 
check for 
connecting rod 
alignment 

3 
Reduced engine 
performance/behaviour, 
abnormal engine noise 

3 81 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 1 2 18 

      
Reduced 

piston fatigue 
life 

7 

Excessive 
installation 
clearances 
between 

piston and 
cylinder liner 

Design new piston 
with the same 
amount of 
clearance between 
the piston and 
cylinder liner as 
the original piston 

4 
Reduced engine 
performance/behaviour, 
abnormal engine noise 

3 84 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 2 2 28 

        7 

Tight 
connection or 
not enough 
clearance 
between 

piston and 
connecting 
rod at small 

end 

Design new piston 
with the same 
amount of 
clearance between 
the piston and the 
connecting rod at 
small end as the 
original piston 

4 
Reduced engine 
performance/behaviour, 
abnormal engine noise 

3 84 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 2 2 28 

        7 
Connecting 

rod not 
aligned 

Use KTM 
approved 
workshop to carry 
out engine 
assembly and 
check for 
connecting rod 
alignment 

3 
Reduced engine 
performance/behaviour, 
abnormal engine noise 

3 63 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 1 2 14 

      
Reduced 
engine 

performance 
6 

Excessive 
installation 
clearances 
between 

piston and 
cylinder liner 

Design new piston 
with the same 
amount of 
clearance between 
the piston and 
cylinder liner as 
the original piston 

4 
Reduced engine 
performance/behaviour, 
abnormal engine noise 

3 72 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 2 2 24 

        6 

Tight 
connection or 
not enough 
clearance 
between 

piston and 
connecting 
rod at small 

Design new piston 
with the same 
amount of 
clearance between 
the piston and the 
connecting rod at 
small end as the 
original piston 

4 
Reduced engine 
performance/behaviour, 
abnormal engine noise 

3 72 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 2 2 24 
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end 

        6 
Connecting 

rod not 
aligned 

Use KTM 
approved 
workshop to carry 
out engine 
assembly and 
check for 
connecting rod 
alignment 

3 
Reduced engine 
performance/behaviour, 
abnormal engine noise 

3 54 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 1 2 12 

    Overheating Piston scuffing 6 

Extended 
high loads on 

the engine 
before it has 
been fully run 

in 

Run the engine 
under light load 
condition (approx. 
1 hour in 
increments of 20 
minutes) before 
the actual testing. 

4 

Look out for reduced 
engine performance 
due to increased 
friction i.e. lower torque 
than expected 

5 120 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 3 3 54 

        6 
Faults in 

combustion 
process 

Ensure the air flow 
in the test cell is 
not interrupted and 
it can provide 
enough air for the 
engine operation. 
Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much/less fuel 
into combustion 
chamber.  Use the 
correct ECU for 
engine. 

6 

Look out for reduced 
engine performance 
due to increased 
friction i.e. lower torque 
than expected. 
Measure and monitor 
the air fuel ratio (AFR) 
or lambda and ensure it 
stays within 10.5 - 14.5 
by adjusting carburettor 
jets 

5 180 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 5 3 90 

        6 
Faults in 
cooling 
system 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 
pumped/circulated. 

4 

Coolant temperature at 
exit from engine will be 
monitored and ensured 
to stay between 110 - 
120 C. 

5 120 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 3 2 36 

        6 

Use of 
improper 

compression 
ring 

Use the 
compression ring 
recommended by 
the engine's 
manufacturer 
(KTM) and 
purchase from 
manufacturer's 
approved suppliers 

3 

Look out for reduced 
engine performance 
due to increased 
friction i.e. lower torque 
than expected 

5 90 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 1 2 12 
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      Total engine 
seizure 9 

Extended 
high loads on 

the engine 
before it has 
been fully run 

in 

Run the engine 
under light load 
condition (approx. 
1 hour in 
increments of 20 
minutes) before 
the actual testing. 

4 

Look out for reduced 
engine performance 
due  to increased 
friction i.e. lower torque 
than expected 

5 180 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 3 3 81 

        9 
Faults in 

combustion 
process 

Ensure the air flow 
in the test cell is 
not interrupted and 
it can provide 
enough air for the 
engine operation. 
Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much/less fuel 
into combustion 
chamber.  Use the 
correct ECU for 
engine. 

6 

Look out for reduced 
engine performance 
due to increased 
friction i.e. lower torque 
than expected. 
Measure and monitor 
the air fuel ratio (AFR) 
or lambda and ensure it 
stays within 10.5 - 14.5 
by adjusting carburettor 
jets 

5 270 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 5 3 135 

        9 
Faults in 
cooling 
system 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 
pumped/circulated. 

4 

Coolant temperature at 
exit from engine will be 
monitored and ensured 
to stay between 110 - 
120 C. 

5 180 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 3 2 54 

        9 

Use of 
improper 

compression 
ring 

Use the 
compression ring 
recommended by 
the engine's 
manufacturer 
(KTM) and 
purchase from 
manufacturer's 
approved suppliers 

3 

Look out for reduced 
engine performance 
due to increased 
friction i.e. lower torque 
than expected 

5 135 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 9 1 2 18 

      
reduced 
engine 

performance 
6 

Extended 
high loads on 

the engine 
before it has 
been fully run 

in 

Run the engine 
under light load 
condition (approx. 
1 hour in 
increments of 20 
minutes) before 
the actual testing. 

4 

Look out for reduced 
engine performance 
due increased friction 
i.e. lower torque than 
expected 

5 120 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 3 3 54 

        6 
Faults in 

combustion 
process 

Ensure the air flow 
in the test cell is 
not interrupted and 
it can provide 
enough air for the 
engine operation. 
Adjust carburettor 
(set needle to 
fourth position 

6 

Look out for reduced 
engine performance 
due to increased 
friction i.e. lower torque 
than expected. 
Measure and monitor 
the air fuel ratio (AFR) 
or lambda and ensure it 
stays within 10.5 - 14.5 

5 180 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 5 3 90 
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from top) not to put 
too much/less fuel 
into combustion 
chamber.  Use the 
correct ECU for 
engine. 

by adjusting carburettor 
jets 

        6 
Faults in 
cooling 
system 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 
should be 
constantly 
pumped/circulated. 

4 

Coolant temperature at 
exit from engine will be 
monitored and ensured 
to stay between 110 - 
120 C. 

4 96 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 3 2 36 

        6 

Use of 
improper 

compression 
ring 

Use the 
compression ring 
recommended by 
the engine's 
manufacturer 
(KTM) and 
purchase from 
manufacturer's 
approved suppliers 

3 

Look out for reduced 
engine performance 
due to increased 
friction i.e. lower torque 
than expected 

5 90 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 6 1 2 12 

      

Reduced 
piston/engine 

life and 
reliability 

7 

Extended 
high loads on 

the engine 
before it has 
been fully run 

in 

Run the engine 
under light load 
condition (approx. 
1 hour in 
increments of 20 
minutes) before 
the actual testing. 

4 

Look out for reduced 
engine performance 
due to increased 
friction i.e. lower torque 
than expected 

5 140 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 3 3 63 

        7 
Faults in 

combustion 
process 

Ensure the air flow 
in the test cell is 
not interrupted and 
it can provide 
enough air for the 
engine operation. 
Adjust carburettor 
(set needle to 
fourth position 
from top) not to put 
too much/less fuel 
into combustion 
chamber.  Use the 
correct ECU for 
engine. 

6 

Look out for reduced 
engine performance 
due to increased 
friction i.e. lower torque 
than expected. 
Measure and monitor 
the air fuel ratio (AFR) 
or lambda and ensure it 
stays within 10.5 - 14.5 
by adjusting carburettor 
jets 

5 210 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 5 3 105 

        7 
Faults in 
cooling 
system 

Ensure the coolant 
pump and the 
coolant system in 
the test cell are in 
good working 
condition, the 
coolant should 
have minimum 
capacity of 1.20 
litre. The coolant 

4 

Coolant temperature at 
exit from engine will be 
monitored and ensured 
to stay between 110 - 
120 C. 

4 112 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 3 2 42 
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should be 
constantly 
pumped/circulated. 

        7 

Use of 
improper 

compression 
ring 

Use the 
compression ring 
recommended by 
the engine's 
manufacturer 
(KTM) and 
purchase from 
manufacturer's 
approved suppliers 

3 

Look out for reduced 
engine performance 
due to increased 
friction i.e. lower torque 
than expected 

5 105 
Use prevention 
and detection 
design controls 

HA 20/03/2021 Recommended 
actions taken 7 1 2 14 

Cylinder Head 

Controls the 
air flow in 
and out of 
the cylinder 
by housing 
valves. It 
also controls 
the flow of 
fuel by 
connecting to 
the 
carburettor. It 
seals the top 
end of the 
combustion 
chamber and 
resist 
combustion 
load of up to 
100 bar.  

                    HA 20/03/2021         0 

Engine Oil Or 
Lubrication   Lack of 

lubrication     

Oil film is 
forced away 
by expanding 

piston due 
excessive 

heat 

            HA 20/03/2021         0 

Coolant/Water 
Pump 

Continuously 
circulates 
water/coolant 
to ensure the 
coolant 
temperature 
at exit does 
not exceeds 
110 - 120 C 

                    HA 20/03/2021         0 

Engine Cooling 
System 

Removes 
excess heat 
and 
maintains 
engine 
operating 
temperatures 
with coolant 
exit 
temperature 

                    HA 20/03/2021         0 
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of around 90-
120 degrees 
on average 

Cylinder Head 
Gasket 

Provides 
seal between 
cylinder and 
cylinder head 
and 
withstanding 
pressures up 
to 100 bar 

                    HA 20/03/2021         0 

Oil Pump 

Continuously 
circulates 
oil/lubricants 
under high 
pressure to 
maintain the 
engine 
components 
lubricated 

  

mix piston to 
cylinder 
friction, 
piston 
scuffing, total 
engine 
seizure 

                HA 20/03/2021         0 
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Appendix D.1. Failure mechanisms in new lightweight piston 

Based on the DFMEA results and expert opinions from KTM mechanic and piston designer, the first 

new piston might have failed in the following 2 manners.  

D.1.1. Lack of lubrication caused by fuel flooding due to excessive use of choke 

The top 8 or highest risk priority numbers (RPNs) from DFMEA were (324, 315, 288, 280 

and 270) and these are highlighted in Red. They all refer to excessive use of choke or faults 

in combustion process which could have caused fuel flooding due to excessive use of choke. 

The fuel washes away oil film from piston and cylinder liner, thus mix friction occurs which 

leads to seizure.   

It can be seen in Figure D.1 that piston crown is all covered in un-burnt fuel while some is 

even collected in valve pockets (in red). 

 

 

 

 

 

 

 

 

Figure D.1. Fuel flooded piston 
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D.1.2. Less cylinder deformation due to lower coolant temperature 

The high risk priority number (270) also points to overheating of the piston top land due to 

faults in combustion process which could have been as a result of fuel flooding. The 

overheating would have expanded the piston much more than it would have been during 

normal combustion process. This problem would have been made worse due to lower 

temperature of the coolant. The cylinder liner did not expand much due to lower coolant 

temperature and hence there was no space for piston to expand into. Furthermore, the 

cylinder liner is made of cast iron which has more than twice thermal expansion coefficient 

compared to aluminium alloy that piston is made of. This would have led to increased friction 

and then to seizure. The engine manufacturer recommended coolant temperature is 110 – 120 

°C, while coolant temperature of 80 °C was used for testing.  The coolant temperatures of 80 

°C and 120 °C have been simulated in piston FEA and it can be seen that it makes significant 

difference when the coolant temperature is 120 °C instead of 80 °C. 

Figures D.2 and D.4 give cylinder deformations in X direction while Figures D.3 and D.5 

give cylinder deformations in Y direction for 80 °C and 120 °C respectively. The cylinder 

deformed 25.3% and 24% more in X and Y directions with coolant temperature 120 °C. 

Therefore coolant temperature of 110-120 °C should be used instead of 80 °C. 
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Figure D.2. Cylinder deformation in X direction (along pin direction) with coolant temperature of 80 

°C 

 

 

 

 

 

 

 

 

 

 

 

Figure D.3. Cylinder deformation in Y direction (perpendicular to pin direction) with coolant 

temperature of 80 °C. 
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Figure D.4. Cylinder deformation in X direction (along pin direction) with coolant temperature of 

120 C 

 

 

 

 

 

 

 

 

 

 

Figure D.5. Cylinder deformation in Y direction (perpendicular to pin direction) with coolant 

temperature of 120 °C. 
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Appendix D.2. Checklist for new piston assembly and testing 

Based on design failure mode and effect analysis (DFMEA) findings, a check list was 

created. The check list was divided into the following three areas for effective actions to be 

taken. 

D.2.1. Assembly, disassembly and piston installation 

 Check the connecting rod for wear especially the small end before installation. 

 Check the gap between piston and cylinder head before installation 

 Ensure 10 and 30 Nm torque is applied to the cylinder head nuts in stage 1 and 2 and 

the tightened diagonally as recommended by the manufacturer (KTM). 

 Check the correct head gasket is used. Purchase from KTM. 

 Inspect the threads and bores before installation of the head bolts 

 Top up the engine with the correct quality (SAE 10W50) and quantity (1.2 litre) of 

engine oil 

 Inspect the coolant pump and ensure it is in working condition.  

 Inspect engine oil pump and ensure it is in good condition before running the engine 

 Inspect and measure cylinder finish before engine assembly. 

 Ensure the rings are fitted correctly  

 Visually inspect and check cylinder for erosion before engine assembly 

 Clean all the surfaces before engine assembly 

 Use KTM approved workshop to install circlips and the carry out the whole engine 

assembly 

 Use KTM approved workshop to carry out engine assembly and check for connecting 

rod alignment 
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D.2.2. Just before testing the engine 

 Adjust the carburettor (set needle to fourth position from top) before testing the 

engine so it does put in too much or too little fuel into the combustion chamber.  

 To bed the new piston in, run the engine under light load condition for an hour in 

increment of 20 minutes. 

 Ensure the coolant pump and test cell coolant system is in working condition. 

 Visually inspect and check for engine oil before running the engine 

 Ensure the correct ECU is used. 

 Ensure the air and fuel flow into the engine is not interrupted 

 Ensure the test cell is not too cold so there is not much need of using choke 

D.2.3. During engine operation 

 Ensure to run the engine in idle for long enough after just starting so any excess fuel 

is burnt and the strong gasoline smell from exhaust disappear. 

 Monitor and measure coolant temperature at exit from engine and ensure it stays 

between 110 – 120 °C. 

 Monitor and measure in-cylinder pressure and ensure it does not exceed 100 bar. 

 Monitor and measure air fuel ratio (AFR)/lambda and ensure it stays between 10.5 – 

15. 

 Ensure to change engine speeds in increment of 500 rpm NOT 1000 rpm. 

  Ensure to keep the engine in new rpm for 5 minutes to reach thermal stability.  

 Ensure air flow is not interrupted 

 Listen out for rattling or any other abnormal sound during engine operation. 

 Listen for fast cranking when starting the engine, this is sign of fuel flooding.  

 Look out for abnormal fuel consumption using the Fuel Measuring System, excess 

fuel can fuel flooding, overheating and other problems.  


