
 

 

 
 

JÖNKÖPING UNIVERSITY, SCHOOL OF ENGINEERING  
 
 
 

The Influence of Microstructure on 
Mechanical and Tribological Properties 

of Lamellar and Compacted Irons in 
Engine Applications 

 

 
ROHOLLAH GHASEMI 

 

 

 

 

 

 
 
 
 
 
 

DISSERTATION SERIES NO. 17, 2016 
JÖNKÖPING, SWEDEN, 2016 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Doctoral Thesis 

The Influence of Microstructure on Mechanical and Tribological 
Properties of Lamellar and Compacted Irons in Engine Applications 
 
Rohollah Ghasemi 
 
Dissertation Series No. 17, 2016 
Copyright © 2016, Rohollah Ghasemi 
 
 
Published and Distributed by 
School of Engineering, Jönköping University 
Department of Materials and Manufacturing 
SE-551 11 Jönköping, Sweden 
Tel.: +46 36 101000 
www.ju.se 
 
Printed in Sweden by 
Ineko AB, 2016 
 
ISBN 978-91-87289-18-7 
  

http://www.ju.se/


 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 Dedicated to My Beloved Wife 
                                                                              and My Parents 
  





THE INFLUENCE OF MICROSTRUCTURE ON MECHANICAL AND TRIBOLOGICAL 
 PROPERTIES OF LAMELLAR AND COMPACTED IRONS IN ENGINE APPLICATIONS 

i 
 

 
ABSTRACT 

 
 
Lamellar graphite iron (LGI) is commonly used in diesel engine applications such as piston 
rings–cylinder liner where an excellent combination of physical and tribological properties is 
essential to avoid scuffing and bore polishing issues. The excellent tribological behaviour of 
LGI alloys is related to the graphite lamellas, which act as solid lubricant agents by feeding 
onto the tribosurfaces under sliding conditions. However, increasingly tighter emissions and 
fuel economy legislations and the higher demands on enhanced power and durability have 
encouraged both engine designers and manufacturers to introduce pearlitic compacted 
graphite irons (CGI) as an alternative material replacing LGI, although the poor 
machinability of pearlitic CGI alloys compared to the LGI remains a challenge. 
The focus of this study is placed on investigating how the microstructure of LGI and CGI 
alloys affects their mechanical and tribological properties. This was initially undertaken by 
investigating representative, worn lamellar cast iron piston rings taken from a two-stroke 
large-bore heavy-duty diesel engine. As known that it is tribologically essential to keep the 
graphite open under sliding conditions, in particular under starved lubrication regimes or 
unlubricated conditions to avoid scuffing issues; however, this study revealed the closure of 
a majority of graphite lamellas; profoundly for those lamellas that were parallel to sliding 
direction; due to the severe matrix deformation caused by abrasion. Both microindentation 
and microscratch testing, which were used to crudely simulate the abrasion under starved 
lubricated condition in combustion chamber, suggested a novel mechanism of activating the 
graphite lamellas to serve as lubricating agents in which the matrix deformation adjacent to 
the graphite initially resulted in fracturing and then extrusion of the graphite lamellas. 
Additionally, in order to investigate the relation between matrix constituents, mechanical 
properties and machinability of cast iron materials, solution-strengthened CGI alloys were 
produced with different levels of silicon and section thicknesses. The results showed 
significant improvements in mechanical properties and machinability while deteriorating the 
ductility. Moreover, multiple regression analysis, based on chemical composition and 
microstructural characteristics was used to model the local mechanical properties of high Si 
ferritic CGI alloys, followed by implementing the derived models into a casting process 
simulation which enables the local mechanical properties of castings with complex 
geometries. Very good agreement was observed between the measured and predicted 
microstructure and mechanical properties. 
Keywords: Cast iron, Si solution-strengthened CGI, microstructure, mechanical properties, 
modelling and simulation, tribology, abrasive wear, scratch testing. 
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CHAPTER 1 

 
INTRODUCTION 

 
CHAPTER INTRODUCTION 

This chapter deals with a brief introduction to different types of lubrication mode, wear 

mechanism, and short discussion on the significance of tribology in industry applications, 

especially piston rings and cylinder liners applications. However, due to the complexity of 

tribology as a subject, it is not possible to fully discuss the wear process during sliding; and 

this has not been the objective of the present study; rather, this discussion is used to 

highlight how the microstructure affects the mechanical and tribological properties of cast 

iron materials in high-performance marine diesel engine. 

 

1.1 MOTIVATION AND BACKGROUND 

Tribology – the science and technology of interacting surfaces in relative motion – is a 

multidisciplinary subject that embraces the study of friction, wear, and lubrication [1]. The 

tribological processes are significantly influenced by the nature material of the 

tribosurfaces, shape of the mating surfaces, and operating environment, and so are very 

complex phenomena. Thus, an understanding of tribology requires knowledge of friction, 

wear, lubrication, adhesion, surface fatigue, thermodynamics, solid mechanics, fluid 

mechanics, etc. In most cases, the sliding surfaces are substantially damaged when they 

move relative to each other. Tribology is relevant to various applications, which involve 

sliding and rolling surfaces, such as brakes, clutches, driving wheels, internal combustion 

engines, gears, bearings, etc. Hence, tribological design and material selection play 

important roles in durability and performance of the mechanical machines [2]. 

Tribology has attracted significant attention in recent research [3-5] due to its status as a 

crucial and undesirable phenomenon in numerous industrial applications, illustrating the 

significance accorded to it by the industry, with particular regard to wear issues. Wear 

processes often occur gradually that cause a successive removal of material from one or 

more surfaces that move relatively against each other. 
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In a closed tribosystem, the rubbing of surfaces can cause an increase in the friction 

coefficient of, which is usually immediately accompanied by a dramatic increase in surface 

temperature [6]. In most cases, the shear stress induced on the sliding surfaces, as a 

consequence of the applied load, is high enough to cause a significant plastic deformation 

of the matrix and, in thus, resulting micro-welding issues [7]. In complex applications in 

which components have to withstand high pressures and temperatures (such as piston 

rings and cylinder liner systems), the importance of friction reduction and wear control 

cannot be overemphasised with regard to economic considerations and long-term 

reliability [4]. Thus, in order to improve the wear resistance and tribological performance 

of materials, usage of high-performance wear resistant coatings, suitable surface 

treatments, and proper lubricants are often suggested as preventative solutions [8]. Other 

important factors which should be taken into account in order to enhance the wear 

resistance of sliding parts include the initial operating conditions, such as oil clearance and 

the proper running-in of surface texture [9].  

Low-friction and -adhesion conditions provide a smooth sliding environment, reducing 

friction between the sliding surfaces. This can be achieved using appropriate lubricants, in 

the form of either liquid or solid agents. For instance, it is well understood that friction can 

notably be affected by the existence of a thin film (created by a solid lubricating agent) 

between the moving surfaces, which separates them [10]. This layer controls the wear 

processes to a large extent and is generally beneficial, as it reduces friction and wear; 

however, there exist some instances in which film formation has caused an increase in 

friction and wear [6, 11]. In addition, from a microstructural perspective, the matrix 

structure significantly affects the mechanical properties and tribological behaviour of 

materials; this may include deformation and fracture mechanisms, as well as the friction 

and sliding wear response of bodies under sliding conditions [12].  

1.2 ON THE LUBRICATION AND WEAR CLASSIFICATION   

With most wear mechanisms, surface damage occurs due to the progressive removal of 

material from one or both of the sliding surfaces, the transfer of material from one surface 

to the other, or the displacement of material from a single surface. Wear, as friction, is not 

considered as material property; rather, it is a material response which is primarily 

influenced by the contact conditions, such as counterpart stiffness [13, 14], contact shape 

[15], sliding velocity [16], temperature, and the presence or absence of lubricant [17, 18]. 

To better understand the importance of the lubricant on affecting the friction developed 

between the sliding surfaces, the lubrications modes and wear mechanisms are briefly 

discussed here.  
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1.2.1 CLASSIFICATION OF LUBRICATION MODES 

In case of lubricated sliding, the coefficient of friction and lubrication modes are usually 

described by the Stribeck Curve, as depicted in Figure 1, which is a function of load, sliding 

velocity and viscosity of lubricant [19], and briefly discussed below. 

 

Figure 1. Generalised Stribeck Curve determining various lubrication regimes [19]. 

1.2.1.1 Hydrodynamic Lubrication (HL)  

In this mode, a fluid-film formed between the mating surfaces is thick enough to fully 

separate the sliding surfaces and prevent the direct contacts between the asperities and the 

other surface during relative motion. Viscosity of the lubricant plays a significant role 

determining in this lubrication mode. In this case, the load is mainly carried by the fluid-

film; hence, the hydrostatic pressure formed within the lubrication film might cause only a 

small elastic distortion of the surface that is usually neglected [20].  

1.2.1.2 Elasticohydrodynamic Lubrication (EHL)  

Similar to the hydrodynamic mode, a fluid-film separates the sliding surfaces, however, the 

high local pressure together with the thinner lubricant film; as compared to the 

hydrodynamic lubrication mode; cause to induce a considerable elastic deformation on the 

sliding bodies that cannot be neglected anymore [20]. 

1.2.1.3 Boundary Lubrication (BL)  

The boundary-lubricating mode is primarily controlled by the viscoelasticity and plasticity 

of the molecules adsorbed (lubricant films) on the interacting surfaces forming a very thin 

film of lubricant, which gives rise to lower the friction and prevent wear. In this mode, the 

pressure is principally carried by mechanical contacts between the tribosurfaces so that the 

contacts between the asperities are significant important and the chemistry of lubricant 

highly influences the present lubrication mode by determining the contact area developed 

between the interacting surfaces or the appearance of ploughing effects. 
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1.2.1.4 Mixed Lubrication (ML)  

This mode is characteristically considered as a transition stage from the full fluid-film to 

the boundary lubrication while the load is carried by both the entrained fluid and asperities. 

In this lubrication mode, both the viscosity and chemistry have significant effect on 

controlling the wear mechanism. As has been indicated in Figure 1, the lubrication modes 

in piston ring applications can vary from the mixed lubrication regime to hydrodynamic 

mode depending on the operating conditions such as lubricant properties, surface finish 

(asperities), contact pressure developed between the piston rings and cylinder liner as well 

as the piston sliding velocity [1]. 

1.2.2 CLASSIFICATION OF WEAR MECHANISMS 

Wear classification has always been very challenging due to the fact that, in reality, multiple 

different wear mechanisms take place simultaneously and typically influence one another 

in a complex way that makes predicting wear processes very difficult. As a result, wear 

terminology and definitions are continually updated based on the latest scientific and 

empirical observations. Among the various types of wear mechanisms; corrosive, abrasive, 

and adhesive (schematically depicted in Figure 2) occur most frequently in piston rings and 

cylinder liner operating conditions [4, 10], and is briefly described below.  

 

Figure 2. Schematic showing the three main wear mechanisms, which cause material removal 
during sliding; (a) corrosive, (b) adhesive, and (c) abrasive, caused by two- or three-body 

abrasion mechanisms. 

1.2.2.1 Corrosive wear 

Corrosion plays an important role in determining the extent of material removal, but still 

lags behind adhesive and abrasive wear in terms of impact, with almost two-thirds of all 

wear in industrial applications occurring as a result of the latter two wear mechanisms [21]. 

Figure 2(a) schematically shows the removal or loss of material due to the oxidative 

chemical reaction of the metal surface in a corrosive environment, which can be 

encountered in air (unlubricated) or a liquid base (lubricated). Under unlubricated 

conditions, the removal of material is primarily controlled by mechanical processes that 

occur after oxidation due to the presence of humidity, oxygen, and other industrial vapours. 

In these circumstances, metal oxide and hydroxide are the corrosion products; thus, it is 

commonly referred to as ‘oxidative wear’. However, for metallic components operating in 

an open atmosphere, deposited carbonate compound formation is also a commonly 
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occurring phenomenon [22]. However, under boundary-lubricated conditions, the 

chemical attack and oxidation of the lubricant can lead to formation of the organic acids 

such as sulphuric acid [22], as happens in heavy-fuel diesel engines, exacerbating the wear 

in that both a chemical reaction and reciprocal sliding take place simultaneously. 

Depending on the liquid environment, a thin compound layer, termed a ‘tribofilm’, can also 

be formed between the sliding surfaces [12]. Studies [4, 22] have shown that the total 

amount of dissolved oxygen in water markedly affects film formation for hydrates and 

hydroxides, but the presence of aggressive substances, such as chloride in offshore and 

marine service applications, may also result in the formation of common corrosion 

products, such as chlorides and oxychloride compounds. 

1.2.2.2 Adhesive wear 

Adhesive wear, which is sometimes used to explain sliding wear, involves a number of 

physical and chemical processes, each of which causes material loss. As can be seen in 

Figure 2(b), adhesive wear occurs when two mating surfaces that are adhered together as 

one move against each other. Under simultaneous sliding and loading conditions, a shear 

stress develops at the asperities’ contacts that is sufficiently high to cause local plastic 

deformation of the matrix and, subsequently, detachment of material [4] from one or both 

mating surfaces, as shown in Figure 2(b). As the sliding continues, direct and continuous 

contact between the original interfaces or asperities, which are the weakest areas [23], may 

result in plastic shearing and the transferring of one or more material fragments from one 

surface (softer) to the other (harder). The consequence of successive loading and unloading 

processes is an increase in friction force and plastic deformation, which in most cases is 

accompanied by the gradual formation of loose metal particles (i.e. debris) in the form of 

either individual or agglomerated detached particles [21, 22]. The metallic particles 

observed on worn surfaces are interpreted as indications of severe plastic deformation, and 

are generally characterised by their irregular, blocky appearance. In heavy-fuel diesel 

engines, in the worst-case scenario, severe adhesive wear is manifested as scuffing, seizure, 

and micro-welding which are serious tribological damages and issues in combustion 

chambers. 

1.2.2.3 Abrasive wear 

Abrasive wear (abrasion) typically takes place when material removal and displacement 

from the sliding surfaces is influenced by hard particles, which are either asperities present 

on the sliding surfaces or foreign particles confined between the tribosurfaces, scratching 

the surfaces. These asperities and/or particles are sufficiently hard to scratch the softer 

mating surfaces, causing severe damage to the interface in the form of plastic deformation 

or fracture. Severe plastic deformation in soft materials (high fracture toughness) caused 

by scratches is typically accompanied by a significant matrix deformation. However, in 

brittle materials (low fracture toughness), abrasive wear normally appears in the form of 
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brittle fracture and cracking marks on worn surfaces [22]. It may manifest itself as either a 

two- or three-body abrasion mechanism [24, 25], as schematically illustrated in Figure 2(c). 

With the former, hard protuberances (i.e. asperities) on the counter surface abrade and 

scratch the softer surface in a manner similar to that which occurs during machining, 

cutting, or grinding. In the latter, however, hard particles confined between the mating 

sliding surfaces, causing abrasion. As is discussed above, the abrasive particles must be 

sufficiently harder than one or both of the sliding surfaces in order to scratch them [26]. As 

indicated by Goddard et al. [27], the shape and attack angle of the abrasive particles are 

important parameters in determining the severity of wear, as only a small fraction of 

particles cause wear during both two- and three-body abrasion [4].  

Typically, the integrity of coated substrates and the abrasive wear behaviour of bulk 

materials are evaluated using single-point scratch testing technique. Figure 3 schematically 

illustrates the abrasive wear of a typical, fairly ductile material, caused by an indenter with 

a semi-spherical tip (simulating a hard conical asperity) sliding on and scratching a soft flat 

surface. 

 

Figure 3. Schematic representation of scratching a soft material by a semi-spherical indenter. 

Several mechanisms have been suggested for calculating the volume of materials removed 

due to abrasive wear, including those proposed by Bhushan [21] and Archard [23]. 

Equation 1, proposed by Archard, shows that the volume of material removed as a 

consequence of abrasive wear, i.e. single-point scratch testing, is proportional to the 

applied load and sliding distance, and inversely proportional to the material surface 

hardness.  

v

WLV = K
H

 ( 1 ) 

where V (mm3/m) is wear volume, W (N) is load, L (m) is sliding distance, K is a non-

dimensional wear coefficient as a fraction of the real contact area, and vH (kg/mm2) is the 

hardness index [28].  

Through micro-level abrasion caused by a hard particle, plastic deformation and the 

removal of material can appear in several deformation modes, including ploughing, wedge 
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formation, and cutting on the affected surface, as depicted schematically in Figure 4(a), (b), 

and (c), respectively [21, 29], and briefly described below. 

 

Figure 4. Schematic of different micro-abrasive wear modes as a consequence of plastic 
deformation: (a) micro-ploughing; (b) micro-wedge formation; (c) micro-cutting. 

• Micro-ploughing mechanism 

In micro-ploughing (also called ‘ridge formation’) mode, the displacement and plastic 

deformation of the softer material occurs along the sides of the groove (also called the 

‘ploughing zone’) and without insignificant removal of material, as shown in Figure 4(a). 

No wear particles of a consequential size are generated as a consequence of micro-

ploughing, and so this type of abrasion is typically considered to be a moderate and steady 

state of abrasive sliding [30]. In a closed tribosystem, however, repetitive abrasive contact 

can lead to material delamination such that ridged regions become flattened and 

subsequently fractured due to a cyclic fatigue mechanism, which significantly intensifies 

the debris formation rate [31]. In addition to surface deformation, the scratching of a 

material generally results in both surface and subsurface plastic deformation, together with 

surface and subsurface crack initiation. Increasing the load during sliding causes the 

propagation of pre-existing cracks parallel to the surface so that, under given shear stress 

conditions, wear plates are formed. Therefore, wear particles and wear platelets are 

produced as a result of the generation and characteristics of ridges, and the propagation of 

surface and subsurface cracks, respectively. 

• Micro-wedge formation mechanism 

The micro-wedge formation mechanism, see Figure 4(b), is considered to be a transition 

between micro-ploughing and micro-cutting modes [32]. Here, the scratching of a soft 

material is accompanied by a small deformation in the form of displaced material to the 

side of the scratch path, and the rest of the deformed matrix develops as a wedge in front 

of the abrasive tip, which is being removed in a manner similar to that of micro-cutting 

mechanism [46]. Wedge formation commonly happens when the interface shear strength 

to bulk shear strength ratio is between 0.5 and 1. This model was theoretically introduced 

by Challen and Oxley [33], and validated experimentally by Hokkirigawa et al. [29].  
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• Micro-cutting mechanism 

Extremely severe abrasive wear caused by a hard particle or asperity with a large attack 

angle is termed ‘micro-cutting’, as can be observed in Figure 4(c); similar to the cutting 

mechanism, hard particles plough the surface to the extent that the entirety of the material 

removed reappears in the form of micro-chips ahead of the abrasive particle tip (indenter) 

[34]. Moreover, adhesion takes place between the indenter front face and the matrix 

strongly influences the lateral displacement response of the material during scratching. It 

should be noted that not only the hardness and shape of the abrasive particles [35, 36] but 

also the applied load [29], attack angle [37], degree of penetration and size of the abrasive 

particles strongly impact the transition from ploughing and wedge formation to micro-

cutting. For instance, it has been shown by Kato et al. [28] that abrasive wear rate increases 

in an approximately linear fashion with an increase in asperity attack angle, which can be 

explained by the changing of the depth of penetration under the same load conditions. An 

increase in penetration depth results in an increase in the coefficient of friction, as these 

are the critical factors that affect and determine the above-discussed transition between 

wedge formation and micro-cutting [29]. Furthermore, small abrasive particles produce 

fine scratches, creating a polished appearance [7, 21], and a significant amount of material 

is removed during the scratching of the component, in spite of the fact that the created 

grooves are relatively shallow.  

 

Figure 5. Schematic illustration of abrasive wear modes (categorised by Zum-Gahr [34]) 
embedded in plastic deformation modes (theoretically calculated by Challen and Oxley [33]). 

Various abrasive wear modes are described by the deformation modes diagram in which 

the process of scratching a surface using a hard, semi-spherical indenter is described as a 

function of different degrees of penetration, effective attack angle of the sphere, and 

normalised interfacial shear strength [34]. Figure 5 shows the deformation modes that may 

be theoretically identified in relation to scratching a surface with a hard semi-spherical 
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indenter [29], where f is contact interface shear strength/wear material shear strength, and 

DP defined as indentation depth/contact radius. 

1.3 THE MECHANICAL AND TRIBOLOGICAL PROPERTIES OF 
CAST IRON ALLOYS 

Cast iron alloys, as binary Fe-C ferrous alloys with a wide range of microstructures and 

properties, have typically a C content of higher than 2 wt% and a Si content of about 1-3 

wt%, with Mn, S, and P usually present as minor alloying elements [38]. In many cases, 

cast irons are required to fulfil several mechanical, physical, and tribological criteria to be 

considered as such; they generally need to be alloyed with Si, Ni, and Mn to certain levels, 

so as to satisfy basic structural requirements, i.e. amount, shape, size, and distribution of 

graphite particles [39], and obtain a defined matrix and improved properties [40, 41]. 

Graphite morphology is used to differentiate the types of cast iron material that are 

discussed here.  

1.3.1 GRAPHITE MORPHOLOGY 

Figure 6(a) illustrates the ideal crystalline structure of graphite, which consists of a 

honeycomb-like, hexagonal, layered structure parallel to the basal plane, and faceted 

crystals bounded by low index planes. A strong covalent bond links the three adjacent C 

atoms, while the carbon monolayers are connected by the weak, long-ranged van der Waals 

forces [42].  

 

Figure 6. Schematic illustration of (a) graphite with a layered structure; (b) possible graphite 
growth in the A and C directions. 

When the molten iron solidifies, C atoms precipitate as either free C with a graphite 

structure or cementite (Fe3C) [43], depending on the local cooling rate and the presence or 

absence of certain alloying elements, such as C, Si, P, and S, within the cast iron metallic 

structure. A very high cooling rate or insufficient number of graphite nucleation sites can 

hinder the graphite formation process [38], and the resulting excess of C atoms may come 

to be precipitated, resulting the formation of cementite. Cast irons can be categorised, 
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based on their graphite-separated morphologies, into lamellar (relating to ‘flakes’) in grey 

iron (LGI) and spheroidal (called ‘nodular’) in ductile iron (SGI), which are shown in Figure 

7(a) and (c), respectively. In compacted graphite iron (CGI), however, complex graphite 

particles with short, thick, rounded edges, irregular, bumpy surfaces, and branched, 

interconnected structures strongly adhere to the iron matrix, as presented in Figure 7(b).  

 

Figure 7. Cast iron types based on graphite morphology; (a) LGI; (b) CGI; (c) SGI. 

1.3.1.1 Graphite nucleation mechanisms 

Solidification begins with nucleation, and the addition of inoculants facilitates the graphite 

nucleation process. Several theories [44-46] have been proposed to explain the possible 

mechanisms behind the nucleation and growth of graphite in different types of cast iron. 

The most widely accepted of these discuss one- and multi-stage processes; in the former, 

nucleation begins directly on one type of substrate, such as oxide, carbide, and graphite. In 

LGI materials, graphite nucleation generally occurs heterogeneously and across a wide 

variety of compounds, including silicates and oxides, as depicted in Figure 8(a); sulphides, 

nitrides (boron nitride), carbides, and intermetallic compounds [47, 48]. Non-metallic 

inclusions exhibit the highest inoculation effect, as is stated by Jacobs et al. [49]. Elbel [50] 

theorised that the crystallisation mechanism of graphite takes place on Si dioxide particles. 

In addition, Campbell [51] proposed the concept of double films in order to highlight the 

role of silica-rich oxide (bifilms) in providing a proper substrate for oxysulphide particles 

formation, as this provides the optimal condition for the graphite nucleation mechanism.  

In multi-stage nucleation, however, as is proposed by Riposan et al. [52], a sequential 

nucleation primarily controls the processes in which the catalytic nucleation of an inclusion 

on a pre-existing inclusion is followed by graphite nucleation on this new inclusion. 

According to Riposan et al. [53], Mn and S likely have the most significant impact on 

nucleation of the lamellar graphite, as the graphite lamellas nucleate on a complex (Mn,X)S 

compound, as seen in Figure 8(b). Strong deoxidiser elements, such as Al, Si, Zr, Mg, and 

Ti, are formed as the first parts of the micro-inclusions, and are believed to act as the 

preferred nucleation sites for the complex (Mn,X)S compound [53].  
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Figure 8. The nucleation of lamellar graphite on (a) SiO2, formed by the heterogeneous 
catalysis of CaO, Al2O3, and oxides of alkaline metals [54]; (b) a three-stage model for graphite 

nucleation, located on the sides of (Mn,X)S particles [52, 53]. 

Recent studies employing the scanning electron microscopy (SEM) and extensive 

transmission electron microscopy, have identified different types of compounds with 

differing compositions which contribute to the nucleation of spheroidal graphite [49, 55]. 

Graphite nodules nucleate in eutectic composition as the temperature decreases below the 

eutectic temperature [56]. A wide variety types of nuclei has been found in nodular 

graphite, as has been discussed in the literature [49, 55], indicating the presence of duplex 

sulphide-oxide inclusions with approximate diameters of 1 µm, in turn indicating a two-

stage nucleation process for SGI. The interior segment of the shell is composed of Ca-Mg 

or Ca-Mg-Sr sulphides, while the outer shell consists of a complex Mg-Al-Si-Ti oxide with 

a spinel structure [57, 58]. As was seen in Figure 8(b), Al, Ca, Sr, or Ba, and hexagonal 

silicates with coherent/semi-coherent low-energy interfaces between them, provide a 

suitable substrate for the precipitation of graphite such that the same theory as is proposed 

for lamellar nucleation and growth can be assumed for spheroidal graphite [57]. 

Unlike lamellar and spheroidal graphite nuclei, those of CGI alloys are even more difficult 

to detect due to the high complexity of graphite nucleation mechanisms. However, it is 

widely accepted that a spheroidal shape is the natural growth behaviour of graphite in 

liquid iron in the absence of active surface elements such as S and O, while a lamellar 

structure occurs due to their presence. Sulphur potentially acts as a driven force, preventing 

the formation of compacted and spheroidal graphite [47, 48] so that, in the presence of 

high S content, graphite appears mainly in the form of lamellar, rather than compacted and 

spheroidal structures [59]. This theory is supported by the fact that the growth of 

vermicular graphite begins in a manner similar to that of nodular graphite, with branching 

occurring only later in the process. Rivera et al. [60] assert that, with sufficient Mg or Ce 

content, divorced eutectic growth results in spheroidal/compacted graphite particles 

formed in the matrix that to be surrounded by a quasi-spherical austenite phase.  

1.3.1.2 Graphite growth mechanisms  

As is illustrated in Figure 6(b), the graphite crystals can grow in two A– and C– directions 

as the molten Fe-C melt solidifies. The chemical composition, type, and level of impurities 
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of the melt, temperature gradient/growth rate ratio, and cooling rate are the primary 

factors that determine whether the graphite growth mechanism results in a lamellar (plate-

like), compacted, or spheroidal form, and Figure 9(a), (b), and (c), respectively, 

schematically depict these types, tracing their developments from the planes to nodules.  

 
Figure 9. A schematic depiction of graphite types occurring in the austenite-graphite phase; 

(a) lamellar, (b) compacted, and (c) spheroidal graphite [57, 61]. 

Lamellar graphite grows radially and from a common centre – staying in contact with the 

melt as austenite fills the space between the graphite lamellas and growing as a cell of 

graphite and austenite – with an uneven solidification front. The graphite leads during the 

growth, with the austenite forming behind the graphite lamellas [62]. In the case of a 

contaminated environment, in the presences of surface-active elements such as S and O, 

these elements are absorbed on the prism plane (101�0). This acts in the manner of a prone 

site, absorbing impurities due to its high energy, which means that it has fewer satisfied 

bonds. However, the (101�0) plane face achieves a lower surface energy than the (0001) 

plane, and growth occurs predominantly on this surface, is unstable. This results in the 

formation of plate-like graphite crystals with undefined edges. One important property of 

monolayer graphite (more commonly known as ‘graphene’) is its greater strength in the A-

direction than the C-direction, as shown in Figure 9(a). This anisotropy profoundly affects 

the thermal and electrical conductivity of graphite [63]. 

Austenite-SG eutectic growth begins with the nucleation and growth of graphite in the melt, 

resulting in the depletion of the C near to the graphite. This creates conditions that are 

favourable for austenite nucleation, and so this growth is followed by encapsulation of the 

precipitated graphite spheroids in austenite shells (envelopes) relatively early in the 

process. Hence, any further growth of the graphite constitutes a solid diffusion-controlled 

growth mechanism, in which the C atoms are to diffuse from the melt through the austenite 

shell to reach the previously precipitated graphite, allowing it to grow. A number of 

theories, relating to the tendency of graphite to grow in the A-direction [62] and the 

circumferential growth of graphite spheroids [64], for example, have been suggested in 

order to explain the growth mechanism of eutectic austenite-SG alloys. However, no 

agreement has been reached on this matter yet. Herfurth [62] posited that the growth of 

spheroidal graphite is controlled by changes in the growth ratio between the A- (graphite 

prism) and C-directions (Figure 9(c)), but most theories are based on graphite/melt surface 

energy.  
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Explaining of the graphite growth mechanism in CGI is an even more complex undertaking 

than for LGI and SGI. Some studies [47, 48] indicate that the formation of compacted iron 

begins with the precipitation of spheroidal graphite, which gradually takes on the features 

of CGI, as illustrated in Figure 9(b). A study performed by Murthy and Seshan [59] showed 

that compacted graphite growth has different crystallographic directions in terms of A- and 

C-directions, and can even grow in both directions simultaneously. This may, however, 

indicate progressive changes in the crystallographic growth direction, from C- to A- and/or 

vice versa, during the growth phase. Zhu et al. [65] proposed the twinning/tilting of 

boundaries for the growth of compacted graphite due to an insufficient quantity of 

spherodise former (reactive) elements during solidification.  

1.3.2 CAST IRON MATRIX STRUCTURE 

The microstructure of cast iron alloys is predominantly influenced by melt chemical 

composition, the inoculation and melt treatment processes conducted prior to casting, and 

the cooling rate during solidification [66, 67]. Cast irons with pearlitic structures are 

traditionally used in applications in which a high modulus of elasticity, a good surface 

finish, and high damping properties are required; however, ferritic irons have been less 

commonly employed in industrial applications due to their low strength as compared to 

pearlitic irons. However, it should be noted that the machining of high-strength pearlitic 

cast iron is always challenging for designers due to the various matrix hardness (a result of 

its lamellar structure); therefore, in applications in which good machinability is necessary, 

cast iron with a fully ferritic matrix is preferred so as to obtain a balance between 

machinability and strength. 

More recently, high-Si SGI [68, 69] and CGI have been found to be promising with regard 

to mechanical and physical properties [70, 71]. Addition of Si, with a strong graphitising 

potential, greatly affects the C equivalent value [39, 72] and improves the castability of cast 

iron, however, raises the critical temperatures in the Fe-C phase diagram [73]. For both 

eutectic and eutectoid transformations, Si strongly contributes to the strengthening of iron 

matrices via a solid solution mechanism [74], ultimately resulting in increased of hardness, 

tensile strength, and yield strength of the ferrite phase [39, 75]. This, however, can bring a 

risk of thermal conductivity drop, as the alloying elements potentially act as a barrier to 

heat transfer [71]. 

1.3.3 MECHANICAL PROPERTIES OF CAST IRON MATERIALS 

The mechanical and tribological properties of cast iron alloys are remarkably influenced by 

both the graphite morphology (lamellar, compacted, and spheroidal) [39] and the matrix 

structure (pearlitic, ferritic, martensitic, austempered, etc.) [76]. Such diversity of form and 

composition has made these materials suitable candidates for applications in which a 

combination of good tribological properties and strength is of value, such as diesel engines, 
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piston rings and cylinder liners (LGI/CGI) [3, 77], cylinder heads, and the engine blocks of 

trucks (SGI/CGI) [78]. 

The plastic behaviour of a material is described by several different models [79]. The strain-

hardening behaviour of a material under uniform plastic deformation region is commonly 

expressed by the Hollomon relationship according to Eq. (2) which correlates the true 

plastic stress σ  and true plastic strain plε  as follows: 

n
plσ = K(ε )  ( 2 ) 

where n is the strain- (or work-) hardening exponent, and K is the strength coefficient 

(MPa). A log-log plot of true stress and true plastic strain is used to define the n and K 
coefficients. If the material fully follows the Hollomon relation with regard to large plastic 

deformation, the double logarithm of true plastic stress and strain results in a straight line. 

The value of n is defined by the slope of the line, and the value of K is determined from the 

true stress at a true strain of unity. The strain-hardening exponent, n, ranges between zero 

and one. For 0n = , the tensile curve represents an ideal plastic material, while 1n =

describes an ideal elastic material that reacts linearly to deformation hardening. 

However, the Hollomon equation does not fully describe the plastic behaviour of some 

materials, such as ductile and compacted graphite iron casting alloys, under small strains, 

in that this creates two slopes rather than one straight line on a double logarithmic plot 

[80]. One of these corresponds to small plastic strain, and the other to large plastic 

deformation. Hence, Equation 3 (Ludwigson equation) adds an exponential correction, Δ 

term, to the Hollomon equation to compensate for and correct the non-uniform linear 

behaviour of stress-strain curves for small plastic strains. It is obvious that the effectiveness 

of this correction is diminished for large plastic strains.  

1n
1 pl 2 2 plσ = K ε + exp(k + n ε )                   where                       2 2 plΔ = exp(k + n ε )  ( 3 ) 

where K1 is the strength coefficient, n1 is the strain-hardening exponent, and K2 and n2 are 

additional constants. The value of Δ may be negative or positive depending on the material. 

In addition, the coefficients K2 and n2 are determined by plotting strain against the natural 

logarithm of Δ, producing a straight line. The value of n2 is defined to the slope of the line 

for small strains, and K2 is the intercept point at zero plastic strain [79]. 

1.3.4 TRIBOLOGICAL PERFORMANCE OF CAST IRON MATERIALS 

The tribological performance of cast iron alloys is influenced primarily by graphite 

morphology and matrix structure. During relative motion, graphite particles with low 

mechanical resistance, as compared to the metallic matrix, are smeared onto the sliding 

surfaces, forming a thin graphite layer which prevents direct contact between the sliding 

bodies, thereby reducing the sliding friction coefficient [18, 42]. This assertion, however, 
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can be challenged, as several other factors influence graphite film formation, including 

matrix hardness, surface texture and roughness, critical normal load, and sliding velocity. 

A smoother surface, for instance, exposes more graphite, thus preventing the formation of 

the graphite film from being disrupted [81]. Before the effects of graphite and matrix 

constitution on the wear behaviour of cast irons as composite materials are discussed, it 

should be noted that the sliding wear performance of cast irons under dry sliding conditions 

is greatly affected by the applied loads and an increase in sliding speed, which simulate the 

poor lubrication of running-in or lubrication-deficient conditions [16]. 

1.3.4.1 Effect of cast iron graphite morphology on tribological properties 

As discussed above, the lubricating effect of graphite particles on sliding surfaces enhances 

the wear performance of cast iron materials; hence, to satisfy the tribological requirements, 

it is important to ensure that the graphite lamellas remain open during sliding conditions 

particularly in situations in which the risk of starved lubricant is significantly high such as 

the top dead centre (TDC) region of the combustion chamber. It has been shown that 

graphite film formation is largely affected by the non-elastic deformation of graphite during 

sliding. The contribution of tribofilm to improvement in the tribological properties of cast 

iron materials has been studied by Eyre et al. [3], and Hironaka et al. [10]. The presence of 

a tribofilm can cause a decrease in both the coefficient of friction and specific wear rate by 

several orders of magnitude [82, 83]. Liu et al. [84] and Sarmadi et al. [85] reported a 

remarkable improvement in the tribological performance aluminium- and copper-graphite 

composite materials, respectively, due to the formation of a tribofilm. Moreover, the 

removal of the graphite from the matrix leaves an empty pocket [86], which can be 

tribologically beneficial in that it can function as an oil reservoir during sliding and supply 

oil for dry starts or similar conditions of oil starvation. Investigations have shown the 

significant impact of amount, size, morphology, and distribution of the graphite particles, 

on tribological performances of various cast iron alloys [18, 87]. However, an increase in 

graphite volume results in a decrease in friction that is inversely proportional by several 

orders of magnitude, as too much graphite negatively effects the wear rate and weakens the 

material in terms of strength [3, 10]. 

Pearlitic LGI provides the best tribological performance under sliding wear conditions, 

although it has a low strength as compared to CGI and SGI alloys under loading conditions. 

This is related to the particular shape of the graphite lamellas, as the sharp graphite 

lamellas edges act as the weakest regions of a metal matrix, stimulating crack initiation and 

propagation [88]. However, the complex graphite particles in CGI materials, which have 

short, interconnected, thick and rounded edges and irregular surfaces, cause strong 

adhesion between the graphite and the iron matrix [39, 77], resulting in a remarkable 

improvement in mechanical properties as compared to LGI, which is explained by a much 

greater resistance to both the initiation and propagation of cracks of CGI alloys. A study 
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performed by Abedi et al. [89] showed that, under dry sliding conditions, CGI has the 

highest sliding wear resistance and SGI the lowest, with lamellar iron between the two due 

to its pearlitic matrix. Moreover, increasing the nodule count may have a negative effect on 

abrasion resistance, in that the penetration depth increases sharply as an abrasive particle 

reaches the edge of the graphite. However, there exist contradictory reports which suggest 

that a reduction in nodule count decreases the number of probable regions in which the 

delamination layer may form, in turn leading to a reduction in wear debris [81]. This could 

be connected to the thermal conductivity and crack-formation tendency of compacted iron, 

the former of which is lower than that of lamellar iron and higher than that of spheroidal 

iron due to graphite morphology, while the latter is more dominant than the thermal fatigue 

effect [87].  

1.3.4.1 Effect of cast iron matrix structure on tribological properties 

It is obvious that matrix structure strongly influences the wear characteristics of cast iron 

materials. Recent studies [87, 90] have demonstrated the much higher wear resistance of 

austempered cast iron as compared to the ferritic and pearlitic, which can be attributed to 

the transformation of austenite to martensite that occurs under low loads and strain rates. 

The relative matrix hardness of sliding bodies characterises the abrasive behaviour of 

metals such that, for example, the hardness of the abrasive particles should be at least 20-

30% greater than bulk material in order to scratch the material [91]. Cast iron alloys with 

free ferritic structures are generally inappropriate for sliding applications due to the high 

risk of cold welding and galling. Additionally, the de-cohesion of graphite and ferrite 

matrices increases the cracking tendency, which leads to a much higher wear potential [92]. 

It is believed, however, that by increasing ferrite strength and hardness, for example 

through solution strengthening or precipitating a network of hard phases such as 

phosphide eutectic phase, a much-improved load-bearing capacity can be achieved for cast 

iron components [93]. Moreover, cast irons with ferritic matrices show higher oxidation 

resistance as compared to pearlitic and austenitic matrices, but are less resistant to 

frictional and plastic deformation [89, 94]. Surface roughness, running load and speed, and 

sliding distance are the other significant contributing factors that greatly determine the 

significance of the plastic deformation of matrix resistance under adhesive and abrasive 

wear conditions, as discussed in Section 1.2.2 [81, 90]. 

1.3.4.2 Wear process in piston rings and cylinder liners 

Piston rings and cylinder liners are considered to be key components of large-bore marine 

heavy-fuel diesel combustion engines and function in a very demanding environment, with 

high mechanical friction, dynamic mechanical and tribological loads, a corrosive 

atmosphere (sulphuric acid), and relatively high temperatures and pressures. Wear is 

rarely catastrophic in such a tribosystem, but frequently leads to the need to replace the 
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damaged components, which effectively impacts the operating efficiency through, for 

example, loss of power and increased oil consumption [3].  

Scuffing and bore polishing are common undesirable phenomena that result from a severe 

adhesive wear in marine diesel engines, and are often accompanied by a substantial, sharp 

increase in friction force [2] and a severe plastic deformation of the matrix. Scuffing mostly 

occurs during the very early stages of operation or under insufficient lubrication conditions, 

which are most likely to occur in TDC region of the combustion chamber, where the pressure, 

temperature, and coefficient of friction reach their highest levels. Lubricating oil 

performance, oil clearances, piston ring and cylinder liner surface finishing, and the nature 

of the materials in contact with one another all greatly influence the extent of adhesive wear 

[30]. In addition, corrosive wear due to sulphuric acid has been reported in the literature 

in heavy-duty diesel engines [6]. Abrasion plays an important role in controlling the wear 

of piston rings and cylinder liners by changing the texture of matrix during sliding [93, 95]. 

Over the years, lamellar iron with a pearlitic matrix has become established as the go-to 

choice for piston ring and cylinder liner material for marine diesel engines due to its 

excellent physical (thermal conductivity) and tribological properties [3, 4]. However, the 

vital need to increase the power density of modern large-bore diesel engines and make 

them smaller and lighter has motivated manufacturers to replace conventional pearlitic 

components with ones constructed of materials that are able to withstand higher 

mechanical and thermal loads. Pearlitic CGI alloys display significant improvements in 

mechanical strength while almost retaining their thermal conductivity as the same level as 

pearlitic LGI and optimal tribological properties, under both lubricated and unlubricated 

conditions; for similar reasons, compacted iron has been introduced as an interesting 

alternative material to conventional lamellar cast iron for piston rings and cylinder liners 

applications [96]. It should be noted that CGI materials have recently begun to be used 

extensively in the automotive industry, not only in piston rings and cylinder liners but also 

for cylinder heads and engine blocks, in which good mechanical properties and relatively 

high thermal conductivity are essential [8, 97]. However, leaving aside these positive 

characteristics, the low abrasive wear resistance and poor machinability of pearlitic CGI 

materials remain as serious technical challenges [98]. 

1.4 PREDICTION OF THE MECHANICAL AND TRIBOLOGICAL 
PROPERTIES 

1.4.1 MECHANICAL PROPERTIES 

The mechanical properties of complex multiphase cast iron alloys are largely affected by 

chemical composition, cooling rate, and technological melt treatments, all of which can 

cause local variations in the microstructures of the cast parts, and thus differing local 

mechanical properties. Hence, predicting of microstructure evolution during solidification 
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is a key factor in ensuring desirable mechanical properties and quality of the final casting. 

This enables the modelling and prediction of the room-temperature microstructure and 

final mechanical properties of a cast component. The micro-scale nucleation model 

introduced by Oldfield [99] and developed by Fredriksson and Svensson [100] can be used 

for computer-based modelling of cast iron solidification. However, recent numerical 

modelling techniques and casting process simulation programs can be combined to more 

effectively model microstructure formation during the solidification process. In a casting 

simulation software, after the chemical composition and casting process parameters have 

been defined, the casting process is simulated from the mould being filled to solidification 

and solid-state transformation. The mechanical properties models have been derived for 

0.2% offset proof stress, tensile strength, Young's modulus, and hardness, based on 

chemical compositions and microstructural studies performed on real castings. The 

obtained models have been implemented into a development casting process simulation 

software, which enables local mechanical properties, and thus the mechanical properties of 

an entire cast component, to be predicted. 

1.4.2 TRIBOLOGICAL PERFORMANCE 

It is well accepted that the tribology of a combustion chamber is very complex and difficult 

to study using laboratory facilities. A wide range of wear issues occurs in piston rings and 

cylinder liners in diesel engines; however, abrasion plays the most significant role as 

regards the elastic and plastic deformation, and consequent tribological behaviour, of a cast 

iron component. In order to design and engineer a high-performance, abrasion-resistant 

material, a deeper understanding of the abrasion mechanisms and associated failure 

mechanisms that occur under abrasive wear conditions is of primary importance. Scratch 

testing is generally considered a useful tool for crudely characterising tribological 

performance on the micro- and nano-scale, particularly the abrasion resistance of coating 

and bulk materials. However, the obtained micro- and nano-scale results can be 

extrapolated with reasonable accuracy so as be relevant to the global wear response of a 

heterogeneous material such as cast iron, and so assist in evaluating both the contribution 

of each individual constituent and their interactions to the global tribological properties of 

the component [101]. 
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CHAPTER 2 

 
RESEARCH APPROACH 

 
CHAPTER INTRODUCTION 

This chapter describes the methodology employed for the research presented in this thesis. 

Motivations for why the particular research approaches and experimental techniques were 

chosen are briefly discussed, as are the validity and reliability of the conducted research.  

 

2.1 PURPOSE AND AIM 

The main purpose of this study is to investigate influence of the microstructure, in 

particular graphite morphology and matrix constitution, on mechanical and tribological 

properties of cast iron materials under sliding wear conditions, in which a significant 

matrix deformation occurs as an inevitable consequence. This is of particular importance 

for applications such as internal combustion chambers, and more importantly for the new 

generation of low-sulphur fuel marine diesel engines, where serious damages, such as bore 

polishing and scuffing, frequently occur due to dry starts or similar conditions involving oil 

starvation. Scuffing is probably the most commonly occurring issue, in TDC region of the 

combustion chamber, where the pressure, temperature, and coefficient of friction reach 

their highest levels and bore polishing occurs. In such situations, a continuous supply of 

lubricant between the sliding surfaces can be significantly beneficial to reduce these issues. 

In spite of extensive discussions which having been conducted regarding the positive 

influence of solid lubricating agents on wear processes, the precise mechanisms behind the 

lubricating action of graphite particles have not yet been satisfactorily explained in the 

literature. While pearlitic lamellar iron has traditionally been used for piston rings and 

cylinder liners, the internal combustion of today's engines, which require higher specific 

performance from smaller engines, creates significantly higher temperatures and pressures 

than older engines. Thus, the required improvements in tribological and mechanical 

performance can be achieved by utilising compacted, rather than conventional lamellar 

iron; however, bearing in mind that machining issues associated with normal pearlitic 

compacted irons still remains as a serious challenge in using these alloys. To deal with, a 

new grade of Si solution-strengthened ferritic CGIs have been produced and proposed as 
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alternative candidates for use in high-performance engines, and so their mechanical 

properties and machinability have been examined in this research. Further, in light of the 

above, model describing the mechanical properties and simulation prediction local 

mechanical properties of high Si ferritic CGI using a casting simulation process are 

presented in this thesis. This was undertaken in order to predict the solidification 

behaviour and microstructural evolution of Si solution-strengthened ferritic cast iron 

during the casting process. 

Moreover, this study provides a deeper understanding on how the matrix deformation 

occurring during sliding effects self-lubricating performance of LGI alloys which this has 

not been discussed in the literature. With regard to this, the mechanisms affect the graphite 

lubricating behaviour, matrix deformation which results in formation of the tribofilm, 

which highly controls the sliding wear response of cast iron, have been investigated. This is 

hoped to assist in more fundamental understanding towards describing both the 

contribution of matrix and evolution of the graphite film to lubricate the sliding surfaces, 

thanks to the morphology and subsurface orientation of the graphite lamellas.  

2.2 RESEARCH DESIGN 

2.2.1 RESEARCH PERSPECTIVE 

The two common approaches to research involve either deductive (positivist approach) or 

inductive (interpretive approach) reasoning [102]. The former, also termed a ‘top-down’ 

approach, begins with a general principle, which through deduction, is applied to a specific 

case. The latter, also termed ‘bottom-up’, starts from a specific observation and moves 

towards the development of general conclusions or theories. Deductive reasoning as 

described by Williamson [102] was selected for the present study, with the research effort 

being driven by a desire to investigate the effect of graphite morphology and matrix micro-

constituents on the mechanical and tribological properties of cast iron alloys used in engine 

applications such as piston rings and cylinder liners. For piston ring assemblies, the 

contribution of graphite particles to the self-lubricating behaviour of cast iron materials 

was studied as a means of simulating the interactions that occur between graphite particles, 

matrix structure, and abrasive particles during abrasion. To conduct the second stage of 

this process, which involved investigating the correlation between matrix constituents, 

mechanical properties, cutting tool’s lifespan, and the machinability of cast iron materials, 

three solid solution-strengthened CGI alloy were produced adding different levels of Si. 

Further, the local mechanical properties were modelled using response surface 

methodology (RSM) and simulated by implementing the derived models into a casting 

process simulation. 

A literature study was undertaken in accordance with the information-gathering process 

described by Rumsey [103], with the primary goal of gathering together current and 
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relevant information so as to better understand the tribological performance of cast iron 

alloys under sliding conditions, and to ascertain which wear evaluation techniques would 

best constitute proper experimental methods. After performing the pre-experiments and 

evaluating the results for reliability and validity, the primary experiment was carried out 

and the obtained results were evaluated, analysed, and compared. A conclusion was derived 

based on relationships between the results achieved and outcomes from prior research.  

The primary goals of the project were to: 

- Determine the relationship between lamellar graphite orientation and matrix 

plastic deformation. 

- Understand the mechanisms that influence lamellar graphite lubricating behaviour 

during sliding wear conditions. 

- Investigate the influence of matrix deformation occurring during a wear process on 

graphite smearing process. 

- Simulate the interactions between hard particles, graphite lamellas, and metal 

matrices under abrasive wear conditions. 

- Investigate the effect of Si content on the solid solution-strengthening mechanism 

of ferritic CGI alloys. 

- Model and simulate the local mechanical properties of solution-strengthened 

ferritic CGI alloys cast with three different levels of Si content. 

- Investigate the plastic behaviour of Si solution-strengthened ferritic CGI alloys. 

- Evaluate the machinability of Si solution-strengthened CGI alloys and compare 

with conventional pearlitic-ferritic CGI alloy. 

2.2.2 RESEARCH QUESTIONS 

Based on the literature review and the above-discussed lack of scientific knowledge, several 

research questions were raised over the course of this study, which mainly steered the 

research methods used in this study. The primary issues can be classified, and further 

concretised as single research questions, as follows: 

 The excellent tribological performance of LGI alloys are related largely to the 

smearing and lubricating action of graphite particles which, during sliding, are 

smeared onto the sliding surfaces, forming a thin graphite film and thus functioning 

as a solid lubricating agents. Further smearing of graphite depends very much on 

its availability, in that matrix deformation can result in closure of some of the open 

graphite lamellas. Do all graphite lamellas display a similar closing 
tendency? (Supplement I) 

 Studies performed on cast iron, aluminium- and copper-graphite particle 

composite materials have emphasised the importance of graphite film formation for 
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improving tribological properties, as the smearing of graphite between 

tribosurfaces affects greatly wear and coefficient of friction. How do graphite 
lamellas contribute to graphite film formation? (Supplement II) 

 Several wear mechanisms occur in piston rings-cylinder liner systems, but the 

abrasion caused by hard abrasive particles is a factor that most strongly influences 

wear performance. These particles can be introduced into the combustion chamber 

by the fuel in the form of cat-fines, dust particles, etc., which greatly influences the 

self-lubricating performance of cast iron by scratching the matrix. How does the 
interaction between hard particles and a matrix inhibit the lubricating 
behaviour of graphite lamellas? (Supplements I and II) 

 Deformation of the matrix caused by hard, abrasive particles plays an important 

role in both the formation of a graphite film between the tribosurfaces, and the 

closure of graphite lamellas. Since the positions of the graphite lamellas in relation 

to the sliding direction are determined by orientation of the graphite, how can the 
interactions between scratches, produced on surfaces by abrasive 
particles, the self-lubricating behaviour of graphite lamellas, and the 
deformation of a matrix be simulated? (Supplements I, III, and IV) 

 A good mechanical performance is required of LGI in high-performance engines, 

where demands for a decrease in engine size and increase in power density are 

accompanied by significantly higher temperatures and pressures. To obtain such 

improvements and satisfy the tribological and mechanical requirements imposed, 

compacted irons have been recommended in place of conventional LGI. To what 
extent, does changing the section thickness and Si content improve the 
mechanical properties of CGI? (Supplement V) 

 During the development of cast-iron components, predicting of the local 

mechanical properties variations became of great interest. A modelling strategy was 

formulated based on chemical composition and microstructural information, and 

the derived models were implemented into a casting process simulation to model 

the local mechanical properties a cast component. How accurately does the 
simulation predict the local mechanical properties of cast components? 
(Supplement VI) 

 High-Si solution strengthening of ferritic matrices create improvements in terms of 

both mechanical properties and machinability for CGI materials, to the extent that 

they can compete with typical pearlitic compacted irons. How does the variation 
in section thickness and Si affect the machinability of solution-
strengthened CGI alloys? (Supplement VII) 



THE INFLUENCE OF MICROSTRUCTURE ON MECHANICAL AND TRIBOLOGICAL 
 PROPERTIES OF LAMELLAR AND COMPACTED IRONS IN ENGINE APPLICATIONS 

23 
 

2.2.3 OVERVIEW OF THE PRESENT STUDY 

An overview of the research objectives, outcomes, and research links between the 

supplements is presented in Table 1.  

Table 1. Overview of the conducted research. 

Supplement Objectives Outcomes 

(I) Investigate the relationship 
between graphite lamella’s 
orientation and its closing 
tendency under sliding conditions.  

The primary mechanisms that cause 
the closing of graphite lamella were 
identified.  

(II) Investigate the influence of plastic 
deformation of matrix on the 
lubricating behaviour of graphite 
lamellas under abrasive 
conditions. 

Both microindentation and 
microscratch testing revealed 
similar graphite fracture and 
extrusion mechanisms.  

 (III) Investigate the effect of graphite 
lamella’s orientation on its 
extrusion behaviour under 
abrasion conditions. 

It was found that subsurface 
positioning of graphite profoundly 
influences its extrusion behaviour. 

(IV) Simulate interaction between hard 
particles, lamellar graphite and a 
metal matrix under abrasion 
conditions. 

Microscratch testing revealed 
similar results as for abrasion 
caused by particles and asperities. 

(V) Investigate the effect of Si solution 
strengthening on the mechanical 
properties of ferritic CGI produced 
with different levels of Si levels 
and section thicknesses. 

Si addition up to 4.59 wt% resulted 
in improvements to proof stress and 
tensile strength. Correlations 
between section thickness, strength, 
hardness and elongation were 
identified and discussed. 

(VI) Model local mechanical properties 
using microstructural analysis and 
statistical evaluation, and 
implement into a casting process 
simulation. 

Very good agreement was observed 
between the measured and 
predicted microstructural and 
mechanical properties. 

(VII) Investigate the machinability of 
solution-strengthened ferritic CGI 
and compared to the conventional 
pearlitic CGI.  

Significant improvements were 
observed with regard to cutting 
tool’s lifespan for ferritic CGI with a 
medium-level of Si content. 
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2.3 MATERIALS AND EXPERIMENTAL PROCEDURE 

2.3.1 MATERIALS 

2.3.1.1 Lamellar Graphite Iron 

For Supplements I-IV, the micro-alloyed pearlitic lamellar iron investigated samples were 

cut from piston ring number two, which had been operated in a low-speed two-stroke large-

bore marine diesel engine, with a diameter of 800 mm. The chemical composition of the 

as-received worn piston ring is given in Table 2.  

Table 2. Chemical composition of the worn piston ring used in this study (wt%). 

Element C Si Mn Ni Mo Co Ti Cr V S P 
Content 3.3 1.55 0.85 0.35 0.6 0.85 0.07 0.15 0.15 0.08 0.1 

 

2.3.1.2 Compacted Graphite Iron 

Two experiments were carried out in this work in order to produce solution-strengthened 

ferritic CGI materials with high levels of Si. The first produced materials were used for 

Supplements V, VI, and VII. Three melts with different Si and C contents, produced using 

a medium frequency (MF) induction furnace with a capacity of 500 kg. The Carbon 

equivalent (Ceq) which describes how close a given analysis is to that of the eutectic 

composition, were kept as close as possible to the eutectic point i.e. eutectic Ceq, and so Si 

and C levels were adjusted accordingly using the following Ceq equation [104, 105]: 

eqC = %C + 0.25(%Si) + 0.33(%P) + 0.4(%S) - 0.027(%Mn)  ( 4 ) 

The chemical compositions of the base metals received from the furnace before Mg and 

inoculation treatments were being conducted are presented in Table 3. The CGI casting 

process involved pouring the base melt into a treatment ladle, following the sandwich melt 

treatment method. The post-Mg and inoculation corrections were made based on the 

results of the thermal analysis, and performed by feeding the proper FeSiMg and inoculant 

wires into the melt using the SinterCast process. The melt temperature in the furnace was 

1550°C, and in the ladle, approximately 1470°C after the Mg treatment of the two first 

melts. For the last pouring, the temperature was 25°C lower. 

Table 3. Chemical composition of the base metals used in this study (wt%). 

Base metal C Si Mn P S Cr Mo Ni Cu Ti V Mg 
First attempt 3.44 3.64 0.19 0.010 0.010 0.06 0.01 0.06 0.036 0.009 0.016 0.0005 
Second attempt 3.23 3.67 0.02 0.019 0.006 0.04 0.01 0.04 0.018 0.014 0.014 0.0005 
 

The other attempt to produce CGI materials was undertaken in order to validate the results 

achieved form the first casting as well as to conduct the machining and tool-life tests for 

each alloy composition (Supplement VII). For this attempt, approximately 3.5 tonnes of 

melt were prepared in a MF induction furnace, which had a capacity of roughly four tonnes. 
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The primary Si level was set to approximately 3.67% in the furnace through the addition of 

FeSi alloy. Moreover, levels of C and S were controlled through the addition of steel sheets 

containing low-S and -C to the base melt. In this attempt, the Volvo method of producing 

CGI materials, which deals with the liquids temperature based on the chemical 

composition, was used, and so the correct Mg/S ratio had to be achieved to produce a CGI 

material with the required nodularity. Based on the results of the Quik-cup thermal analysis 

of the melt in the furnace, Mg and inoculant correction were performed by adding a FeSiMg 

alloy and an inoculant, as was done in the first attempt i.e. according to the sandwich 

method, on the bottom of a ladle with a capacity of roughly one tonne. Moreover, Misch-

Metall produced by the Elkem company, was added to the ladle at the same time. Mg 

treatment and inoculation were carried out for batches of 900 kg melt for each casting. No 

post-treatment was carried out after the melt had been poured from the furnace into the 

ladle. The melt temperature in the furnace was 1530°C, and in the ladle approximately 

1460°C during the Mg and inoculation treatments. The temperature was 90°C lower just 

before pouring. The chemical compositions of the base metals and treated melts following 

Mg and inoculation treatment, just before the filling of the moulds, are given in Table 3. 

During both experiments, a number of plate geometries and test pieces that were 

considered to be representative of components (hereafter referred to as ‘component-like 

test pieces’) were cast from each melt for further mechanical property analysis, modelling, 

simulation, and machinability investigations. After solidification, the castings were blast-

cleaned and the plates were cut from the gating system for further mechanical testing and 

microstructural analysis. The moulds were produced using furan sand. 

 

Figure 10. (a) The casting layout, consisting of six plates of different thicknesses; (b) tensile 
testing and microstructural evaluation of the samples investigated [106]. 

The ferritic Si solution-strengthened CGI material samples investigated in Supplements V, 

VI, and VII were taken from a plate geometry casting produced using differing amounts of 

Si and under different cooling rate conditions (corresponding to the various thicknesses). 

The casting layout used in the experiments is shown schematically in Figure 10(a), and 

consisted of six sections of different thicknesses, providing a variety of cooling rates and 

levels of heat dissipation during both solidification and solid-state transformation 

processes. This produced a variety of microstructures across the different parts of the 
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casting, each with differing local mechanical properties. Two feeders were used to minimise 

the risk of porosity formation in the plates, as can be seen in Figure 10(a). Each plate was 

approximately 240 mm long and 140 mm wide, and the total weight of the casting was 

approximately 105 kg. 

The component-like test pieces were designed to use for machinability and tool-life 

investigations (Supplement VII) as they were similar to the uppermost surface of engine 

blocks, as illustrated in Figure 11(a), whereas it ensures a nearly constant machining area 

along the height of the sample, which is necessary for repeatability of tool life results.  

 

Figure 11. (a) The casting layout of the component-like test piece; (b) microstructural 
evaluation of the sample. 

2.3.2 MICROSTRUCTURAL CHARACTERISATION 

Microstructural analyses were performed on both worn and unworn pearlitic samples of 

the piston ring (Supplements I and II) using a Leica light optical microscope (LOM), 

equipped with the Leica QWin V3 image analysis software. The volume fraction of ferrite, 

graphite, and carbide phases dispersed in the cast iron matrix were measured, and the 

graphite structure of worn, unworn, as-polished, and etched surfaces was studied using 

image analysis techniques. The polished samples were etched with different concentrations 

of Nital solution to reveal, depending on the purpose of the study, the micro-constituents 

or carbide phases present in the cast iron matrix. A surface area of approximately 100 mm2 

was investigated in each sample. 

Metallographic samples of the Si solution-strengthened CGI materials were taken from a 

location close to that of the tensile samples, as shown in Figure 10(b). Standard 

metallographic sample preparation procedure for cast irons was followed in preparing each 

sample for microstructural analysis. Digital image analysis was carried out in order to 

quantify and categorise the graphite particles with regard to shape, size, and distribution, 

according to Annex B of the ISO 16112:2006 standard. The measured nodularity and 

pearlite content correspond well to the average of values obtained for polished or etched 

surfaces (Nital 2% solution) from three fields of view of roughly 10 mm2. The nodularity 

percentage was determined at 100X magnification according to the formula below [107]: 
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∑ ∑
∑

Nodules(ISO form VI) Intermediates (ISO forms IV  and V)

All particles

A +0.5 A
Nodularity % = ×100

A
  ( 5 ) 

where graphite particles with a roundness of between 0.525 and 0.625 are considered to be 

forms of IV and V, in accordance with the ISO 945 standard. Graphite particles with a 

roundness of greater than 0.625 are classified as form VI. The roundness-shape factor is 

given below [107]:  

2
max

4A
Roundness =

πl
 ( 6 ) 

where A is the cross-sectional area, and lmax is the major intersectional length of the 

graphite particles. Particles with a maximum axis length of less than 10 μm or that were 

touching the image boundaries were excluded from the analysis. 

For Supplement VII, samples of each component-like test piece were taken from the core, 

50 mm from the bottom, following tool-life testing for metallographic investigation, which 

is depicted in Figure 11(a). The samples were initially prepared using standard grinding and 

polishing procedures for cast irons, and were then etched using a Nital 1.5% solution for 15 

seconds. A Leica LOM equipped with a Zeiss AxioCam MRc 5 and AxioVision image-

processing software was used to determine the pearlite content.  

In addition, a scanning electron microscope in secondary electron (SE) mode and equipped 

with energy-dispersive X-ray spectroscopy (EDS) technology was used for detailed analysis 

of fracture surfaces, wear mechanisms, worn surfaces, tool-edge damage, flank wear 

evolution during the cutting process, and chemical composition, and to determine the 

dominant wear mechanisms under sliding wear and abrasion conditions.  

2.3.3 GRAPHITE LAMELLA ORIENTATION  

An optical microscope with a magnification of 50X was utilised to determine the orientation 

of graphite lamellas in relation to the sliding direction, which was considered to be 0°, with 

the graphite lamellas being considered as two-dimensional particles, as depicted in Figure 

12. Thus, orientation values were converted to degrees (from 0° to 90°). For ease of 

comparison, graphite particles with lengths of less than 50 µm were excluded from this 

study. 

The data obtained was grouped into nine different categories, each with an angular 

increment of 10°, and presented as frequency distribution. Normalising (i.e. relative 

frequency percentage) was used to compare the number of graphite lamellas for worn 

surfaces with that of unworn ones (the bulk section at zero hours of operation). This was 

calculated by dividing the number of graphite lamellas on worn samples by the total 

number of lamellas within each orientation category. The frequency distribution 
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measurement results were arrived at as an average of at least three areas for each individual 

piston ring.  

 

Figure 12. Schematic representation of the method used for determining the orientation of 
graphite lamellas in degrees; the sliding direction is set as the reference axis [86]. 

2.3.4 TENSILE TESTING 

Specimens with a diameter of 10 mm and gauge length of 50 mm were prepared for tensile 

testing. For 7 mm plates, flat test samples were prepared accordingly, with 5 mm original 

thickness, 7.5 mm width, and 70 mm gauge length being specified. Each specimen was 

taken from the centre of each plate, corresponding to section D of Figure 10(b). The tensile 

samples were produced and the mechanical properties were determined through 

conducting a common tensile testing, according to the ISO 6892-1:2009 standard at 

ambient temperature, using a Zwick/Roell Z100 testing machine with a load capacity of 

100 kN.  

To measure the strain, an extensometer with a gauge length of 20 mm was used for 

elongation up to 0.3%, and the crosshead displacement method for 0.3% to fracture. The 

tensile curves were evaluated using an in-house MatlabTM script to determine values for 

0.2% offset proof stress (Rp0.2), ultimate tensile strength (Rm), and Young′s modulus (E). A 

linear elastic region was obtained for the studied solution-strengthened CGI materials. The 

modulus of elasticity values reported in this study were determined at 80 MPa of applied 

stress. The tensile testing values presented are an average of at least three specimens. 

2.3.5 MICROINDENTATION TESTING AND MICROHARDNESS 
MEASUREMENTS 

Microindentation testing and microhardness measurements were performed on 10 mm-

thick specimens in accordance with the ISO 6507-1:2005 standard under ambient 

laboratory conditions. Microindentations were made using a Vickers indenter with a typical 

diamond pyramid with apex semi-angles of 136°, to induce plastic deformation in the cast 
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iron matrix and adjacent to the graphite lamellas. Moreover, the microhardness values of 

the pearlitic matrix and hard phases were measured with an average value of at least six 

measurements. In addition, several indentations were made at different locations on the 

iron matrix, and deformation characteristics were compared with indentations made close 

to the graphite lamellas. The test load for indentations was 500 grammes, applied to a 

diamond-polished surface for approximately 15 seconds. 

2.3.6 MICROSCRATCH TESTING 

To better understand the evolution of wear mechanisms and crudely simulate the material 

failure caused by a hard particle or asperity under abrasive conditions, and to investigate 

the effect of microstructure on abrasion resistance, single-point microscratch testing was 

performed on various cast iron matrices (Supplements II and IV). While a range of loads 

were used, only the results achieved for low loads are presented, as these were somehow 

representative of actual particle loading on a real piston assembly system. A rigid, semi-

spherical diamond indenter was used to simulate fairly the abrasion caused by a hard, 

spherical particle. The microscratch testing was performed at ambient laboratory 

temperature on polished surfaces under both constant and progressive loading conditions, 

in accordance with the ISO 14577-1:2002 standard. The nanoindentation and scratch 

apparatus developed by Micro Materials (schematically illustrated in Figure 2 of 

Supplement IV), equipped with an optical microscope and tangential friction force and 

penetration depth sensors was used for the nanoindentation, microindentation, and single-

pass scratch experiments. 

It should be noted that the distance between the indentations/scratches was carefully 

maintained at least three times the length of the indentation diagonal during both 

indentations and microscratch testing; this was done so as to ensure that the stress field 

effect in the vicinity of the indentations/scratches was eliminated.  

2.3.7 MACHINABILITY 

A GF AgieCharmilles MIKRON HPM 600 HD 3-axis machining centre was used for milling. 

In order to investigate the tool’s lifespan, a R365-125Q40-S15H tool holder equipped with 

three R365-1505ZNE-KM GC3330 CVD-coated carbide inserts was used. The milling 

process was performed according to the wear progression rate method, which is based on 

the number of inserts used. The GC3330 inserts utilised in this study consisted of a mixed 

carbide substrate with Ti(C, N) and Al2O3-coated layers in ascending order on the rake 

surface of the tools and an additional titanium nitride layer on the flank surfaces. The 

alumina layer was deposited using Sandvik InveioTM Technology to ensure that all of the 

crystals had the same orientation, with the maximum crystal strength directed towards the 

tool-free surfaces. All machining tests were performed under dry conditions and two 

different cutting conditions, A and B, as recommended by the tool manufacturer for the 
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tool grades used in this study. Details of the cutting conditions can be found in Supplement 

VII. Conditions A and B resulted in similar cycle periods, i.e. the time required for one full 

machining cycle. The criterion for tool-life testing was set to either the maximum flank wear 

width (VBmax), which was set to 200 µm for an individual insert, or the point at which 

excessive chipping of the cutting edges began to occur. Each experiment ended when the 

test piece was machined down to the height of clamping bars.  

2.3.8 MODELLING AND SIMULATION 

The effect of microstructural variation and chemical composition on mechanical properties 

were statistically analysed using response surface methodology (RSM). Here, in order to 

find relations with which to predict tensile properties, chemical compositions and the 

measured microstructural features of the materials studied were considered as design 

variables, and mechanical properties measured were selected as the response variables. The 

Analysis of Variance (ANOVA) method was used to determine which parameters most 

significantly affected the mechanical properties of CGI alloys produced with high levels of 

Si and different cooling rates. Multiple variable regression analysis, in which interactions 

between the variables were taken into consideration, was carried out for the regression 

models. The statistical analysis software DesignExpertTM was employed to create a 

regression model and perform statistical evaluation.  

The P-value approach was employed for hypothesis testing, with ‘Probability>F’ being less 

than 0.05 indicating that the model terms were statistically significant. The model in an 

annotated view was labelled as ‘Significant’, suggesting that the model was statistically 

correct and valid. The ‘F-value’ and associated probability suggested a very small 

likelihood, 0.01%, i.e. P=0.0001, that the ‘Model F-value’ could occur due to noise. A model 

with a significant lack of fit is not a good predictor of the response, and thus should not be 

used to draw any conclusions. The variation between the model prediction and the 

extrapolated data points was compared to the pure error data point to test the lack of fit. In 

the statistical output, the lack of fit should not be significant, which was the case in the 

present modelling. 

The models derived were then implemented into a development version of the 

MAGMASOFT® casting process simulation program. To verify the derived models, all three 

Si level simulations were performed for both the given plate casting geometry and the 

component-like test pieces (Supplement VII). 
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CHAPTER 3 

 
SUMMARY OF RESULTS 

AND DISCUSSION 
 

CHAPTER INTRODUCTION 

This chapter summarises the results of the study. It begins with a brief description of the 

influence of cast iron microstructure and graphite lamellas on the tribological behaviour of 

piston rings in marine diesel engines. Additionally, mechanical properties of fully ferritic 

silicon solution-strengthened CGI alloys, which are produced in this research, are 

evaluated, followed by modelling, simulating the local mechanical properties and 

machinability of these alloys. 

 

3.1 PISTON RING WEAR CHARACTERISTISATION 
(SUPPLEMENT I) 

A typical piston ring pack with four rings, which is designed for low-speed two-stroke 

marine diesel engines, is schematically depicted in Figure 13. For Supplement I, the 

samples were selected form the worn piston ring number 2, in order to investigate the 

predominant wear mechanisms involved during sliding conditions. Each ring allows a 

certain amount of leakage, through either grooves or the gap in the end. Compacted cast 

iron is typically used for the first ring, while the others use micro-alloyed lamellar graphite 

cast iron as a base material. Prior to the running-in stage, all of the rings need to be coated 

to ensure a sound running-in condition and to reduce the risk of scuffing. The type and 

thickness of coatings are discussed and detailed specifications for each of the rings are 

provided in Supplement I. 

For many years, it was believed that the high wear rates observed in piston rings and 

cylinder liners was related to the presence of large quantities of sulphur in heavy-fuel oil, 

which was said to create a corrosive environment due to the formation of sulphuric acid. 

However, recent studies have shown that the high wear rates and surface degradation found 

in piston ring assemblies are primarily caused by abrasion and scuffing issues, rather than 
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corrosive wear [108]. Scuffing is typically accompanied by a severe plastic deformation of 

the matrix of the sliding bodies at both surface and subsurface levels. The consequences of 

scuffing appear in the form of micro-welding and/or severe wear scars, which signify plastic 

deformation, abrasive ploughing, and adhesive wear processes [95].  

 

Figure 13. A typical piston ring pack, consisting of four rings [86]. 

To better understand the factors that control the wear mechanisms of piston rings and 

cylinder liners under sliding wear conditions, two piston rings that had been run for 

approximately 16,000 and 20,000 hours in a real marine two-stroke diesel engine were 

selected, and are shown in Figure 14(a) and (b), respectively. As can be seen, both surfaces 

are heavily scratched. In most abrasive wear conditions, smooth surfaces that have been 

subjected to wear have a characteristic roughened appearance with a series of fairly straight 

grooves that usually appear parallel to the scratching direction, and adjacent areas that 

have undergone severe plastic deformation, induced by the hard particles/asperities [34].  

 

Figure 14. Optical images of the worn surfaces of two LGI rings after (a) 16,000 and (b) 20,000 
hours of operation [86]. 

Figure 15 represents the SEM micrograph of a typical worn lamellar iron piston ring, taken 

after 16,000 hours in a large-bore marine diesel engine. Such an appearance suggests that 

abrasion is largely the consequence of interactions between sharp, hard particles and piston 

ring surfaces. As can be observed, no significant evidence of corrosive attacks was detected 

in either of the surfaces examined, demonstrating that corrosive wear is very uncommon 

in such applications, in accordance with the findings of Nadel and Eyre [108]. 
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Figure 15. SEM micrograph of the worn surface of a typical pearlitic lamellar iron piston ring, 
taken from a two-stroke marine diesel engine. 

Furthermore, Figure 16(a) and (b) qualitatively represent the significance of matrix 

deformation with regard to the piston ring surfaces during sliding wear, in that it is possible 

to observe that the matrix deformation happening during sliding resulted in closure of a 

majority of the graphite lamellas.  

  

Figure 16. The microstructure of (a) an as-received worn piston ring surface that had been 
operated for 16,000 hours; (b) the subsurface achieved after a very smooth polishing [86]. 

This finding has also been confirmed quantitatively through comparison with a reference 

surface (an unworn sample), which is presented in Table 4. Note that the graphite fraction 

values presented in Table 4 are normalised for the unworn sample. The lowest frequency 

of open graphite lamellas occurred in samples that had been for 16,000 hours of use, which 

resulted in a reduction in the frequency of open graphite lamellas of approximately 52%, 

while for 20,000 hours this was 34%. 



 

34 
 

Table 4. Frequency and fraction area of graphite lamellas on investigated piston ring surfaces 
of roughly 100 mm² (for lamellas larger than 50 µm). 

Material  
(Piston ring number II) 

Number of graphite 
lamellas  

Normalised value for 
graphite fraction area 

Reference surface (Bulk section, 0 hours) 770 1.00 
Worn surface (16,000 hours) 470 0.48 
Worn surface (20,000 hours) 460 0.66 

3.1.1 LAMELLAR GRAPHITE ORIENTATION ON UNWORN AND 
WORN SURFACES  

To determine the extent to which abrasion changes the appearance of the sliding surfaces 

of cast iron alloys, and more specifically how it causes to close the graphite lamellas, a worn 

surface was gently polished until a scratch-free (subsurface) achieved. Figure 16(a) and (b) 

represent a qualitative comparison of an as-received worn surface and a smoothly polished 

subsurface, respectively. It is quite clear that a majority of the graphite lamellas that were 

covered and closed during sliding (not visible in Figure 15(a)) reappeared on the polished 

surface (visible in Figure 15(b)) and, surprisingly, exhibited towards a specific orientation 

range. This observation was then examined and confirmed through measurements of 

lamellas orientation on both as-received worn surfaces and polished subsurfaces. The 

results obtained are shown in Figure 17. The bulk section of the piston ring was selected as 

a reference surface, i.e. 0 hours of use. The mean and confidence interval (0.95%) of the 

measured lamella orientations are given in Figure 16. 

 

Figure 17. Graph of the relative frequency distribution of graphite lamellas throughout the 
worn surfaces, plotted against the sliding direction for Ring No. 2, after 16,000 and 20,000 

hours of operation, as well as for the bulk section surface [86]. 

The dashed black line in Figure 17 represents the constant frequency percentage value of 

approximately 11.11% (corresponds to 100% divided by the nine groups) of the graphite 

lamellas (the ideal case). As can be seen, the errors bars of the bulk section surface overlap 

the dashed line, confirming a uniform distribution and orientation of the graphite lamellas 
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over the examined surface, which is in good agreement with the literature [39]. To avoid 

any ambiguity, the frequency of graphite lamellas for the worn surfaces has been 

normalised relative to the reference (bulk section) surface. Therefore, for each category, the 

graph bars that are below those of the reference surface are considered to represent worn 

surfaces. The relative frequencies and comparing them to the unworn sample yielded a 

significant reduction of graphite lamellas; approximately 39% and 42% of the samples worn 

for 16,000 and 20,000 hours, respectively. A similar trend observed in both ring surfaces 

suggests that the greatest reduction of graphite lamellas frequency occurred for lamellas 

orientated at between 0 and 30°. Thus, the graphite lamellas that were parallel, or near-

parallel, to the sliding direction were closed earlier and more frequently than those which 

deviated further from the sliding direction. 

3.1.2 MECHANISMS WITH REGARD TO THE CLOSING OF 
GRAPHITE LAMELLAS (SUPPLEMENTS II & III) 

Several different wear mechanisms including adhesive wear, wear-produced debris, and 

corrosive wear, may cause changes in the texture of tribosurfaces and the closing of graphite 

lamellas during sliding; however, in the piston rings investigated, abrasive wear was found 

to be the predominant cause (see Figure 18(a)). To simulate abrasive wear conditions – in 

this study in the form of scratching – three possible positions for graphite lamellas relative 

to the scratching direction were proposed, and can be seen in Figure 18(b), (c), and (d), in 

which abrasive particles are represented by black semi-spherical indenter and scratch 

direction is perpendicular to the images (in and out direction).  

Under micro-level abrasion conditions, the material is displaced primarily to each side of 

the scratch groove (i.e. piling-up formation) as the abrasive particles pass through the 

surface of the cast iron matrix. As shown in Figure 17 and Figure 18, the lateral 

displacement resulted from abrasion most significantly influences those graphite lamellas, 

which are orientated parallel to the sliding direction, to the extent that it is sufficient to 

close the lamellas entirely. Those lamellas, which are perpendicular to the sliding direction, 

on the other hand, are only partially collapsed and covered by the deformation of the matrix 

(indicative of a micro-cutting mechanism). Furthermore, studies have shown that the size 

[109], shape, and attack angle of abrasive particles [15] are important factors in 

determining the transition t0, from, or between – as well as ratio of – micro-ploughing and 

micro-cutting mechanisms.  

As is discussed above, and was investigated by Liu [110] and Sarmadi [85], abrasion 

substantially deforms both the surface and subsurface of sliding tribosurfaces. The elastic 

and plastic deformation of matrices during sliding greatly affect graphite film formation by 

closing the graphite lamellas and so preventing the continuous supply of graphite particles 

between the sliding bodies. Additionally, based on the results presented above, graphite 

lamellas of differing orientations do not exhibit the same closing tendencies under sliding 
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conditions. In the worst-case scenario, the closing of graphite can lead to a dramatic 

increase in coefficient of friction, micro-welding, and scuffing failures [110, 111]. 

 

Figure 18. (a) SEM micrograph of the worn surface of a typical pearlitic lamellar iron piston 
ring, taken from a large-bore two-stroke marine diesel engine. Several mechanisms are likely 
behind the closure of the graphite lamellas [86]; (b), (c), and (d) graphite positioning relative 

to the scratch direction (scratching direction is perpendicular to images ). 

With regard to this fact that material strain is related to the stiffness of the material, and 

plastic deformation occurs when the stress applied to a sliding surface exceeds the yield 

strength of the material, thus, the orientation of graphite lamellas can influence to a great 

extent which types of matrix deformation might occur in the vicinity of the graphite 

lamellas [112]. In Figure 18(b), the matrix stiffness of the left side of the graphite is much 

lower than that of the right side as a result of a higher amount of graphite (soft material) 

and a lower quantity of metal matrix beneath the affected surface (abrasive particle). Such 

positioning of a graphite could occur in a situation in which the evenly distributed stress 

imposed by a hard particle is sufficiently high that plastic deformation is more pronounced 

on the left side of the lamellas than the right. In such a scenario, the material is pushed 

through (comes out) of matrix with some degree of deviation relative to the sliding direction 

as discussed in Supplements II. However, a larger cross-section of graphite lamellas means 

that it is less likely that the displaced matrix will close and cover all of the lamellas [110]. 

Thus, when the graphite lamellas are positioned parallel to the sliding direction (see Figure 

18(c)), changes in their dimensions and subsurface shearing cause severe plastic 

deformation of the matrix below the sliding surface, which can easily close the graphite 

lamellas. Hence, the narrow transverse dimensions of graphite lamellas facilitate their 

being closed. Moreover, for single-point scratches caused by asperities, scenario (b) in 
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Figure 17 would be more likely to cause failure than scenario (c) for the same reasons 

(Supplements II and III). 

Figure 18(d) represents a scenario in which graphite is distributed uniformly throughout 

the sliding interface. Here, such a positioning of the graphite is tribologically beneficial at 

the beginning of the sliding process, as the graphite acts as a large load-carrying surface 

and serves locally as a well-positioned supply of lubricant and facilitates the smearing 

process and thus formation of tribofilm, but these lamellas are prone to being removed 

immediately from the piston ring surface throughout the wear process, leaving an empty 

pocket, that could store wear debris particles and contaminants which is, of course, an 

undesirable situation as described in Supplement I [112]. 

3.1.3 THE NATURE OF THE ABRASIVE PARTICLES 
(SUPPLEMENTS I & II) 

The interactions between abrasive particles, matrix constituents, and graphite particles are 

significant, in that abrasive particles are sufficiently hard to cause scratching the 

tribosurfaces [95], leading to rigorous plastic deformation and severe displacement of 

metal matrices, and in turn to the closing of graphite lamellas (Figure 19(a)).  

 

Figure 19. (a) A worn piston ring surface; (b) chemical composition of the cat fines; (c) 
chemical composition of debris [113]. 

The abrasive particles present in piston ring systems either originate externally (in the form 

of foreign particles termed ‘cat fine’, which are identified using EDS analysis; see Figure 

19(a) and (b)), or are wear-produced particles, i.e. debris (see Figure 19(a) and (c)). As 

shown in Figure 19(b), cat fines typically appear as around particles with high O, Si, and Al 

contents.  
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3.2 THE EXTRUSION BEHAVIOUR OF GRAPHITE 
(SUPPLEMENTS II, III & IV) 

Several hypotheses attempt to explain the process of the layer-by-layer (gradual) removal 

of graphite particles, smearing onto sliding surfaces, and eventual formation of a tribofilm 

between the sliding tribosurfaces [84, 110]. However, the investigations of the interactions 

between abrasive particles and graphite lamellas undertaken in this study do not support 

the existence of such a mechanism for tribofilm formation at least under abrasion 

conditions. The interactions between cat fines and graphite lamellas were studied, and this 

process is described in Supplement II. To explain and simulate this interaction, and 

examine the self-lubricating behaviour of graphite lamellas under abrasive conditions, 

microindentation and microscratch testing were carried out on the metallic matrices and 

areas near to the graphite lamellas of typical lamellar graphite cast iron surfaces and the 

results are presented here. 

3.2.1 MICROINDENTATION TESTING (SUPPLEMENT II) 

Figure 20(a) shows a two-dimensional micrograph of a graphite lamella, on a polished cast 

iron surface prior to indentation. The indentation was made using a Vickers indenter close 

to the graphite, and applied a load of 500 grammes. As can be seen in Figure 20(b), the 

lamella was compressed, fractured, and extruded from its original pocket by the induced 

compressive stress of the indentation, the net force of which resulted from the elastic and 

plastic deformation of the matrix. However, when the applied force was removed, only the 

plastically deformed area – visible as an impression on the surface – remained on the 

affected region. 

 

Figure 20. (a) Optical micrograph of the lamella prior to indentation; (b) SEM image of the 
same area at a higher magnification, showing the extruded lamellar graphite structure [113]. 

A similar behaviour was observed in another instance, presented in Figure 21. In both cases, 

the graphite began to fracture, and cracks appeared near to the centre of the lamellas. This 

can be confirmed by examining the area near the edge of the graphite, marked by a black 
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circle in Figure 21(a). Moreover, the bifurcation into two halves, each indicated by a white 

arrow, with differing orientations can also be clearly seen in Figure 21(a). One possible 

explanation for this phenomenon is that the lamella was not perfectly straight 

(‘geometrical’ influence), but rather shaped like a twisted plate, meaning that indentation, 

and in turn stress distribution, around the graphite lamella caused the extrusion of the 

graphite in two different planes.  

 

Figure 21. The extrusion behaviour of the graphite caused by microindentation, made near to 
the graphite lamellas [113]. 

Such this interesting response of graphite lamellas to indentation immediately raises the 

question of whether it is possible to distinguish between different types of response to 

indentation, and whether these could be correlated to the structure and/or extrusion 

patterns of graphite lamellas. Hence, microindentation testing was conducted on a cast iron 

sample with a pearlitic matrix located close to several graphite lamellas (Supplements II 

and III), followed by comparison of the deformation characteristics. 

 

Figure 22. Graphite lamellas responses to a similar microindentation condition: (a) 
unaffected graphite; (b) extruded graphite. 

The microindentation responses revealed a clear difference in graphite lamellas extrusion 

tendencies, as shown in Figure 22. The graphite shown in Figure 22(a) was almost entirely 



 

40 
 

unaffected, even though the indentation was made nearby, while that shown in Figure 

22(b), which experienced the same conditions, was fractured and extruded from its pocket. 

These detailed differences are discussed in Supplement II. 

3.2.2 THE EFFECT OF LAMELLA SUBSURFACE ORIENTATION ON 
EXTRUSION BEHAVIOUR (SUPPLEMENT III) 

Further investigation of the relationship between orientation of the graphite lamellas and 

their extrusion responses, which used microindentation techniques, revealed that graphite 

lamellas do not exhibit a similar behaviour as a result of indentation. This can be proved by 

comparing before- and after-indentation images, as shown in Figure 23; here, it can be 

observed that some of the graphite lamellas showed no response to indentation, even when 

indentations ware made close by.  

 

Figure 23. SEM micrographs showing the response of graphite lamellas to microindentation: 
(a) and (c) show a graphite lamella that was unaffected (before and after etching with an aqua 

regia solution, respectively); (b) and (d) show a graphite lamella that was extruded (before 
and after etching, respectively). 

Figure 23(a) clearly represents one of these instances, in that, as compared to the 

untouched graphite lamella, the post-indentation graphite lamella remained almost 

unaffected, however, SEM examinations revealed that small graphite lamella, closer to the 
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indenter and visible in Figure 22(c), was squeezed and extruded from its pocket. As it is 

visible in Figure 23(b), the graphite was heavily influenced by indentation and was 

squeezed and extruded. A deep-etching technique (using an Aqua regia solution) was used 

to determine the influence of graphite lamellas subsurface orientation on their extrusion 

behaviour in detail, as shown in Figure 23(c), (d).  

Deep-etching of the cast iron alloy causes to remove the metallic matrix but leave the 

graphite lamellas, which are thus more visible (Figure 23(c) and (d)). As is discussed above, 

graphite lamellas, which are oriented parallel to the tip of the indenter obtain maximum 

resistance during indentation and do not demonstrate any extrusion tendency, and so 

remain almost entirely unaffected (as was the case with the lamella in Figure 23(c)). 

However, graphite that is located near to the tip of the indenter (e.g. that in Figure 23(d)) 

is extruded as a consequence of matrix deformation. This phenomenon occurred only for 

those graphite lamellas, which had a specific orientation in relation to the indenter tip. 

Under abrasive wear conditions, therefore, the orientation of a graphite lamella plays an 

important role in either facilitating smearing or stopping the supply of graphite, thus can 

change the wear mechanism nature [18]. 

3.2.3 MODELLING AND SIMULATION OF MICROSCRATCH 
TESTING (SUPPLEMENTS III & IV) 

As is discussed in the introduction, abrasion causes severe damage (matrix 

displacement/deformation) to tribological surfaces as a result of that the topmost layers of 

metal matrices becoming scratched, which also inhibits the lubricating ability of graphite 

lamellas. In order to correlate the quantity of indentations to abrasion mechanisms, scratch 

testing was performed on pearlitic LGI specimens. Prior to this, two microscratch tests were 

conducted using a typical lamellar graphite in order to simulate abrasion conditions caused 

by a hard abrasive particle on a laboratory scale. The scratch testing was conducted over a 

distance of 300 µm, under a constant load of 1,000 mN.  

The SEM images shown in Figure 24(a) and (b) highlight the typical responses of graphite 

lamellas to abrasive wear, here in the form of scratching. Under normal loading conditions, 

the graphite lamella began to fracture from the centre, as can be observed in Figure 24(a); 

however, no significant quantity of graphite was extruded. It is of interest that both 

indentation and scratch testing produced many similar behaviours – a similar extrusion 

behaviour, for example, was observed for both microindentation and microscratch testing, 

as seen in Figure 24(b). With regard to the positioning of graphite lamellas, the results 

showed that those lamellas that lay in the path of the indenter were compressed and 

extruded from their pockets.  
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Figure 24. Scratch testing of a typical lamellar graphite sample, where a constant load of 1,000 
mN was applied. 

The scratch depth and frictional force profiles of the above scratches (‘B’ in Figure 23(a)) 

are plotted in Figure 25. Pre- and post-scan depth profiles provide valuable information 

regarding the plastic and elastic deformation of a matrix during and after scratch testing, 

as represented in Figure 25 by black and orange curves, respectively. It should be noted 

that a positive direction has been selected as the reference axis, so as to demonstrate the 

scratch depth. The difference between microscratch depth and post-scratch topography can 

be used to determine the significance of elastic recovery of the matrix after scratching.  

 

Figure 25. The scratch depth and frictional force profiles of scratch B. 

As can be observed, frictional force (indicated by the green curve) increases as scratching 

proceeds; however, it significantly drops as the indenter encounters the graphite. A possible 

explanation for this is that, due to the subsurface orientation of the graphite lamellas, the 

amount of metal matrix beneath the indenter decreased in this region, and as a result, it 

could not resist the applied force. Moreover, the fractional force again increased on the 

other side of the graphite lamellas, approaching the maximum value because of the edge 
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effect of graphite. Further scratching was accompanied by a slight decrease in frictional 

force and the delamination of the matrix. 

Conducting scratch testing with a constant load enables to have a better understanding of 

material failure, while the greatest advantages afforded by scratch testing with a 

progressive load (the load continually increases while the indenter tip moves forward) are 

the ability to monitor the evolution of material failure and identify the critical loads for 

various failure mechanisms. Figure 26 illustrates the SEM image and corresponding 

morphological features of the grooves produced during the progressive scratch testing of a 

pearlitic LGI sample.  

 

Figure 26. (a) A graph indicating the normal force, frictional force, and depth of penetration 
as a function of scratch distance; (b) SEM image showing the lamellar iron failure – resulted 

from the progressive scratch test – from 5 to 1,500 mN and 3,000 mN (scratch No. II). 

The tangential friction force was also recorded during the experiment as a function of the 

applied load and scratch length, as is illustrated in Figure 26(a). The frictional force 

fluctuations along the line of the scratch were used to study and correlate the failures 

observed during scratching when the indenter passed over each individual phase (e.g. 

carbides, pearlite with different coarseness). In addition, the elastic and plastic 

deformation that occurred at points along the scratch path were evaluated by plotting 

scratch depth against scratch length, as illustrated in Figure 26(a). Figure 26(a) and (b) 

show the common response of the graphite lamellas to abrasive wear, here, in the form of 

progressive load scratching. It can be concluded from the SEM image and scratch-depth 

graph presented in Figure 26(a) that increasing the normal load caused increases in both 

the depth of penetration and scratch cross-sections; as a consequence, surface damage and 

plastic deformation also increased.  
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As can be seen from in scratch No. II, different modes of wear took place as the applied load 

increased from 5 to 3,000 mN. From the beginning and up to approximately 200 µm, 

insignificant deformation was observed, with regard to this fact that the indenter tip simply 

passing over the pearlite matrix and graphite lamellas, as is confirmed by the scratch depth 

profile shown in Figure 27(a). Further increase of the load caused the deformation of the 

pearlitic matrix, which is primarily described by a micro-ploughing mechanism, 

identifiable through the presence of a ridge adjacent to the scratch groove. This was created 

by the displacement and plastic deformation of the matrix, and occurred on both sides of 

the groove without the removal of material nor the formation of metal chips (see Figure 

27(b)). However, as can be observed in Figure 27(c), a further increase in applied load 

resulted in severe micro-ploughing. 

 

Figure 27. SEM images depicting interactions between the indenter tip and the micro-
constituents of lamellar graphite iron during progressive scratch testing. 

The wedge-formation mechanism could also be observed on the line of the scratch between 

roughly 1,000 and 1,500 µm, which was the point at which the transition between micro-

ploughing and micro-cutting occurred, and the cracks at the bottom of the grooves visible 

in Figure 27(d) began to form. As can be observed in Figure 27(f), micro-cutting was the 

dominant wear mechanism, and at this point in time the indenter was applying loads of 

above 1,500 mN, causing significant damage to, and even delamination of, the matrix 
observed on the bottom of scratch grooves. Similar behaviour was observed for the 

Scratches No. I, III, and IV as shown in Figure 26(b); however, the micro-ploughing and 

micro-cutting damage occurred in different locations for each scratch due to the varying 

magnitude of the applied load. 

The tribological significance of the interaction between the hard abrasive particle 

(indenter) and pearlitic matrix can be observed in Figure 28. Under an applied load of 
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about 50 mN, no particular interactions were identified, and the cementite plates (in 

pearlite phase) were almost unaffected. However, 1,000 mN was found to be a critical load 

value for the pearlite, causing damage to the matrix and deforming the ferrite and 

cementite plates, as seen in Figure 28(b). Furthermore, increasing the applied load to 

roughly 1,500 mN resulted in a very substantial displacement of pearlite and the occurrence 

of the slip-stick phenomenon, which can be clearly seen in Figure 28(c). 

 

Figure 28. The effect of an applied load on the deformation behaviour of pearlite phase 
observed during microscratch testing. 

In addition, there has been a great deal of discussion in the literature regarding the positive 

or negative contributions of individual phases to the wear properties of cast iron materials. 

With regard to this, progressive scratch testing enables researchers to investigate how 

micro-constituents such as hard phases (carbides), graphite lamellas, and pearlitic 

structures interact with an indenter tip. As is discussed above, a sudden change in scratch 

depth indicates matrix delamination, i.e. interaction between the indenter tip and micro-

constituents. Some of these interactions are identified in Figure 26(a) and Figure 27(a)-(f). 

For instance, the presence of hard phases such as carbides and phosphides led to improved 

abrasion resistance due to the fact that, under sliding conditions, these hard phases stand 

out from the matrix on a fully run-in surface, thereby minimising direct metal-to-metal 

contact [6, 114]. This conclusion has been validated by scratch testing (see Figure 26(a) and 

(b) and Figure 27(e)), in that the indenter passed the hard phases and a narrower scratch 

was formed, with almost no displacement or obvious cracking of the hard phase.  

However, as Figure 29 indicates, too much applied load leads to damage and fracture of the 

hard phases, so that the resulting detached hard particles can deteriorate the sliding wear 

performance of the parts by causing severe abrasion under sliding conditions. 
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Figure 29. SEM image showing the fracture of hard phases as a consequence of a high applied 
load (approximately 2,800 mN) during scratch testing. 

3.3 SOLID SOLUTION-STRENGTHENED CGI (SUPPLEMENTS 
V, VI & VII) 

3.3.1 CHEMICAL COMPOSITION 

In Supplements V, VI, and VII, the influence of Si content and section thickness on the 

mechanical properties of compacted graphite iron was evaluated. This was done by 

producing the ferritic compacted iron alloys with three different levels of Si which were 

denoted as ‘low-Si’ (3.66 wt%), ‘medium-Si’ (4.09 wt%), and ‘high-Si’ (4.59 wt%) CGI. Table 

5 lists the final chemical composition of the Mg and inoculant-treated melts just prior to 

mould filling. 

Table 5. The chemical compositions of the Mg- and inoculant-treated alloys (wt%). 

Alloy C Si Mn P S Cr Mo Ni Co Cu V Mg 
High-Si 3.13 4.59 0.17 0.01 0.01 0.04 0.01 0.06 0.027 0.019 0.015 0.014 
Medium-Si 3.01 4.09 0.19 0.01 0.01 0.04 0.01 0.06 0.025 0.019 0.016 0.010 
Low-Si 3.24 3.66 0.2 0.01 0.01 0.05 0.01 0.06 0.025 0.020 0.016 0.014 

 

For Supplement VII, machinability and tool-life studies were performed on low-Si CGI 

materials, the results of which is presented in Table 5, although the medium- and high-Si 

CGI castings produced during the second attempt used were, as those produced during the 

first experiment were found to contain porosities on the top surfaces of castings. Detailed 

information on the chemical composition of the castings produced for machinability and 

tool-life testing can be found in Supplement VII. 

3.3.2 MICROSTRUCTURAL CHARACTERISATION 

Increasing Si content from roughly 3.66 to 4.59 wt% resulted in a compacted iron with a 

predominantly ferritic matrix (the Si functioning as a graphitising element) with very 

limited (less than 1%) quantities of pearlite. However, the thinner plates of the low- and 
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medium-Si CGI materials had slightly higher pearlite content along with decreasing section 

thicknesses. In CGI materials, graphite appears as individual ‘worm-shaped’, with rounded 

edges particles that are shorter, thicker, and more interconnected as compared to the 

elongated and randomly oriented graphite of LGI materials. This is the fundamental 

difference between CGI and LGI casting alloys, and is the reason for the remarkable 

improvement in mechanical properties of the CGI materials compared to the LGI alloys 

[77].  

 

Figure 30. Optical microscope images of representative microstructures of CGI materials, cast 
in three Si levels and five section thicknesses. 

The differences in section thickness results in a considerable variation in cooling rates and 

heat dissipation levels during both the solidification process and solid-state 

transformations, which resulted in nodularity variation in different thicknesses, as is 

presented both qualitatively and quantitatively in Figure 30 and Table 6. Such variations 

in cooling rate and Si content led also to a variety of microstructures in different parts of 

the casting, and consequently to differing local mechanical properties. In addition, it was 

later found that undesirable chunky graphite formed locally in the thickest plates of the 

low- and high-Si CGI alloys, particularly in cases where the cooling rate was limited (in 

plates with a section thickness of 75 mm; see Figure 30). The formation of this chunky 

graphite leads to a deterioration of the CGI’s mechanical properties, in particular plasticity. 

Chunky graphite is a known defect in high-Si spheroidal graphite iron, and is commonly 

counteracted by adding different ratios of Ce/Sb [97]. During the designing process, 30 mm 

was set as a ‘reference plate’ for the present casting, with both the Mg and inoculation 

treatments intended to give a nodularity of roughly 5-10% in these sections. 

As can be seen in Table 6, for all Si levels, a nodularity range of between 5 and 14% and 

graphite particle of roughly 41 to 80 were observed in thicker sections (30-75 mm). In 

addition, for all materials, aside from those with 75 mm sections, a decrease in thickness 
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resulted in an increase in both nodularity and graphite particles. The nodularity of a 75 

mm-thick plate varied from 6 to 8%, which was the highest of the high-Si plates. No 

significant change in nodularity was observed for plates of 50 mm thickness, nor due to 

differences in Si content. 

Table 6. Obtained results for the polished and etched sample surfaces. 

Material Thickness 
(mm) 

Nodularity 
(%) 

Graphite particle 
(nodule/mm2) 

Pearlite  
(%) 

Graphite 
fraction (%) 

Remarks 

High-Si  
 

7 39 222 <1 6.9 Disturbed 'chunky 
graphite' 

15 16 90 <1 8.1  
30 14 80 <1 9.8 Regions of severely 

disturbed 'chunky 
graphite' 

50 6 55 <1 10.1  
75 8 58 <1 10.4 Regions of severely 

disturbed 'chunky 
graphite' 
 

Medium-Si  
 

7 46 231 <5 11.8  
15 15 83 <5 5.2  
30 7 46 <5 5.9  
50 5 41 <1 10.1  
75 6 60 <1 8.2 

 
 

Low-Si  
 

7 38 185 <10 9.5  
15 18 71 <10 11.1  
30 9 46 <5 10.1  
50 5 42 <3 9.1 Small regions of 

disturbed 'chunky 
graphite' 

75 7 61 <1 8.2 Small regions of 
disturbed 'chunky 
graphite' 

 

For low- and medium-Si castings, number of graphite particles was unaffected by changes 

to the Si content, but a moderate increase was observed for high-Si compacted iron. 

Moreover, no clear trend was observed for the nodularity values of 30 mm sections for 

different levels of Si. The most significant increase in nodularity occurred in thinner plates 

(7 and 15 mm), which was related to the higher cooling rates in these sections as compared 

to the thicker (30-75 mm) ones. For all cast alloys, the highest nodularity was achieved for 

the 7 mm plate, which was so high that it was no longer, technically speaking, possible to 

be considered as CGI alloy (which should be less than 20%); with showing a nodularity of 

38%, 46%, and 39% for low-, medium-, and high-Si alloys, respectively. 

3.3.3 MECHANICAL PROPERTIES ANALYSES 

3.3.3.1 Tensile properties 

Figure 31 presents the tensile test curves for different Si levels and various section 

thicknesses (15, 30, 50, and 75 mm). From the tensile curves, it is possible to qualitatively 
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conclude that an increase in Si content caused remarkable increases in both 0.2% offset 

proof stress (yield strength) and ultimate tensile strength (tensile strength). This, however, 

came at the expense of a reduced elongation to failure.  

 

Figure 31. Tensile curves for CGI materials cast with different Si levels and plate thicknesses. 

It should be noted that for thicker sections, i.e. 30-75 mm, proof stress and tensile strength 

remained almost independent of Si content, which is shown by the fact that the tensile 

curves of each level of Si content overlap somewhat, and so have relatively similar tensile 

strengths. However, only a small and gradual decrease in elongation to failure with 

increasing thickness was observed, particularly in 75 mm plates. Such a small effect could 

be explained by the presence of chunky graphite in the matrix (as can be seen in Figure 30), 

which may have exacerbated the fracturing and yielding of materials under tensile loading 

[115]. It can also be concluded that the traces of pearlite did not have a significant effect on 

mechanical properties, as tensile strength remained independent of section thickness. It is, 

however, important that the factors that limited elongation to failure in the different plates 

be understood.  

The tensile curves were evaluated using an in-house MatlabTM script to determine the 

Young's modulus (E), 0.2% offset proof stress (Rp0.2), ultimate tensile strength (Rm) and 

elongation to failure (ɛF) of ferritic, Si solution-strengthened CGI materials. No significant 

difference was observed in Young's modulus when the Si content increased from low- to 

medium-, and medium- to high-level, for section thicknesses between 15 and 75 mm, with 

values falling in the range of 152-156 GPa. For plates with a thickness of 7 mm, however, it 

increased considerably, reaching approximately 172 GPa (Supplements V, VI, and VII).  

In order to compare the achieved mechanical properties improvements of high-Si ferritic 

CGI materials, a typical pearlitic-ferritic CGI with a nodularity of roughly 10% was assigned 

as ‘reference sample’ which was cast and studied previously by König et al. [72]. The results 
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of mechanical and microstructural analyses, conducted according to CGI-ISO 16112, GJV 

400, are given in Supplements V. For ease of comparison, a full study and comparison 

between the pearlitic-ferric CGI, cast in the same casting plate layout and studied by Shami 

[116], has been selected to display the relative changes of ferritic Si solution-strengthened 

CGI alloys cast in the present research. The 0.2% offset proof stress, tensile strength, 

elongation to failure, and Young's modulus, of the fully ferritic CGI materials were 

normalised to the reference pearlitic-ferritic CGI materials [116]; and these normalised 

values are presented in Figure 32(a)-(d), respectively.  

 

Figure 32. Relative change of tensile properties of Si solution-strengthened CGI, as compared 
to the reference pearlitic-ferritic CGI materials: (a) Young's modulus; (b) 0.2% offset proof 

stress; (c) tensile strength; (d) elongation to failure, [106]. 

As can be observed in Figure 32(a), increasing Si content from low- to medium- and 

medium- to high-level resulted in an significant increase of proof stress, expect in 7 mm 

plate for low-Si CGI alloy, as compared to the proof stress and tensile of pearlitic-ferritic 

CGI reference alloy. For all Si levels, as plate thickness increased (7-75 mm), improvement 

to proof stress increased accordingly. The most improvement was observed for high-Si CGI 

alloys in 50-75 mm plate thicknesses. In similar manner, as can be seen in Figure 32(b), 

tensile strength was increased by approximately 23% as a result of increasing the Si content 

to the high-level. The tensile strength showed an increase for medium- and high-Si CGI 
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alloys, in particular plate thicknesses 15-75 mm, however, in general, the relative 

improvements were much less as compared to the proof stress in all plate thicknesses. It is 

important to note that, for low-Si CGI alloys, the tensile strength showed a significant drop 

particularly for plates 7-30 mm, and small decrease in (50-75 mm) section thicknesses. The 

increased strength of the produced ferritic CGI materials can be explained by the fact that 

increasing Si content strengthens ferrite phases, while simultaneously making the material 

more brittle by considerably confirmed by significant reducing in elongation to failure, as 

indicated by negative normalised values in Figure 32(c), as compared to other pearlitic-

ferritic CGI materials which this behaviour is in good agreement with the literature [115]. 

Moreover, as shown in Figure 32(d), CGI alloys with all Si levels and section thicknesses 

exhibited improvements in the range of 9-18% for Young's modulus, although this was 

unrelated to either Si level or section thickness. A particularly significant increase was 

observed for 7 mm casting plates, which was related to their remarkably high nodularity. 

3.3.3.2 Plastic behaviour 

In addition to the amount and morphology of the graphite particles, the matrix constituents 

also importantly affect the strength and deformation behaviour of cast iron alloys under 

loading conditions. As is discussed above, the strain-hardening exponent of an alloy is an 

important parameter, in that it defines the work-hardening capacity of the material under 

plastic deformation. An evaluation of the plastic part of tensile test curves using the 

Ludwigson relation provides significant information about the plastic behaviour of 

materials [80] . The effects of cooling rate and Si content on both the strength coefficient 

and strain-hardening exponent of Si solution-strengthened ferritic CGI alloys were 

examined, and are given in Table 7.  

As can be seen in Table 7, as section thickness increases from 7 to 30 mm, the strain-

hardening exponent value, n1, decreases. A similar trend can be observed for all Si levels, 

although this behaviour is more pronounced for medium-Si alloys. In general, for plate 

thicknesses of 7-30 mm, the lowest value was obtained in medium-Si materials, where the 

strain-hardening exponent value of the low-Si material was higher than that of the high-Si 

[117]. The same trend in decrease of the strain-hardening exponent can be seen for the low- 

and medium-Si alloys for the other section thicknesses while an increase observed in high-

Si alloys for 50 and 75 mm section thicknesses.  

Similar to the strain-hardening exponent; for all Si levels, the strength coefficient decreases 

significantly with the increase in section thickness from 7 to 30 mm, as shown in Table 7. 

A different trend was observed for 50 and 75 mm plates, in that increase of Si content from 

medium- to high-level resulted in a significant increase in the strength coefficient values. 

For the low- and medium-Si CGI alloys, no remarkable changes were observed for the K1 

values of thicker plates (30, 50 and 75 mm). With regard to the influence of Si content and 

section thicknesses on the K1 value, it can be concluded that for all section thicknesses, the 
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maximum and minimum values obtained for high- and low-Si CGI alloys, respectively. Of 

note is the fact that the strength coefficient decreased significantly, down to a minimum 

value, when the Si content decreased from high- to medium-level, and thereafter dropped 

to some extent with the further decrease in Si content. This phenomenon was most likely 

associated with the solution-hardening effect due to the increase of Si content, and 

consequently hardening of the ferritic matrix, which makes the material more brittle.  

Table 7. The strain-hardening exponent (n1), strength coefficient, (K1), and (n2) and (K2) 
correspond to the Ludwigson equation for ferritic solution-strengthened CGI alloys. 

 Ludwigson parameters 
Material Thickness  

(mm) 
n1 
(-) 

CI K1 
(MPa) 

CI n2 
(-) 

CI K2 
(-) 

CI 

High-Si 7 0.062 0.004 731 0.2 -224 -311 4.0 0.10 
15 0.044 0.004 646 7.4 -526 -596 4.4 0.08 
30 0.043 0.003 618 4.3 -676 -765 4.5 0.10 
50 0.058 0.003 690 41.5 -882 -999 4.2 0.17 
75 0.058 0.018 691 45.2 -1189 -1345 4.6 0.63 

 
Medium-Si 7 0.064 0.001 706 0.4 -213 -295 3.2 0.02 

15 0.036 0.004 570 16.5 -527 -596 4.1 0.25 
30 0.032 0.001 527 2.9 -569 -644 4.2 0.03 
50 0.032 0.002 525 5.5 -637 -721 4.3 0.06 
75 0.037 0.006 539 20.6 -724 -819 4.2 0.07 

 
Low-Si 7 0.063 0.030 607 103.4 -188 -260 3.0 0.82 

15 0.050 0.001 552 5.6 -221 -306 3.5 0.09 
30 0.049 0.011 502 6.4 -267 -370 4.0 0.68 
50 0.047 0.002 505 3.1 -490 -679 3.6 0.49 
75 0.045 0.002 497 2.0 -497 -689 3.8 0.16 

 

The negative n2 value obtained for these types of alloy is quantified and presented in Table 

7. It can be observed that, as plastic strain increased, the ∆-term became smaller and 

smaller; hence, the Ludwigson equation approaches the Hollomon equation for larger 

strain values. Comparing the mechanical properties results shown in Figure 32, and the 

Ludwigson parameters listed in Table 7, indicates that for 7-75 mm plate thicknesses, a 

larger total plastic strain value generally resulted in higher n2 values; conversely, smaller 

total plastic strain values resulted in lower n2 values. For all plate thickness, the highest n2 

values were obtained in low-Si alloys, which could be partially explained by the presence of 

the disturbed chunky graphite particles and some pearlite in thinner sections as well as the 

contribution of Si to strengthen the ferrite matrix. In addition, note should be taken that 

the minimum values of n2 were achieved for high-Si CGI alloys. Of interest is that the 

difference in K2 between low- and high-Si solid solution strengthening was very small, as 

seen in Table 7. However, the 7 mm plates showed the lowest values in each Si level series, 

while the maximum and minimum values reported for high- and low-Si alloys, respectively. 

A good measure of evaluating the hardenability of a material through addition of Si is to 

compare the ratio of proof stress/tensile strength. The Rp0.2/Rm ratio for low-, medium-, 

and high-Si level are plotted in Figure 33. The plotted results clearly show that the Rp0.2/Rm 
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ratio increases with Si level. In addition, as can be seen, the Rp0.2/Rm ratio shows a raise 

from approximately 0.83 to 0.94 in accordance with increase of Si content from low- to 

high-level, respectively. As regards the influence of the cooling rate on this ratio, it is 

observed that, for each Si level, an increase in section thickness resulted in an increase of 

the Rp0.2/Rm ratio, with minimum and maximum values reported for 7 and 75 mm plate 

thicknesses, respectively.  

 

Figure 33. The relationship between the Rp0.2/Rm ratio and Si content for different section 
thicknesses. 

In order to quantify the solution strengthening effect as a result of adding Si to a ferritic 

matrix, Vickers hardness testing was conducted on the ferritic phases of all Si levels and 

30-75 mm section thicknesses. The data obtained, as presented in Figure 34(a), suggests a 

substantial improvement – from approximately 220 HV to 286 HV – for an increase of Si 

content from low- to high-level, which translates to an improvement of about 23% in 

hardness value.  

A similar trend was observed with Brinell hardness measurements, in that the addition of 

Si caused hardening, notably of the ferritic iron matrix, as is shown in Figure 34(b). Low-

Si ferritic solid solution-strengthened CGI showed a reduction of approximately 10% in 

Brinell hardness values as compared to the reference sample, presented in Supplement V, 

while for medium-Si CGI the hardness value was almost the same. For high-Si CGI, 

however, the hardness of the ferritic matrix increased by roughly 9%. Thus, it can be 

concluded that the addition of Si provided an important contribution to the strengthening 

of ferritic matrices.  
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Figure 34. The correlation between Si content and section thickness for (a) Vickers hardness 
and (b) Brinell hardness values [106]. 

As discussed in previous sections of this thesis, increasing Si content improves mechanical 

properties, but can have a deleterious effect on ductility by reducing the elongation to 

failure. In order to understand the fracture behaviour of solution-strengthened CGI 

materials the impact of the fraction and shape of graphite particles should be taken into 

consideration. No strong correlation between decreased elongation to failure and increased 

graphite fraction area was observed, due to the fact that there was a small difference in 

graphite fraction between the investigated samples. In these results, however, there is a 

less-than-obvious difference between low- and high-Si materials, in that a slight increase 

was seen in the elongation to failure of low-Si alloys with an increase in total graphite 

fraction; for medium- and high-Si materials, however, there was a reduction in elongation 

to failure with an increase in total graphite fraction. Moreover, Class I-III compacted 

graphite particles positively contributed to elongation to failure, while Class IV and V and 

exploded-shape particles had a negative effect, reducing elongation to failure. A detailed 

discussion of the influence of these parameters can be found in Supplement V. 

3.3.4 EFFECT OF SI CONTENT ON FRACTURE BEHAVIOUR 

Among the different grades of cast iron material, CGI alloys display an interesting fracture 

mechanism, which can be attributed to mixed modes of ductile and brittle fracturing. This 

behaviour is a result of the irregularly shaped graphite particles found in CGI materials, 

which form different triaxial stress fields than those of spheroidal graphite. SEM analyses 

were performed on the fractured surfaces of the conventional pearlitic-ferritic CGI 

reference sample and the three solution-strengthened ferritic CGI alloys that were cast with 

varying Si content. The specimens were taken from 30 mm section thicknesses, and the 

obtained SEM images are presented in Figure 35.  



THE INFLUENCE OF MICROSTRUCTURE ON MECHANICAL AND TRIBOLOGICAL 
 PROPERTIES OF LAMELLAR AND COMPACTED IRONS IN ENGINE APPLICATIONS 

55 
 

 

Figure 35. SEM images of the fracture surfaces of (a) pearlitic; (b) low-Si; (c) medium-Si; (d) 
high-Si ferritic CGI. 

The facets observed on the fracture surface illustrate a transgranular fracture in pearlitic 

CGI sample (Figure 35(a)), and the presence of multiple micro-voids indicate the presence 

of a dimple rupture as well. The cleavage facets blend into areas of dimple ruptures, and 

the cleavage steps became tear ridges. The SEM analysis of the ferritic CGI fracture surfaces 

(Figure 35(b)-(d)) revealed that the brittle fracture as the dominant mechanism. Thus, as 

Si content increases, the fracture mechanism changes, from more dimple pattern to a 

cleavage fracture, which occurs most frequently in body-centred cubic ‘bcc’ crystals, as seen 

in Figure 35(b)-(d), respectively. The majority of forms of embrittlement appear as either 

cleavage or intergranular damage mechanisms in fracture surfaces, depending on local 

stresses, alloys, and microstructures. In high-Si CGI materials, the fracture mechanism is 

controlled by both transgranular and intergranular cleavage mechanisms (as shown in 

Figure 35(d)), which are indications of an embrittlement issue in brittle materials. The 

faceted surface is clearly visible, and the white lines present on each facet reveal how the 

crystals have splintered as a result of the tensile fracture.  

Based on a detailed analysis performed on the fracture surfaces of the low-, medium-, and 

high-Si CGI materials, it can be deduced that, in ferritic CGI materials, the brittle cleavage 

mechanism is the most preponderant as regards fracture behaviour. This is due to the 
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relatively small total plastic deformation that occurs in solution-strengthened CGI with a 

high level of Si. The effect of Si on segregation and reduction of grain boundary cohesion in 

iron matrices has been discussed in a number of studies [118, 119]. It has been pointed out 

that adding Si to cast iron alloys will decrease the strength of the ferritic grain boundaries 

of the matrix, due to the segregation of Si atoms in grain boundaries which can result in 

lowering the boundary cohesion such that the transition temperature is raised and ductile 

material becomes more brittle [118]. Hence, the change in fracture mechanism – from 

dimple and moderate transgranular cleavage fracturing to an intergranular and 

transgranular severe brittle-cleavage mechanism – with increasing Si content can, perhaps, 

be explained by Si depletion at the grain boundaries. Figure 35(d) contains many de-

cohesive rupture and intergranular cracks, where crack propagation occurred at the grain 

boundaries. Grain boundaries will always fail in preference to cleavage due to the 

orientation and low-index surface energy of slip planes [120], which facilitate the 

occurrence of cleavage fracture along certain crystallographic planes as this is more likely 

to occur than intergranular failure in bcc metals. Hence, because the grains have different 

orientations in relation to one another, the crack usually divides into terrace-like steps 

when crossing a grain boundary. However, some areas in ferritic CGI materials with a 

dimple rupture may also have experienced a ductile fracture, and this is particularly true 

for low-Si samples, as can be observed in Figure 35(b). It can also be seen that crack 

propagation was more frequent throughout the graphite/matrix interface, and decohesive 

rupture occurred. 

 

Figure 36. SEM image (900X magnification) showing typical fracture features on (a) pearlitic-
ferritic; (b) low-Si CGI specimens.  

Figure 36(a) and (b) show the typical fracture features observed in pearlitic-ferritic and 

low-Si CGI alloys, respectively. As Figure 36(a) illustrates, a quasi-cleavage mechanism is 

observed for pearlitic-ferritic CGI with both cleavage and plastic deformation 

characteristics. Figure 36(b) is a clear example of a transgranular brittle-cleavage fracture 

feature occurs in Si solution-strengthened ferritic CGI alloys. The cleavage fracture process 
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is quite clear to see, and occurred along a certain plane within the individual grain. At this 

magnification, the occurrence of brittle cleavage is signalled by the presence of cleavage 

facets and ‘river patterns’, which can be traced back to a point of general origin, both within 

the grains and globally. Thus, careful examination of the fractured surfaces reveals that the 

fracture was initiated at the graphite particles and propagated outward as the river patterns 

merged. 

The results presented lead to this conclusion that, in CGI iron materials, a pearlitic matrix 

creates more ductile fracture surfaces, while a Si solution-strengthened ferritic matrix 

experiences more brittle fracture mechanisms. This observation is very consistent with the 

mechanical property results obtained during tensile testing, in which pearlitic-ferritic and 

low-Si ferritic CGI alloys exhibited higher ductility than medium- and high-Si CGI ones. 

 

Figure 37. The effect of Si content and nodularity on fracture toughness; the solid black and 
dashed green lines represent the actual trends and 95% confidence interval, respectively. 

The fracture toughness of ferritic solution-strengthened CGI irons with different levels of 

Si content was evaluated, with the results intended to complement the available data on 

tensile properties. Fracture toughness, as a measure of a cracked material’s resistance to 

fracturing, can be determined by calculating the area beneath the stress-strain tensile 

curve. As can be observed in Figure 37(a), the addition of Si to a ferritic matrix negatively 

affects the toughness of solution-strengthened CGI cast materials, which is more 

pronounced with increasing Si; however, a positive contribution to toughness is seen with 

an increase in nodularity, as illustrated in Figure 37(b). Calculated toughness exhibits the 

same trend as ductility, shown in Figure 35, indicating that energy absorption energy is 

improved as ductility increases. 
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3.3.5 MODELLING AND SIMULATION OF MECHANICAL 
PROPERTIES 

3.3.5.1 Evaluation and modelling of the tensile properties 

The tensile properties investigation, which was based on the values obtained through 

microstructure characterisation and chemical composition analysis, presented the 

significance of Si content (wt%) and nodularity, N, for mechanical properties. The Rp0.2, Rm, 

E, and Brinell hardness values were selected as response variables using regression analysis 

and ANOVA techniques to predict the mechanical properties of ferritic CGI materials [121]. 

As an example, the ANOVA results of the predicted response surface model for 0.2% offset 

proof stress are presented in Table 8.  

Table 8. Analysis of variance for 0.2% offset proof stress (MPa) response surfaces. 

Source Sum of squares df Mean square F-value P-value Significance 
Model 90583.72 3 30194.57 796.11 < 0.0001 Significant 
Si-content 71631.23 1 71631.23 1888.63 < 0.0001 Significant 
Nodularity 8934.72 1 8934.72 235.57 < 0.0001 Significant 
Nodularity2 309.02 1 309.02 8.15 0.0072 Significant 
Residual 1327.47 35 37.93    
Lack of fit 1071.12 25 42.84 1.67 0.1999 Not significant 

 

These results provide evidence that Si content and nodularity are statistically significant 

factors for determining and modelling mechanical properties. A regression analysis of the 

measured tensile properties and Brinell hardness values was applied to evaluate the 

hardening coefficients of Si solution-strengthened CGI castings. Models derived for 

mechanical property responses could be presented in the form of either coded or actual 

factors. A model presented as coded factors is useful for identifying the relative impact of 

the factors, such as Si content, by comparing their coefficients. However, in the interest of 

clarity only the results in terms of actual factors are presented in this thesis: 

2
p0.2R = -80.8 + 117.70 Si + 2.40 N - 0.02 N  ( 7 ) 

R = -21.3+ 111.57 Si + 2.67 Nm  ( 8 ) 

2- 0.018 N +0.E = + 0015 .6 8 N5  ( 9 ) 

Brinell hardness (HBW) = +47.30 + 36.47 Si - 1.20 N + 0.42 Si N  ( 10 ) 

where Si and N represent the Si-content in wt% and nodularity, respectively. It should be 

noticed, however, that these relations are only valid within the certain investigated ranges 

of Si content and nodularity as presented below: 

≤ ≤3.66 wt%    Si    4.6 wt% , ≤ ≤5%   N   46%   

The solution-strengthening effect of Si addition on the proof stress and tensile strength of 

fully ferritic CGI alloys are formulated in Equations 7 and 8. In addition to chemical 
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composition, graphite morphology is the other factor that should be considered, in the 

same manner as nodularity, with regard to its influence on both proof stress and tensile 

strength (see Equations 7 and 8). However, Si plays a major role and has a more significant 

influence than nodularity on proof stress, tensile strength, and hardness. This is 

demonstrated by the large coefficient for Si in the actual factors and regression models 

shown in Equations 7, 8, and 10. Regarding the interaction between Si content and 

nodularity, it should be mentioned that no significant interaction that affected the proof 

stress, tensile strength, or Young's modulus of the ferritic CGI materials was statistically 

observed. The Young's modulus regression analysis undertaken, as given in Equation 9, 

showed that Young's modulus is not affected considerably to any significant degree by Si 

content, but rather by graphite particle morphology. The higher Young's modulus value of 

the thinner casting plates is due to their higher nodularity observed in these sections which 

is in agreement the literature [73, 122].  

The model presented for Brinell hardness (see Equation 10) indicates that both Si content 

and nodularity influence the hardness of the solution-strengthened ferritic CGI materials; 

however, it is clear that hardness is also highly contingent on Si content, and less so on 

nodularity in similar manner to proof stress and tensile strength. As can be seen, an 

increase in Si content results in an increase in Brinell hardness value, but hardness 

decreases as nodularity increases. Moreover, the interaction between Si content and 

nodularity makes a very small positive contribution to hardness.  

The R-squared (R2), adjusted R-squared, predicted R-squared, and ‘Probability>F’ values 

for all measured mechanical properties are given in Table 9. The high determination 

coefficients of R2 confirm that the model explains the variability of the response data 

around its mean, and that the model fits the data. The regression of the proof stress and 

tensile strength generated a rather better fit as compared to that of the Young's modulus. 

This can be concluded from the higher R2 and adjusted R-squared values, which are in 

reasonable agreement with the predicted R-squared values – i.e. the difference is 

sufficiently small that these models can be used to navigate the design space. 

Table 9. Model statistics for mechanical property response variables. 

Responses R2 Stdv. Adjusted R2 Predicted R2  Prob>F Significance  

Rp0.2 0.9856 ±6.16 0.9843 0.9826 < 0.0001 Significant 
Rm 0.9771 ±8.81 0.9758 0.9724 < 0.0001 Significant 
E 0.8253 ±2.34 0.8156 0.7974 < 0.0001 Significant 
Brinell hardness 0.978 ±3.21 0.972 0.9650 < 0.0001 Significant 

 

The contour plots and response surfaces plotted for proof stress and tensile strength are 

presented in Figure 38 and Figure 39, respectively. It is obvious that Si strongly affects both 

the proof stress and tensile strength measures, and nodularity to a lesser degree, so that an 

increase in Si content and nodularity causes an improvement in both the proof stress and 

tensile strength of ferritic CGI cast materials.  
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Figure 38. (a) Contour plot; (b) response surface for 0.2% offset proof stress (the red dots 
represent the experimentally measured values). 

 

Figure 39. (a) Contour plot; (b) response surface for tensile strength (the red dots represent 
the experimentally measured values). 

In addition, the predicted proof stress and tensile strength data, which are based on the 

linear regression analyses of Equations 7 and 8, are compared with the actual data achieved 

during the experiments, as shown in Figure 40(a) and (b), respectively. A very good 

correlation was observed for both proof stress and tensile strength properties. See Table 11 

for the effect of the solution-strengthening mechanism of Si on the measured proof stress 

and tensile strength of ferritic CGI materials, and Equations 7 and 8 for linear regressions 

equations, from which it can be deduced that an increase in Si content contributes to 

improvements in both Rp0.2 and Rm. This improvement, however, was more significant for 

proof stress than that for tensile strength (Supplement VI). 
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Figure 40. Measured and predicted values, evaluated by regression analysis: (a) 0.2% proof 
stress; (b) tensile strength. 

3.3.5.2 Implementation of the models in a casting simulation program 
(Supplements VI & VII) 

For Supplements VI and VII, the mechanical property models derived were implemented 

into a development version of the MAGMASOFT® casting process simulation program to 

predict the local microstructure and local mechanical properties of plate-like test castings, 

and component-like test pieces. The simulation results were compared with the measured 

nodularity and mechanical property values obtained during the experiments. Table 10, for 

example, summarises the measured and predicted nodularity values for each casting.  

Table 10. The measured and predicted nodularity values for each plate casting of samples 
taken from the location close to the tensile sample location (95% confidence interval). 

  Microstructural analysis 

  Measured Predicted 
Material Thickness 

 (mm) 
Nodularity 

 (%) 
CI Nodularity 

 (%) 

High-Si 7 39.0 ±1.1 37.3 
15 16.3 ±3.6 15.9 
30 14.0 ±2.3 11.5 
50 6.0 ±2.0 10.9 
75 8.0 ±3.4 10.5 

 
Medium-Si 7 45.5 ±0.8 34.8 

15 15.3 ±3.5 13.1 
30 6.7 ±1.3 9.1 
50 5.3 ±0.6 8.5 
75 5.7 ±0.8 8.3 

 
Low-Si 7 38.0 ±1.6 38.9 

15 17.5 ±2.4 15.9 
30 8.5 ±0.7 11.5 
50 4.5 ±0.9 10.8 
75 6.5 ±0.8 10.5 

 



 

62 
 

A very good agreement was observed between the predicted and measured nodularity, in 

particular for the 7, 15, and 30 mm plates, suggesting that the solidification simulation 

program is able to reasonably accurately predict the nodularity of thinner sections, with 

high cooling rates. This confirms the reliability of the models, and their relevance with 

regard to further analyses discussed below; however, the 7 mm-thick medium-Si material 

had a higher nodularity value than its simulated counterpart. In addition, and as can be 

seen in Table 10, the simulation-predicted values for the 50 and 75 mm section thicknesses 

were fairly higher than those observed experimentally. This could be related to either the 

formation of chunky graphite particles in these plates, as was observed in Figure 30 that 

has not been considered in the simulation model for the prediction of nodularity values, or 

the weakness of microstructure models developed in MAGMA for thick sections. 

There has been much discussion regarding the influence of microstructure characteristics, 

i.e. matrix and graphite particles, on the mechanical properties of cast iron alloys. Figure 

41 depicts the typical simulation result of 0.2% offset proof stress for the high-Si CGI cast 

material investigated in the present study. The simulation results revealed also that the 

high nodularity values observed in the 7 and 15 mm plates were caused by high cooling 

rates in a very good agreement with data obtained from the actual casting.  

 

Figure 41. 0.2% offset proof stress variation of a simulated high-Si CGI plate casting. 

A thorough comparison of the experimental results and predicted tensile property values is 

provided in Table 11. It can be observed that the increase in nodularity caused a remarkable 

increase in both proof stress and tensile strength. However, the stress-strain curves of 

plates with thicknesses of 30-75 mm looked almost the same as one another, with a very 

small difference in elongation to failure (see Figure 31) due to near-identical nodularity 

values. The results presented in Table 11 indicate that, for all three Si levels, the simulation 

data are compare well to the experimental results. This confirms that the obtained surface 

response models accurately correlate microstructure formation and the resultant 

mechanical properties. Moreover, for all three levels of Si content, both the predicted and 

measured results showed the maximum Young’s modulus values in 7 mm plate castings, 

which can be explained by the high nodularity of these thinnest sections. 
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Table 11. Measured and predicted values for the tensile properties of plate castings 
 (95% confidence interval). 

  Mechanical properties analyses 
  Measured Predicted Measured Predicted Measured Predicted 

Material Thickness  
(mm) 

E  
(GPa) 

CI E  
(GPa) 

Rp0.2 
(MPa) 

CI Rp0.2 
(MPa) 

Rm 
(MPa) 

CI 
 

Rm  
(MPa) 

High-Si 7 169 ±0.8 166 517 ±0.2 517 601 ±0.3 590 
15 159 ±1.2 157 502 ±4.3 492 550 ±6.2 534 
30 156 ±0.9 157 480 ±1.1 484 519 ±0.5 521 
50 154 ±1.7 156 480 ±0.9 483 516 ±1.5 520 
75 158 ±3.2 156 472 ±11.4 482 502 ±1.9 519 

 
Medium-Si 7 172 ±0.5 165 462 ±2.0 456 548 ±2.3 528 

15 158 ±2.1 157 439 ±6.5 428 481 ±8.5 470 
30 153 ±0.9 156 415 ±1.8 421 451 ±1.7 459 
50 155 ±2.8 156 412 ±0.6 419 447 ±1.2 458 
75 157 ±3.0 156 415 ±5.6 419 448 ±4.6 457 

 
Low-Si 7 163 ±0.7 167 408 ±6.0 408 491 ±7.6 491 

15 156 ±0.2 157 386 ±3.7 383 445 ±5.1 430 
30 158 ±0.1 157 364 ±1.4 374 408 ±0.8 418 
50 157 ±3.2 156 359 ±8.9 373 401 ±9.0 416 
75 156 ±3.7 156 363 ±3.0 373 401 ±2.1 415 

 

Similar to what was done for the plate casting reported in Supplement VI, the derived 

models were implemented into a development version of the MAGMASOFT® casting 

process simulation program to predict the microstructural and mechanical properties of 

the component-like test pieces. The distribution of the predicted hardness across these test 

pieces for all the three solid solution-strengthened alloys is shown in Figure 42 (further 

information and discussion can be found in Supplement VII).  

 

Figure 42. Predicted Brinell hardness variation across the component-like test piece for (a) 
low-Si; (b) medium-Si; and (c) high-Si CGI alloys. 

A good correlation was observed between the predicted and measured values as compared 

to the hardness values presented in Table 12. In addition, a slight increase in hardness 

around the edges and at the thin-wall regions around the bores was predicted for all 

samples as a result of higher cooling rates. This observation is in line with the experimental 

hardness measurement results presented in Figure 34(b), which suggest the influence of 

cooling rate and chemical composition on the hardness value. As is reported in Supplement 

VI, graphite nodularity increased with a decrease in section thickness for all of the 
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investigated solution-strengthened CGI alloys. In addition, high cooling rates fairly 

promoted the formation of pearlite colonies within the matrix in low- and medium-Si CGI 

alloys. However, the simulation results suggest that hardness variations across machined 

surfaces decreased past a depth of 10 mm from the top-deck surface, and therefore the 

variations in mechanical properties were less pronounced. 

Table 12. The predicted and measured results of microstructural analyses and Brinell 
hardness testing. 

Material Nodularity 
(%) 

Pearlite content 
(%) 

Measured hardness 
(HBW 5/750) 

Predicted hardness 
(HBW 5/750) 

Low-Si 3 <5 170±2 184 
Medium-Si 6 <1 197±2 200 
High-Si 7 <1 224±2 223 

3.3.6 MACHINABILITY (SUPPLEMENT VII) 

The cutting tool’s lifespan results achieved for the average flank wear width, as well as for 

all the three inserts used during the machining process, are shown in Figure 43. It is clear 

that for both cutting conditions (denoted as ‘A’ and ‘B’), solid solution-strengthened CGI 

alloys show high machinability as compared to the reference pearlitic CGI alloy. Of the solid 

solution-strengthened alloys, the lowest machinability was seen in low-Si CGI, although it 

also possessed the lowest Brinell hardness value (see Table 12). In addition, the simulation 

results presented in Figure 42 suggest a minor variation in Brinell hardness across the 

machined surface of all alloys, particularly after machining to a depth of 10 mm below the 

uppermost surface. A similar trend was observed for other mechanical properties, such as 

0.2% offset proof stress (is shown in Figure 44) and tensile strength, in that a very small 

variation was observed within the component-like piece.   

 

Figure 43. Average flank wear width on the tool edge when milling different alloys under 
cutting condition (a) A and (b) B [123]. 

Furthermore, a comparison of the cutting conditions indicates a significantly higher tool 

performance under Condition A than B, independent of alloy composition. Under cutting 

Condition B, for all low- and high-Si CGI and pearlitic CGI alloys; the cutting edge was 
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chipped out and the cutting tool’s lifespan testing was stopped before the criterion set for 

flank wear width (VBmax=200 µm) was met. In addition, the rate of flank wear width was 

highest for the pearlitic CGI alloy, followed by the low-Si alloy as the second highest rate at 

both cutting conditions. The wear rate was similar for the medium- and high-Si CGI alloys 

under Condition A, and only slightly lower at the beginning of the process for the high-Si 

CGI alloy under Condition B, but the cutting tool’s lifespan testing was eventually ended as 

a result of sudden edge failure, as is discussed above. 

 

Figure 44. 0.2% offset proof stress variation in a high-Si component-like test piece. 

Figure 45 shows the worn geometries of the cutting tool edge, analysed at the end of cutting 

tool’s lifespan testing. Based on the images presented in Figure 45(a) and (b), it can be 

concluded that the tool wear was more severe when pearlitic CGI was being machined than 

solution-strengthened CGI alloys. Similar tool appearance was observed under both cutting 

conditions A and B, to the extent that both alumina- and titanium carbo-nitride-coated 

layers were removed from the cutting edge under Condition A, and the primary cutting edge 

was entirely chipped away under Condition B.  

Similar surface topographies were also observed on the worn-out tools on the rake and 

flank sides as a result of the milling of high- and medium-Si CGI alloys under both cutting 

conditions; however, for these alloys and cutting conditions, the primary cutting edge was 

almost entirely chipped away. The alumina top layer was still in place around the cutting 

edge for both high- and medium-Si CGI alloys under Condition A, but had been 

significantly worn away at the cutting edges as a result of Condition B. For both Conditions 

A and B, cutting tool’s lifespan testing produced surface topographies for the worn tools 

corresponding to the low-Si CGI alloy, showing a more significant tool wear as compared 

with medium- and high-Si solution-strengthened CGI alloys.  
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Figure 45. Tool-worn geometries: (a), (b) pearlitic CGI; (c), (d) high-Si CGI; (e), (f) medium-Si 
CGI; (g), (h) low-Si CGI. The left and right columns depict the tool edges following the end of 

cutting tool’s lifespan testing under cutting condition A and B, respectively [123].  
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Figure 46. Titanium (and/or vanadium) carbo-nitrides, distributed within the matrices of (a) 
pearlitic CGI; (b) high-Si CGI; (c) medium-Si CGI; (d) low-Si CGI alloys [123]. 

Detailed SEM/EDS analyses revealed the presence of complex carbo-nitrides of varying 

compositions in all materials investigated, as shown in Figure 46. However, other hard 

particles, such as phosphides and silicon oxides, were observed at grain boundaries and 

within the matrix in different alloys. Mixed (Ti, V)(C, N) and magnesium-silicon rich 

nitrides were found in all materials, in quantities which were expected to have been greater 

in low-Si and pearlitic CGI alloys. 

These results clearly suggest that tool wear behaviour cannot be exclusively explained by 

average mechanical properties and their distribution within cast components, rather, the 

types and amounts of hard particles present in matrices play important roles. Thus, they 

should be taken into consideration in order to evaluate the machinability of different grades 

of cast iron in a more realistic manner. 
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CHAPTER 4 

 
CONCLUDING REMARKS 

 
CHAPTER INTRODUCTION 

This chapter summarises the main conclusions drawn in the previous chapter. 

 
 
In this thesis, a novel mechanism describing the contribution of microstructure and 

graphite lamellas, to the formation of the tribofilm have been in focus together with the 

other possible mechanisms that affect the tribosurfaces under sliding and abrasive wear 

conditions. In order to investigate the influence of matrix structure on the mechanical 

properties and tribological performance, here machinability, of CGI materials, ferritic solid 

solution-strengthened compacted irons with different levels of Si were produced for 

possible use in high-performance diesel engines. Four themes – ‘characterise’, 

‘understand’, ‘model’, and ‘simulate’ – have guided the present study, with ‘understand’ as 

the most important throughout. This theme has been explored in the following summary.  

The phenomena that occur as a result of changing the wear behaviour of cast iron alloys 

under sliding wear and abrasion conditions; which are primarily related to operating 

conditions and materials micro-constituents; have been discussed and evaluated by 

examining the surfaces of two worn piston rings belonging to the same engine but operated 

for different periods of time. Similar surface appearances, with a substantial closure of the 

graphite lamellas, were observed. It was found that, however, the adhesive wear was 

partially caused to change of the piston ring’s texture during the running-in conditions, the 

detailed investigations revealed the most significant influence of matrix deformation 

caused by abrasion (i.e. scratching by hard particles) which resulted in closing of a majority 

of the graphite lamellas, and thus changing the surface texture of the piston rings during 

operation. Moreover, in-depth study of the closed graphite lamellas using optical and SEM 

analyses revealed that, leaving aside the issue of matrix constitution, the orientation of 

graphite lamellas beneath the sliding surface significantly determines the closing 

mechanism of lamellas by influencing different deformation patterns near the graphite. 

This research also highlighted the significance of matrix displacement around the graphite 

lamellas, in that lamellas which are parallel or near-parallel to the sliding direction 
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experienced the greatest deformation and highest closing tendency. Those graphite 

lamellas which deviated more from the sliding direction were less deformed and so 

remained almost intact and stayed open for a longer period under sliding conditions.  

In addition, to very crudely simulate the abrasion condition that occurs in piston ring 

applications under dry lubricated contacts and mimic the possible interactions between the 

abrasive particles/asperities and cast iron materials as well as to examine the influence of 

matrix deformation on closing the graphite lamellas, first microindentation and then 

microscratch testing were performed. The microscratch testing were under both constant 

and progressive loading conditions. Both experiments indicated that the matrix 

displacement which occurs in the vicinity of the lamellas largely resulted in closing the 

graphite pockets. Furthermore, it was seen that the lubricating performance of the graphite 

lamellas principally controlled by the initial fracture in the centre of the graphite and then 

extrusion mechanism which is absolutely a new understanding of the lamellas behaviour 

under abrasion compared to the layer-by-layer theories presented in the previous 

literature. Moreover, no evidence of extrusion observed in the graphite-matrix interface 

area, indicating a strong bond between the graphite and the metal matrix. Some graphite 

lamellas were, however, unaffected by the indentations and scratches, despite these being 

made very close to the graphite; it is possible that this is due to the graphite lamellas having 

a different orientation beneath the surface. Furthermore, the results strongly indicated that 

those lamellas that are orientated parallel to the tip of indenter show the highest resistance 

to fracturing and extrusion, at least at certain loads and distances.  

In addition, this study focused on producing, modelling and simulating the mechanical 

properties of a new grade of CGI alloys in relation to the addition of high amount of Si, in 

quantities ranging from 3.66 to 4.6 wt%. The correlations between the mechanical 

properties, chemical composition, and microstructure were modelled using response 

surface methodology (RSM) and multiple regression analysis. The models derived revealed 

that, among the analysed factors, Si content and nodularity have the most significant effects 

on both proof stress and tensile strength, while nodularity strongly influences Young's 

modulus. Increasing Si content improves proof stress, tensile strength, and hardness, but 

deteriorates the elongation to failure. The improvements in proof stress and tensile 

strength resulted from the solid solution strengthening mechanism of the cast iron matrix 

by adding Si. The implementation of the obtained models into a casting simulation process 

enables the local mechanical properties of castings to be predicted. Very good agreement 

found between the measured and predicted microstructures and mechanical properties, 

particularly for thinner sections, enables to implement the models to predict the 

mechanical properties of castings with complex geometries.  

Since one of the purposes of producing the solid solution-strengthened ferritic CGI alloys 

was to improve the machinability of this type of material, the this work the effects of 
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microstructure and Si addition on the machinability and cutting tool’s lifespan of ferritic 

compacted iron were investigated. The results showed that solid solution-strengthened CGI 

alloys have far better machinability than conventional pearlitic-ferritic CGI. Aside from the 

uniform hardness distribution of the matrix, this was partially due to the absence of 

abrasive cementite hard particles within the matrix. It was found that abrasion and 

adhesion wear mechanisms are dominant on tool wear surfaces, but the dissolution and 

diffusion wear mechanisms also play a vital role during machining as well. This behaviour 

was seen for all solution-strengthened ferritic and pearlitic-ferritic CGI materials. 

Moreover, it was demonstrated that controlling chemical composition is an important 

aspect of optimising tool performance, as it enables the suppression of pearlite formation 

and reduces the presence of other hard abrasive phases, such as titanium/vanadium carbo-

nitrides, magnesium-silicon rich nitrides, silicon oxide and other relatively hard abrasive 

particles. 
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CHAPTER 5 

 
FUTURE WORK 

 
CHAPTER INTRODUCTION 

Research regarding mechanical and tribological properties of cast iron materials, in 

particular LGI and CGI alloys will intensify as their significance for industrial applications 

becomes increasingly apparent. During the course of this study, several important 

questions were raised that have not been fully cleared yet, or not sufficiently researched, 

which need to be answered. This chapter briefly discusses the most important of these. 

 
 
While the present study provides the new insights into the significant influence of the 

microstructure and deformation of the matrix on self-lubricating performance of lamellar 

graphite irons, new questions were raised which motivate further investigations. The exact 

mechanical basis of the dominant factors which causes the extrusion of the graphite has 

not been deduced. Aside from the impact of the orientation, it seems that for each graphite 

there exists a load threshold, which above that the graphite is inevitably fractured and 

extruded. However, the size and distance of the graphite from the abrasive particle as well 

as the nature of the metal matrix around the graphite lamellas (ferritic or pearlitic) – along 

with the coarseness of the pearlite – can also influence the extrusion results. Moreover, in 

order to better understand the influence of graphite lamella orientation on extrusion 

behaviour, Focused Ion Beam (FIB) imaging should be conducted. 

In this research, abrasion was found as the foremost mechanism influences the wear 

performance of piston rings and cylinder liner cast irons by closing the graphite and 

deformation of matrices. However, microscratch results provided valuable information 

regarding the evolution of the solid lubrication film under sliding conditions, but more 

work is required, particularly with regard to the modelling and simulation of scratch 

testing. To achieve a deep understanding on the contribution of matrix constituents and 

graphite particles as well as operating environment on both mechanical and tribological 

performances, conducting sliding wear, microscratch and nanoscratch testing for different 

grades of cast iron such as LGI, CGI, and SGI with different microstructures (pearlitic, 

ferritic, and austempered) are of interest. Furthermore, varying indenter geometry, 
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scratching load, speed, and distance from the graphite would provide valuable information 

on both micro- and nano-abrasion. This information can also be used to evaluate the 

machinability of cast irons with different graphite morphologies and microstructures.  

One aspect that has been touched upon relates to demonstrating that not all graphite 

lamellas behave similarly under sliding conditions; to clarify this conclusion, the 

conducting of dry and lubricated reciprocating sliding wear and scratch tests is suggested. 

In contrast with the literature, the microscratch results performed suggest that the 

extrusion, rather than gradual loss of graphite would have the strongest influence on 

lubricating action of graphite lamellas. Such a contradictory conclusion requires further 

scrutiny through investigations into sliding wear, and more scratch testing under different 

loads to examine the prolonged exposure to abrasive conditions. 

Moreover, with regard to the continuously increasing demands for high mechanical and 

tribological performance materials, more research into CGI materials with various 

microstructures, which could be achieved by investigating high-Si solution-strengthened 

ferritic and/or austempered materials and comparing these to conventional pearlitic-

ferritic CGI alloys, will offer valuable information towards the tribological and mechanical 

properties of these materials. To obtain this knowledge, mechanical, scratch, and wear 

testing under both dry and lubricated conditions, could be performed at temperatures 

ranging from room temperature to that of the application environment. 

A very good agreement was obtained between the experimentally obtained data and the 

predicted results for simple casting geometries. In order for further improvement of the 

quality of the simulation tool, however, it is important that more experience to be gained 

in the complex task of casting and comparing different CGI alloys, in particular so that 

microstructures and mechanical properties can be carefully evaluated. In addition, the 

models that simulated the local mechanical properties of CGI materials with high levels of 

Si could be used for a Finite Element Analysis (FEA) of a cast component, which facilitates 

the use of models early in the product realisation process for solution-strengthened ferritic 

compacted iron castings produced in complex geometries. 
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