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Abstract

Due to increasing demands on sustainability exerted by end-costumers and
policy makers, heavy-vehicle manufacturers are urged to increase the engine
efficiency in order to reduce the exhaust gas emission. However, increasing
the efficiency is also associated with an elevated fatigue rate of the mate-
rials constituting the engine parts, which consequently reduces the engine
service life. The aim of the present thesis is therefore to confront the ex-
pected increase by studying the fatigue behaviour and damage mechanisms
of the materials typically employed in heavy-vehicle diesel engines. With this
knowledge, this work seeks to guide the development of new heavy-vehicle
engine materials, as well as to develop improved life estimation methods
designated to assist the mechanical design of durable heavy-vehicle engines.

In essence, a large set of thermo-mechanical fatigue (TMF) and combined
thermo-mechanical and high-cycle fatigue (TMF-HCF) tests is conducted at
engine load conditions on laboratory specimens of lamellar, compacted and
spheroidal graphite iron. In this way, the fatigue performance and associated
damage mechanisms are investigated. In particular, a new fatigue property is
identified, the TMF-HCF threshold, which quantifies how resistant a material
is to superimposed high-cycle fatigue.

The damage mechanism at low temperatures (/ 500oC) is confirmed to
consist of the initiation, propagation and coalescence of numerous microc-
racks. Based on this, a successful fatigue life estimation model is formulated,
allowing accurate estimations of TMF and TMF-HCF tests on smooth spec-
imens, and TMF tests on notched specimens. In the latter case, the microc-
rack growth behaviour in non-uniform cyclic stress fields and its implications
for life estimation are clarified. At elevated temperatures (' 500oC), sur-
face oxidation is shown to govern the fatigue performance of cast iron grades
intended for exhaust manifolds. It is observed that oxide intrusions are in-
duced, from which surface fatigue cracks are initiated. Consequently, an
optimal material at these conditions should have a low oxide growth rate
and few casting defects at the surface, as these factors are found to stimulate
the growth of intrusion.
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Populärvetenskaplig sammanfattning

Men anledning av ökande krav på hållbarhet från slutkunder och besluts-
fattare pressas tillverkare av tunga lastbilar att öka drivlinans verkningsgrad
och minska utsläppen av luftföroreningar. För dieselmotorn som är den van-
ligaste motortypen i tunga lastbilar förväntas i dagsläget det största bidraget
till att möta kraven vara att öka motorns verkningsgrad. Högre verknings-
grad innebär lägre bränsleförbrukning, vilket i sin tur står i direkt proportion
till mängden utsläppt koldioxid. Denna eftertraktade förbättring åstadkoms
generellt genom att öka kompressionsförhållandet, vilket medför en ökning
i det maximala förbränningstrycket och temperaturen i förbränningskam-
maren. Till följd av detta uppkommer även ett ökat slitage av motorkompo-
nenterna, i tekniska sammahang kallat utmattning, vilket ofrånkomligen be-
gränsar motorns livslängd. Av denna anledning visar sig materialvalet sätta
en övre gräns eftersom det valda motormaterialet måste uppfylla nya krav på
slitstyrka samtidigt som det inte får leda till nämnvärt ökade framställnings-
och produktionskostnader.

Avhandlingens övergripande mål är att möta den förväntade ökningen av
materialutmattning genom att undersöka utmattningsegenskaperna hos de
vanligaste konstruktionsmaterialen i motorer. Framförallt har målsättningen
varit att öka förståelsen för de fysikaliska mekanismer som leder till mate-
rialutmattning under verklighetstrogna lastfall. Förhoppningen med denna
kunskap är att kunna vägleda utvecklingen av nya motormaterial samt att
utveckla förbättrade metoder för livslängsuppskattning med syftet att un-
derlätta designprocessen av nya slitstarka motorkomponenter.

I stora drag består arbetet av en omfattande serie med termomekanisk
utmattningsprovning (TMF) och kombinerad termomekanisk och hög-cykel-
utmattningsprovning (TMF-HCF). Proven har genomförts med belastnings-
förhållanden typiska i motorsammanhang på provstavar bestående av gjutjärn
med lamellär, kompakt och nodulär grafitform. Tack vare denna provning
har dessa tre grupper av gjutjärn blivit experimentellt jämförda och de till-
hörande utmattningsmekanismerna dokumenterade. I synnerhet har en ny
mekanisk egenskap identifierats, här kallad TMF-HCF-tröskeln, som kvanti-
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fierar hur motståndskraftigt ett material är mot överlagrad hög-cykel-utmatt-
ning.

Vad gällande utmattningsmekanismerna vid låga temperaturer (' 500oC)
har det bekräftats att förloppet innefattar initiering, propagering och sam-
manlänkning av många små mikrosprickor. Tack vare dessa observationer
har en livslängdsmodell utformats. Modellen har tillförlitligt kunnat upp-
skatta livslängden på släta provstavar i TMF- och TMF-HCF-provning samt
på anvisade provstavar i TMF-provning. I det senare fallet som berör icke-
uniforma lasttillstånd har även inverkan av mikrospricksförloppet på utmat-
tningsegenskaperna och dess konsekvenser för livslängsuppskattning blivit
klarlagda.

Vid höga temperaturer (' 500oC) har det visats att utmattningsförfaran-
det i gjutjärn ämnade för avgassamlaren bör förknippas med en oxidation-
sprocess. Under dessa förhållanden bildas så kallade oxidationsintrång vid
provmaterialets yta vilket leder till initiering av längre utmattningssprickor.
Följaktligen har ett optimalt material för dessa lastförhållanden ett högt ox-
idationsmotstånd och ett lågt antal gjutdefekter vid ytan, eftersom dessa
aspekter till synes bidrar till bildandet av oxidationsintrång.

vi



Acknowledgement

The present thesis work was funded by the Swedish Governmental Agency for
Innovation Systems (Vinnova), Scania CV AB, and the Swedish Foundation
for Strategic Research (SSF), and are therefore greatly acknowledged.

I would like to express my gratitude to my main supervisor Johan Mover-
are, for encouraging my ideas and for always keeping his door open. Likewise,
I want to thank all three supervisors, including co-supervising Peter Skoglund
and Daniel Leidermark, for all the fruitful discussions, help with proof read-
ing and suggested improvements to the paper manuscripts. In addition, I am
very grateful for Peter’s organisational effort to realise the funding for the
second half of the project.

Many thanks are addressed to all project collaborators for their contri-
butions and feedback. This includes the project group at Scania CV AB,
namely Fredrik Wilberfors, Anders Tjernberg, Jessica Elfsberg, Lars Jacobs-
son, Daniel Bäckström, Madeleine Ekström, Baohua Zhu, Thommy Nilsson,
Patrik Gustafsson, Ingegerd Annergren among other, as well as Falk Schoen-
feld, Stefan Schmidt and Thomas Kempe from MAN Truck & Bus AG and
Gaël Le Gigan, Roger Lundén, Tore V Vernersson and Johan Ahlström from
Chalmers University of Technology. Special thanks are also addressed to Jes-
sica Elfsberg for assisting in the chemical etching work and Patrik Härnman
for his impeccable technical support in the mechanical testing lab.

During the course of the research underlying this thesis, I was enrolled in
Agora Materiae, a multidisciplinary doctoral program at Linköping Univer-
sity, Sweden, which also have contributed to my scientific and professional
progression.

I also want to express my appreciation to my colleague Mattias Calmunger
for our collaborative work, from which Paper VI is a result. Similarly, all
the eminent people at the engineering materials division are acknowledged for
contributing to the best of working environments. Notably, Ingmari Hallkvist
must be recognised in this regard for keeping this division together and for
the invisible administrative work behind every Ph.D. student.

vii



At last, I want to thank my family and friends for all their support and
encouragement. In particular, my beloved wife and best friend Sara, and my
dear son Valter, for their patience and loving support, especially during my
last intense weeks as a Ph.D. student.

Viktor Norman
Linköping, February 2018

viii



List of Papers

The following papers have been included in this thesis:

I. V. Norman, P. Skoglund and J. Moverare. Damage evolution in com-
pacted graphite iron during thermomechanical fatigue testing. Interna-
tional Journal of Cast Metals Research 29:1-2 (2016) 25-32.

II. V. Norman, P. Skoglund, D. Leidermark and J. Moverare. Thermo-
mechanical and superimposed high-cycle fatigue interactions in com-
pacted graphite iron. International Journal of Fatigue 80 (2015) 381-
390.

III. V. Norman, P. Skoglund, D. Leidermark and J. Moverare. The effect of
superimposed high-cycle fatigue on thermo-mechanical fatigue in cast
iron. International Journal of Fatigue 88 (2016) 121-131.

IV. V. Norman, P. Skoglund, D. Leidermark and J. Moverare. Damage
mechanisms in silicon-molybdenum cast irons subjected to thermo-me-
chanical fatigue. International Journal of Fatigue 99 (2017) 258-265.

V. V. Norman, P. Skoglund, D. Leidermark and J. Moverare. The tran-
sition from micro- to macrocrack growth in compacted graphite iron
subjected to thermo-mechanical fatigue. Engineering Fracture Mechan-
ics 186 (2017) 268-282.

VI. V. Norman and M. Calmunger. On the cyclic elastoplastic deformation
behaviour of cast iron. In manuscript.

Own contribution to the included papers:

In the first five papers I have been the main contributor, performing all the
experimental and theoretical work, as well as the manuscript writing, under
the supervision of Peter Skoglund, Daniel Leidermark and Johan Moverare.
Regarding the last paper, I have been the main contributor performing the

ix



experimental work and manuscript writing in cooperation with Mattias Cal-
munger while performing the theoretical work single-handedly.

Papers not included in this thesis:

VII. G. Gigan, V. Norman, J. Ahlström and T. Vernersson. Thermo-
mechanical fatigue of grey cast iron brake discs for heavy vehicles.
Proceedings of the Institution of Mechanical Engineers, Part D:
Journal of Automobile Engineering (2015).

x



Contents

Abstract iii

Populärvetenskaplig sammanfattning v

Acknowledgement vii

List of Papers ix

Contents xi

Abbreviation xiii

Part I Background and Theory xv

1 Introduction 1
1.1 Research questions and aims . . . . . . . . . . . . . . . . . . . 3
1.2 Outline and scope of the thesis . . . . . . . . . . . . . . . . . 4

2 Engine materials and load conditions 5
2.1 Engine materials . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Engine load conditions . . . . . . . . . . . . . . . . . . . . . . 8

3 Fatigue damage mechanisms in
cast iron 11
3.1 Damage mechanisms under monotonic load conditions . . . . . 12
3.2 Effects of an elevated temperature . . . . . . . . . . . . . . . . 13
3.3 Damage mechanisms under cyclic load conditions . . . . . . . 15
3.4 Fatigue life estimation . . . . . . . . . . . . . . . . . . . . . . 19

xi



4 Deformation behaviour of cast iron 21
4.1 Micromechanisms . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.2 Constitutive modelling . . . . . . . . . . . . . . . . . . . . . . 22

5 Experimental and computational methods 25
5.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
5.2 Thermo-mechanical fatigue testing . . . . . . . . . . . . . . . 25
5.3 Crack growth testing and modelling . . . . . . . . . . . . . . . 27
5.4 Fatigue life estimation . . . . . . . . . . . . . . . . . . . . . . 28
5.5 Oxidation testing . . . . . . . . . . . . . . . . . . . . . . . . . 29
5.6 Metallographic investigations . . . . . . . . . . . . . . . . . . 29
5.7 Digital image correlation . . . . . . . . . . . . . . . . . . . . . 30
5.8 Micromechanical modelling . . . . . . . . . . . . . . . . . . . . 30

6 Discussion of appended papers 31

7 Outlook 35

Bibliography 37

Part II Included Papers 51

Paper I: Damage evolution in compacted graphite iron during
thermomechanical fatigue testing 55

Paper II: Thermo-mechanical and superimposed high-cycle fa-
tigue interactions in compacted graphite iron 65

Paper III: The effect of superimposed high-cycle fatigue on
thermo-mechanical fatigue in cast iron 77

Paper IV: Damage mechanisms in silicon-molybdenum cast irons
subjected to thermo-mechanical fatigue 91

Paper V: The transition from micro- to macrocrack growth in
compacted graphite iron subjected to thermo-mechanical fa-
tigue 101

Paper VI: On the cyclic elastoplastic deformation behaviour of
cast iron 119

xii



Abbreviation

CGI Compacted graphite iron
DIC Digital image correlation
FE Finite element
HCF High-cycle fatigue
IP In-phase
LCF Low-cycle fatigue
LGI Lamellar graphite iron
OP Out-of-phase
RVE Representative volume element
SEM Scanning electron microscopy
SGI Spheroidal graphite iron
TMF Thermo-mechanical fatigue
TMF-HCF Combined thermo-mechanical and high-cycle fatigue

xiii





Part I

Background and Theory





1
Introduction

If only two words were to be selected to give the context of this thesis, they
would probably be mechanical design. To most people, “design” stands for
the conception of a product, or component, having a certain function and
appearance, while “mechanical” signify that the main purpose of the compo-
nent is to carry mechanical loads. Inevitably, a mechanical component will
have a mass; it will conduct heat; it has to be manufactured somehow; and
it will wear out as it has to withstand the test of time within a given envi-
ronment. To narrow it down, this thesis will be about the role of materials
in the mechanical design of heavy-vehicle internal combustion diesel engines.

The automotive industry constitutes a significant part of the Swedish ex-
port, about 13 percent of the total exported value in 2016 [1], to which one
sixth is contributed by the heavy-vehicle industry. Both globally and na-
tionally, the need on heavy-vehicle transportation is extensive. For instance,
89 percent of the domestic cargo transported was made by heavy-vehicles
in Sweden in 2014 [2] and the situation in other European countries is not
much different. Meanwhile, the demands for sustainable and environmentally
accepted transports exerted by end-costumers and policy makers are increas-
ing. One example being the repeatedly tighten European emission standards
which dictate the acceptable limits for exhaust emission. As a consequence,
heavy-vehicle manufacturers have been urged to increase the engine efficiency
which is motivated simply because the amount of carbon emission linearly
scales with fuel consumption. Increasing the engine efficiency is generally
achieved by increasing the compression ratio, which implies an increase in
the maximum pressure and temperature in the combustion chamber. How-
ever, such power density amplification is also associated with an increased
rate of material degradation due to the increased thermal and mechanical
loads which consequently reduces the engine service life. Thus, there is an
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PART I. BACKGROUND AND THEORY

emerging challenge for heavy-vehicle manufacturers to find material and de-
sign solutions from which high engine efficiency can be achieved without
compromising the engine durability nor increasing the material or produc-
tion costs noticeably.

There are at present two potential strategies to prolong the service life
of engine components. Either the material is replaced with a more resistant
substitute, or the component geometry is optimised in order to reduce the
intensity of the thermo-mechanical loads at critical locations in the engine.
The former solution is relatively straightforward, however is often limited by
cost aspects and how compatible it is with the current production line.

The latter strategy is associated with the development of more sophis-
ticated engine design methods, and in particular methods to evaluate any
conceived design solution. Foremost, the reason for this has been the in-
certitude in knowing how well a particular design solution qualifies until a
prototype physically exists; a wait which can be very long, not to mention
the additional prototype production cycles eventually required due to the
iterative nature of the design process. However, thanks to the advent of
modern computational power, this inconvenient situation is expected to be
circumvented. Given reliable simulation tools to predict the engine lifetime,
the dependence on prototype evaluation becomes less significant, since mis-
takes related to the physical behaviour of the components can be avoided
already at the conceptual design level. Consequently, improved simulation
methods are anticipated to reduce the time to market, thereby speeding up
the development of the demanded high-efficiency engines of tomorrow.

This thesis will deal with both strategies and is therefore concerned with
the aspects influencing the life of engine materials. More precisely, the ma-
terial life will be referred to as the fatigue life, which essentially signifies how
long the material can endure the loads to which it is exposed before it breaks.
This thesis is not the first to address this issue. It is an entire field of science
called fatigue of materials which deals with the permanent and successive
degradation of materials due to a repeated pattern of loading and unloading
[3]. Consider a metallic paper clip for instance, which inevitably will break
if it is repeatedly bended. In a similar but more complicated manner, the
engine material will be fatigued due to the complex thermal and mechanical
loads to which it is subjected.

Today, there are already many commercial computer tools available to as-
sist the design process, such as computer-aided design (CAD) and computer-
aided manufacture (CAM) software, finite element (FE) software to perform
mechanical analyses and more. However, when it comes to life estimation of
engine components, there is much less to choose from. This is a consequence
of the complex behaviour of materials and the fact that different materials act
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CHAPTER 1. INTRODUCTION

very differently regarding their fatigue and failure mechanisms. In addition,
since the fatigue process often is relatively unstudied in engine materials, it
is also unclear how the different microstructural aspects influence the fatigue
resistance of the material. Due to these reasons, there is a need to investi-
gate and characterise the fatigue behaviour and damage mechanisms of the
materials employed in heavy-vehicle engines. Firstly, this is motivated since
such an investigation sets the foundation for the development of accurate
fatigue life estimation tools, and secondly since the knowledge about how
microstructural parameters and the fatigue behaviour are related can reveal
how engine materials should be developed in order to maximise the fatigue
performance.

1.1 Research questions and aims
The research questions are summarised by the following four:

i) How is the material degraded? What are the physical damage mecha-
nisms responsible for the successive deterioration towards a state beyond
operation ability?

ii) How is the fatigue life affected by a variation in the load conditions? By
which factors does the life of the materials decrease as the thermal and
mechanical loads are increased?

iii) Given a proper definition of material failure and the exact load situation,
how can the critical point when the material fails be estimated with a
reasonable accuracy?

iv) What material and microstructural parameters govern the damage mech-
anisms? In other words, what characterises a material with optimal
fatigue resistance under typical engine load conditions?

The above research questions were formulated in order to fulfil the aim of
the thesis, namely to provide the heavy-vehicle industry with experimental
findings and computational methods in order to assist the design of more
durable engine components. Evidently, the strategy to answer these ques-
tions has been to perform extensive experimental investigations in order to
have a rich physical idea of the fatigue processes. In this way, the key as-
pects influencing the fatigue behaviour and the damage mechanisms have
been identified which have been exploited to propose new engine material
candidates as well as to estimate the fatigue life under the relevant load
conditions.
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PART I. BACKGROUND AND THEORY

1.2 Outline and scope of the thesis
This thesis is divided into two parts, starting with the Background and The-
ory which will briefly present the technical context and the current state
of the corresponding academic field. This part is based on the Licentiate
thesis Fatigue of engine materials - experimental analysis and life estimation
[4], which was presented in September 2015. However, the content has been
significantly modified and extended since then. The second part, Included
papers, consists of enclosed academic papers previously produced which con-
stitute the academic contribution done within this research project.

After the present chapter, the second chapter will present the particular
material groups of interest, namely different grades of cast iron, and the load
condition experienced by the materials due to the operation of an internal
combustion diesel engine. Subsequently, a review of the fatigue mechanisms
and deformation behaviour of cast iron are presented in the third and fourth
chapter while the experimental and computational methods are summarised
in the fifth. The sixth chapter discusses the included papers, and in the
seventh and final chapter, an outlook is presented to see what is beyond this
thesis.

The scope of the thesis mainly includes the experimental analysis of fa-
tigue testing and the microstructural investigation of laboratory specimens.
Thus, the investigation has been limited by excluding the study of the fa-
tigue behaviour and life estimation of real engine components. Consequently,
also the performed modelling work is presently only applied and validated
on laboratory specimens.
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2
Engine materials and load conditions

This thesis will not treat heavy-vehicle engine design, but rather how it is
influenced by the choice of materials. Even so, something must be said
about the considered engine components, as they set the basic conditions
governing how the constitutive materials are fatigued. For this reason, the
present chapter will deal with the typically employed materials as well as the
load conditions in the components of interest.

The construction of a heavy-vehicle four-stroke internal combustion en-
gine is displayed in a simplified schematic illustration in Figure 1. The cen-
tral function is to transmit momentum to the driving shaft which in turn
generates the forward motion of the vehicle, by a periodic work conversion
cycle involving fuel ignition and the resulting power transfer through the
back-and-forth motion of the piston.

The diesel engine components of interest in this thesis are the engine
block, the cylinder head and the exhaust manifold, which are schematically
illustrated in Figure 1. The engine block, or cylinder block, houses the re-
ciprocating motion of the pistons and the recurrent fuel ignition. On top
of the engine block, the cylinder head is located, in which fuel and exhaust
gas are interchangeably transported in intake and exhaust channels through
regulated valves. In the exhaust manifold, the exhaust gas is collected and
discharged from the cylinder head into subsequent units, which can be a
turbocharger, air filters or catalytic converters.

2.1 Engine materials
Traditionally, the engine components in Figure 1 are constructed using cast
iron and cast steel, depending on the component, engine type and manufac-
turer [5–14]. Both mentioned material groups are metallic alloys defined by
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PART I. BACKGROUND AND THEORY

Engine block

Cylinder head

Piston head

Exhaust port

Exhaust manifold

Crank shaft

Figure 1: A schematic illustration of the engine components of interest.

their key chemical components iron and carbon, as well as silicon in the case
of cast iron, and the characteristic method of manufacture through casting.

In the heavy-vehicle engine context, cast iron is more common than cast
steel due to superior castablilty, i.e. the ability of being cast with high
quality, as well as due to better thermal conductivity and lower material
cost. The use of cast steel is therefore often restricted to conditions where
excellent resistance to elevated temperatures is required, such as for exhaust
manifolds in gasoline engines [5, 15]. However, since the main focus of this
thesis will be on diesel engines, most attention will be paid on cast iron
henceforth.

As a surprise to most people, cast iron should not be regarded as a single
material with only one set of properties. Rather, it is a versatile alloy whose
properties can be widely modified by changing the chemical composition, the
cooling rate during solidification or by applying a post heat treatment. The
grand diversity can be deduced from the variability of the two-fold struc-
ture which consists of graphite particles embedded in a steel-like matrix, see
the microstructures in Figure 2. In contrast to the graphite particles which
always consist of a graphite phase containing only carbon, the surrounding
matrix can consist of many different phases, such as ferrite, austenite, ce-
mentite, martensite or any combination, in a similar manner as the phases
can be varied in conventional carbon steels. Thus, the overall properties of
cast iron may be varied through the variation of the matrix phases, however
more significantly, also by altering the graphite shape, see Figure 2.

Cast iron grades are often categorised according to their corresponding
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CHAPTER 2. ENGINE MATERIALS AND LOAD CONDITIONS

250µm

(d)

(a)

250µm

(b)

250µm

600µm(c)

250µm

Figure 2: Examples of typical matrix-graphite microstructures seen in cast iron,
(a) lamellar graphite iron, EN-GJL-250 (b) compacted graphite iron, EN-GJV-
400 and spheroidal graphite iron, (c) EN-GJS-SiMo5-1 and (d) SiMo1000.

graphite shape. The most common group of cast iron is the lamellar graphite
iron (LGI), often called grey cast iron, in which the graphite particles are
elongated and flake-like giving the appearance shown in Figure 2a. In gen-
eral, this is the most employed cast iron in industry, from sever pipes and
automotive parts to kitchen cookware. LGI is easy to cast, have low strength
and ductility, but also good machinability, thermal conductivity and vibra-
tion damping [16]. On the contrary, in compacted, or vermicular, graphite
iron (CGI) the graphite particles are coarser and rounder as seen in Figure
2b. As a consequence, the CGI grades have superior mechanical properties
but inferior thermal conductivity. Even more superior regarding mechanical
properties is the spheroidal graphite iron (SGI), also called nodular or ductile
cast iron, which is associated with a microstructure consisting of spherically
shaped graphite particles, see Figures 2c and 2d. As a result, SGI grades have
high strength and ductility, but also reduced machinability, thermal conduc-
tivity and damping compared to LGI and CGI. Other groups of cast iron,
which are outside the scope of this thesis, are white cast iron and malleable
cast iron.

At present, different cast iron grades are used depending on the engine
component and its typical service load conditions. The engine block and
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PART I. BACKGROUND AND THEORY

cylinder head have conventionally been cast in LGI regardless of engine type
[8, 10]. However recently, replacing this material with CGI has become in-
creasingly more common [8, 10, 17–20], due to the higher demands on dura-
bility [8, 10]. Moreover, the exhaust manifold has to endure higher temper-
atures than the engine block and cylinder head, which is due to the higher
heat absorption from the exhaust gas and the less efficient cooling, and is
therefore often made of SGI or cast steels. For diesel engines, ferritic SGI
is frequently used, such as different grades of high silicon-molybdenum SGI
[5–7, 12, 15, 19, 21–23].

2.2 Engine load conditions
Generally, the extent of the fatigue life is significantly dependent on the in-
tensity of the loads to which the material is exposed. In this context, a load
carried by the material can be purely mechanical, i.e. when stressing the
material due to the application of forces, or purely thermal, which is when a
high temperature is applied under free thermal expansion conditions. Con-
versely, if the thermal expansion is mechanically impeded or amplified, then
the load is said to be thermo-mechanical. An aggressive chemical environ-
ment, such as in the presence of fuel and exhaust gases, can also be regarded
as a load due to its potential to reduce the fatigue life.

Thus, in the running engine, the material will experience mechanical,
thermal and corrosive loads due to the combustion and the resulting heat and
pressure bursts, see the schematic illustration in Figure 3. Consequently, the
material closest to the combustion chamber and exhaust channels will be-
come hot and heat will be conducted to the far off located regions, resulting
in thermal gradients across the components. Since a heterogeneous thermal
expansion will follow, thermal stresses develop as the expansion in each point
is differently constrained depending on the surrounding. Similarly, the ex-
haust manifold is thermo-mechanically loaded as hot exhaust gas recurrently
enters the exhaust channels and heats up the component. In this way, the
exhaust manifold is typically subjected to a maximum temperature of 700 to
1000oC [5, 7, 13, 21], while the engine block and cylinder head are subjected
up to about 400 to 500oC [18], depending on the engine type and material.

Each time the engine is turned on and off the above course of events is
repeated. Thus, the entire engine is heated up and cooled down repeatedly as
the driver stops for red lights and stops for pauses. The time period elapsed
between a state of inactivity to a steady state of full operation, and then
back to a stabilised state of inactivity, defines a characteristic load cycle,
often referred to as the start-operate-stop cycle. Typically, the length of this
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Tem
perat

ure

Mechanical
strain

T

εMech

t

t

Figure 3: Schematic illustration of the thermo-mechanical load conditions en-
countered in a material point close to the combustion chamber. The mechanical
strain, as defined by Equation 1, is most likely negative because the thermal
expansion is anticipated to be constrained.

cycle ranges from a couple of minutes to a couple of hours depending on
the driving circumstances. Moreover, on top of the slow heating and cooling
cycle, there is also an additional mechanical load resulting from the high-
frequent back-and-forth motion of the pistons and the reoccurring pressure
bursts. This load situation is often referred to as high-cycle fatigue (HCF)
which can be significant for the fatigue life, even though the load amplitude
is generally small. Thus, due to all effects combined, the material inside the
engine components is cyclically exposed to complex thermo-mechanical loads
as schematically illustrated in Figure 3.

The identification of the start-operate-stop cycle has led to the intro-
duction of the concept of thermo-mechanical fatigue (TMF), which refers to
the fatigue damage accumulation due to the combination of a conventional
cyclic mechanical load and a varying temperature. The concept involves the
additional damage mechanisms induced by the changing temperature, but
the name is also used when referring to the associated standard fatigue test
procedure, which will be described later in Section 5.2.

Introducing a varying temperature in a fatigue test complicates the defor-
mation analysis since the thermal expansion is mixed up with the deformation
caused by the applied forces. For this reason, mechanical strain is often used
as a deformation measure rather than the observable strain, where the latter
includes the thermal expansion while the former does not. In an uniaxial
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Figure 4: Schematic illustration of how (a) the TMF strain and HCF strain com-
ponent are added to engender (b) the total mechanical strain. The differences of
the maximum and minimum strain values, namely the TMF strain range ∆εT MF ,
the HCF strain range ∆εHCF and the total mechanical strain range ∆εMech are
also marked out.

case, the two strain measures are related as

ε = εT h + εMech (1)

where ε is the observable strain measured by, for instance, an extensome-
ter, εT h is the thermal strain representing the thermal expansion and εMech is
the mechanical strain. Thus, when dealing with thermo-mechanical loads, it
is most convenient to relate the mechanical load with the mechanical strain
since this strain measure is independent of the thermal load.

Furthermore, the mechanical strain is anticipated to include a superim-
posed high-frequent component due to the vibrations of the engine, as men-
tioned above and illustrated in Figure 3. Therefore, it is expected that the
fatigue failure is caused by a combination of thermo-mechanical and high-
cycle fatigue. For the same reason, Equation 1 is modified to separate the
mechanical strain into a TMF and a HCF component,

ε = εT h + εT MF + εHCF (2)

where εT MF represents the slow-varying mechanical strain corresponding
to the heating and cooling cycle, and εHCF represents the strain oscillation
relative to the TMF strain, see Figure 4. In this case when the mechanical
strain εMech is composed of two mechanical strain signals, it will be denoted
as the total mechanical strain, in order to distinguish from thermo-mechanical
loads without superimposed cycling.
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3
Fatigue damage mechanisms in

cast iron

As engine materials are subjected to cyclic thermo-mechanical loads, irre-
versible physical processes occur which render the material in a damaged
condition. These physical fatigue mechanisms involve the initial accumu-
lation of damage on a microscopic length scale, which eventually result in
the initiation and subsequent propagation of fatigue cracks on a macroscopic
length scale. Inevitably, continued thermo-mechanical cycling will maintain
a steady increase in fatigue crack length, and in due time, cause complete
failure of the considered engine component.

The intention of this chapter is to present what is currently known about
the fatigue damage mechanisms in cast iron when subjected to cyclic thermo-
mechanical load conditions. To this end, this chapter will start by review-
ing associated mechanisms under simple conditions, namely when exposed
to monotonic mechanical loads and at elevated temperature conditions in
absence of mechanical loads. The subsequent section will deal with the dam-
age mechanisms observed under cyclic load conditions, including isothermal,
thermo-mechanical (TMF) and combined thermo-mechanical and high-cycle
(TMF-HCF) fatigue test conditions. In the last section, a number of fatigue
life estimation approaches based on the observed damage mechanisms are
presented.

The following review is restricted to cast iron grades relevant to the heavy-
vehicle engine context, namely lamellar (LGI), compacted (CGI) and spher-
oidal graphite iron (SGI) which were introduced in the previous chapter.
Furthermore, the present study will mainly focus on ideal load conditions,
i.e. uniaxial mechanical loads and spatially uniform temperature distribu-
tions.
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3.1 Damage mechanisms under monotonic load condi-
tions

Before dealing with the fatigue damage mechanisms associated with cyclic
loads, it is of relevance to start with the damage processes occurring during
monotonic loads, i.e. when the mechanical load is applied at a single and
constant rate. These damage mechanisms are naturally related to the mech-
anisms observed under cyclic load conditions, simply because a cyclic test
can be considered a periodic sequence of monotonic load segments.

In general, the initial damage processes in cast iron are highly related to
the interaction between the graphite phase and the steel-like matrix men-
tioned in Chapter 2. As many authors have observed on polished surfaces
of cast iron specimens at room temperature, small deformations result in
the delamination, or debonding, of the matrix-graphite phase boundary [24–
34]. More precisely, it has been reported that the tensile strain required
for such damage initiation can be less than 0.03-0.04% for ferritic LGI and
SGI [30, 31]. In addition, investigators have also observed cracking within the
graphite phase in LGI, CGI and SGI as the first sign of damage [25, 27, 32, 35–
39], resulting in graphite cleavage. The cleavage cracks have been reported to
propagate along the basal plane of the hexagonal crystallographic structure of
graphite [32, 35] or along boundaries between graphite crystallites [25, 27] in
LGI and CGI. Moreover, in SGI, cracks have been demonstrated to propagate
along layer boundaries generated by the different graphite growth stages dur-
ing the casting solidification process [37, 39]. The two graphite failure modes
are schematically illustrated and experimentally observed in Figure 5.

As the monotonic tensile load is increased to higher levels, the cracks
start to enter the matrix at graphite tips oriented perpendicular to the load
direction and eventually coalescence as multiple cracks propagate simultane-
ously [29, 31–34, 36, 40, 41], see Figure 5a. These graphite-initiated cracks
which have managed to extend into the matrix, possibly connecting several
isolated graphite particles, will in the continuation be referred to as micro-
cracks. The subsequent growth and coalescence of such microcracks have
been observed to be dependent on the cast iron type [29, 36]. In particular,
microcrack coalescence was seen to result in the formation of a clearly visible
dominant crack in SGI, while in LGI and CGI, such a dominant crack could
not be definitively distinguished from the individual growth of microcracks.
Clearly, crack growth is a microstructure-dependent and complex process in
cast iron as it involves the evolution and interaction of microcrack networks.
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Figure 5: (a) A schematic illustration of the different damage mechanisms oc-
curring in cast iron; (i) matrix-graphite debonding (ii) graphite cleavage (iii)
graphite-initiated microcracks (iv) microcrack coalescence, from [42] (Paper III).
(b) SEM image demonstrating the damage processes in CGI due to a large tensile
load. Matrix-graphite debonding and graphite cleavage are indicated with white
arrows and the resulting large deformation of the adjacent matrix is indicated
with black arrows.

3.2 Effects of an elevated temperature
Even in the absence of mechanical loads, the application of an elevated tem-
perature during an extended period of time might have a substantial effect
on the state of the material. Therefore, it is also appropriate to review the
detrimental effects associated with elevated temperatures under free ther-
mal expansion conditions before proceeding to situations including both high
temperatures and mechanical loads.

When cast iron specimens are exposed to elevated temperatures for a long
time in ambient air, they grow in size and experience surface oxidation, or
scaling [19, 43–47]. The scaling phenomenon is clearly reflected by preforming
mass evolution measurements, where significant mass changes are observed
after a long period of time at high temperatures due to the additional mass
acquired through surface oxide formation [19, 46, 47]. However, not only
the scale formation is supposed to affect the mass evolution. There is also
a loss in mass because of the graphite removal due to the carbon-oxygen
reactions producing carbon monoxide or dioxide; a process often referred
to as decarburisation [45, 48]. As a consequence, decarburisation will lead
to the excavation of the material at the surface and a resulting porosity,
especially if the graphite structure is interconnected as in the case of LGI
and CGI [48]. Regarding the mentioned possible increase of volume, it is
often associated with matrix decomposition, i.e. the structural breakdown
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Figure 6: (a) Schematic illustration of processes at elevated temperatures; (i)
decarburisation, the removal of carbon atoms from the graphite phase; (ii) oxide
scaling on the surface and (iii) matrix decomposition involving the phase trans-
formation of cementite (Fe3C) into ferrite (α) and graphite (G); and (b) an
optical microscope image of a cross-sectional view of the oxidised surface in a
LGI due to a TMF test with a temperature cycle of 100-500oC and a TMF strain
range of 0.35%.

of bainite and pearlite into ferrite and graphite [43, 47, 49]. The reason is
the meta-stable nature of the cementite phase which decomposes at elevated
temperatures. Since the resulting stable phases have a larger molar volume,
the specimen will tend to increase in size. The three mentioned processes
are schematically illustrated in Figure 6a and an example of how the surface
of a LGI material is affected by scaling and decarburisation can be seen in
Figure 6b.

The kinetics of the scaling in cast iron is not clear due to its complexity. It
is particularly complicated by the presence of multiple alloying elements and
their corresponding diffusional properties and oxygen affinities. Nevertheless,
the scale will most frequently consist of iron oxides, such as wüstite (FeO),
hematite (Fe2O3) and magnetite (Fe3O4), as the iron content dominates the
composition. However, the significant content of silicon in cast iron grades
has frequently been argued to play an important role in the formation of
the surface scale. In particular, it is believed to contribute to an improved
oxidation resistance [19, 44, 45, 50]. The scaling of the Fe-Si system, which
arguably should be similar to the matrix in cast iron, was reviewed by Birk et
al. [51] by reference to the work of Adachi and Meier [52]. According to these,
the presence of silicon allows the formation of silica (SiO2), which in turn may
react with wüstite (FeO) to form fayalite (Fe2SiO4). If the silicon content
is high enough, a continuous layer of fayalite, silica, or a combination of the
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two, is formed [52] which supposedly impedes further oxidation of the matrix.
Effectively, silicon is often seen to accumulate between the iron oxide scale
and the matrix in LGI, CGI and SGI [19, 45–47, 50]. Several investigators
have also reported that a higher content of silicon in SGI results in a slower
growth of the iron oxide film, which is consistent with the above argument
[19, 44, 53].

3.3 Damage mechanisms under cyclic load conditions
The fatigue damage mechanisms under cyclic isothermal and thermo-mechan-
ical load conditions can favourably be categorised into mechanisms dominant
at low and elevated temperatures. The underlying reason for this distinction
is that surface oxidation and creep deformation, which are effects known to
contribute to fatigue, only occur at elevated temperatures. The limit between
the two temperature regimes is not completely distinct since it is likely to
depend on multiple aspects, such as the material and the characteristics of
the cyclic mechanical load. Nevertheless, based on a number of studies on
SGI [21, 42, 53–57], the limit temperature is presumed to be in the range of
500-600 oC in cast iron.

Low temperatures
At generic cyclic load conditions at room temperature and up to 500 oC,
microcracks have been observed to initiate at multiple graphite tips on pol-
ished samples of LGI, CGI and SGI, propagating transversally into the matrix
[49, 58–66], including the work of Norman et al. [42, 67, 68] (Paper I, III and
V), as similar to when under monotonic load conditions. An example of a
graphite-initiated microcrack caused by thermo-mechanical cycling is shown
in Figure 7a. Some authors [58, 59, 61] have also claimed that the instant
of crack initiation occurs during the first 10% of the fatigue life. Thus, the
major part of the fatigue life consists of crack propagation in contrast to
other metals were a large number of cycles are required before the first crack
is initiated. This is not surprising in view of the observed damage mech-
anisms occurring during monotonic load conditions, see Section 3.1, under
which the graphite phase is likely to fracture already at low mechanical loads.
Consequently, it can easily be argued that some graphite particles lose their
load-carrying ability during the first load cycle which thereby generates mi-
crocrack initiation sites due to the resulting stress concentrations at the edges
of the graphite particles.

In the case of SGI, it has been seen that the graphite phase is not the
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Figure 7: Optical microscope image of a microcrack emanating from (a) a graph-
ite particle in CGI and (b) a microshrinkage void in SGI.

only microcrack initiation site. Several investigators have reported of crack
initiation at microshrinkage porosities [59, 69–72], which are casting defects
that may develop during solidification due to the volume difference associated
with the liquid-solid transformation. An example of a microshrinkage and a
microcrack initiated at its boundary are shown in Figure 7b. It is however
important to note that cracks not necessarily have to initiate at porosities,
as graphite spheroids have been shown to be distinct crack initiation sites
even in the presence of porosities [72]. Nevertheless, it has been concluded
that porosities play an important role in determining the fatigue resistance
of SGI, especially depending on the size and location of the defect [71, 72].

As the material is subjected to an increasing number of load cycles, mi-
crocracks grow longer, which eventually results in the possible encounter of
another graphite particle or microcrack. For this reason, the microcrack
growth in LGI, CGI and SGI have been observed to progress incrementally,
i.e. stepwise, as microcracks occasionally link-up [58, 59]. Typically, this
growth mode ends with the failure of the specimen at a point when the final
crack length is about 1 to 2mm, regardless of cast iron type. Similar fatigue
crack growth involving microcrack coalescence has also been reported in the
case of thermal fatigue [49, 63], as well as for TMF and TMF-HCF tests
[65, 66]. Thus, regardless of the particular cyclic load condition employed,
the fatigue process in cast iron seems to be following a general pattern con-
sisting of a brief crack initiation phase and a subsequent crack propagation
phase involving the growth and coalescence of multiple microcracks.

Norman et al. [42, 67] (Paper I and III) confirmed this general fatigue
process using the concept of the unloading modulus, following the previously
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mentioned hypothesis put forth by Hanney and Zambelli [73, 74]. It was
observed that regardless of cast iron type and cyclic load conditions, includ-
ing isothermal low-cycle fatigue (LCF), TMF and TMF-HCF, the unloading
modulus always decreased linearly with the number of cycles until a consis-
tent critical value was attained. Conversely, the only factors affecting the
slope of this line were the load variables, i.e. the temperatures and mechan-
ical strain cycles. Thus, it was concluded that the physical fatigue process is
the same regardless of cast iron type and cyclic load conditions.

As a further generalisation, it was also demonstrated by Norman et al.
[68] (Paper V) that the microcracking process also occurs in non-uniform
cyclic stress fields. More precisely, microcracks were observed to initiate
within a limited volume ahead of a notch in CGI specimens, resulting in a
rapid microcrack coalescence event identified as the instant of macro-scale
fatigue crack initiation. In other words, the damage process appears to be
similar to smooth specimen testing, however progresses locally at different
rates due to the point-wise difference in the maximum cyclic stress field.

Regarding TMF testing with superimposed HCF, it has been reported
that the microcrack growth characteristic, including individual microcrack
growth and subsequent coalescence, was unchanged when applying a super-
imposed HCF strain range to a TMF test of LGI, CGI and SGI [65, 75, 76].
More precisely, the measured crack length profile as a function of number of
cycles, normalised to the number of cycles to failure, was demonstrated to
be the same regardless of the value of the HCF strain range [75, 76]. These
observations are in direct accordance with the general unloading modulus
behaviour of cast iron mentioned above, i.e. that the only effect caused by
the addition of a HCF strain range was a decrease in the negative slope of
the linear unloading modulus curve [42, 67] (Paper I and III).

Elevated temperatures
As the temperature rises, surface oxidation and creep deformation become
significant. This has been seen to alter the overall fatigue process in cast
iron, which therefore will be the subject of this subsection. Moreover, since
LGI and CGI are seldom used in applications at temperatures above 500 oC,
below which these effects are negligible, the following review is restricted to
SGI.

Under cyclic load conditions at elevated temperatures, fatigue cracks have
been observed to be initiated at the surface through an oxidation-assisted
process, in isothermal [50, 53, 55, 56], OP TMF [57, 77] (Paper IV) and IP
TMF [77, 78] tests. This process is much similar to what has been observed
in high temperature LCF of stainless steels [79–81], for which it has been
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Figure 8: Oxide intrusion in SGI due to OP-TMF cycling with 300-750 oC at
(a) 250 cycles and (b) 500 cycles. The images are acquired from two different
specimens.

demonstrated that small cracks, often denoted as oxide intrusions [57, 82, 83],
are initiated through the fracture of the oxide scale formed due to the high
temperature oxidation. These oxide intrusions extend circumferentially for
smooth cylindrical specimens and produce oxide ridges above and beneath
the crack mouth; resulting in a resemblance to furrows of a ploughed field
on the specimen surface [79, 80]. As a consequence, the oxide intrusions are
capable of becoming prominent fatigue crack initiation sites as they penetrate
the surface through repeated cycling. Examples of oxide intrusions in a SGI
at different progress states are given in Figure 8. Similarly, oxides intrusions
have also been reported in CGI in a low temperature regime [46, 67], see
Figure 6b. However, it was not seen to be the main cause for fatigue failure
[67] (Paper I).

Besides oxidation-assisted crack initiation, it is also expected that dam-
age mechanisms seen under creep test conditions can be present in TMF
tests at elevated temperatures on SGI [56, 78]. The creep damage mecha-
nisms generally involve grain boundary sliding and the formation of grain
boundary cavities [3, 84], which also have been reported for an austenitic
SGI subjected to TMF tests [78]. On the other hand, in a study on ferritic
and austenitic SGI subjected to high-temperature creep deformation, it has
rather been observed that the creep damage processes are more similar to
the processes under monotonic load conditions involving microcracking at
graphite spheroids and carbides [84]. Thus at present, the importance of
creep damage and its effect on fatigue are not completely clear in SGI and
are therefore subjects of further investigation

The fatigue mechanisms under TMF-HCF test conditions at elevated tem-
peratures have only been scarcely investigated. Nevertheless, it has been
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demonstrated that the HCF cycling does not accelerate the oxide intrusion
growth significantly in high silicon-molybdenum SGI [57] (Paper IV). In-
stead, the reduction in number of cycles to failure caused by HCF cycling
is due to the increased growth of microcracks initiated at graphite spheroids
within the interior of the specimen. Thus, the dominating fatigue mechanism
is not only distinguished by temperature regime, but can also be influenced
by the type of mechanical loads employed.

3.4 Fatigue life estimation
Fatigue life estimation, or lifetime assessment, is about predicting the number
of cycles to failure using information acquired from an isothermal or a thermo-
mechanical load cycle, for example the cyclic maximum stress or the plastic
strain range. The predictions are often based on fracture mechanics models
consisting of a growing fatigue crack for which there is a critical crack length
corresponding to the end of the fatigue life. Such an approach is often called
a defect-tolerant approach, while an approach which ignores the existence of
cracks often is labelled as a total-life approach [3]. Both approaches have
previously been applied to cast iron in engine applications, however, this
section will mainly focus on the former type of models, as briefly presented
below.

With the microcracking process in mind, Metzger et al. [65] formulated
a model for TMF and TMF-HCF tests following the work done by Seifert
and Riedel [85] and Seifert et al. [86], where it was assumed that the crack
growth rate da/dN is proportional to the cyclic crack-tip opening displace-
ment ∆CTOD,

da

dN
= β∆CTOD (3)

where β is a material constant. Furthermore, to include the effect of a
superimposed HCF load, it was hypothesised that crack propagation due to
the TMF and HCF cycles are separable as

da

dN
=
(
da

dN

)
T MF

+
∑(

da

dN

)
HCF

(4)

Alternatively, Ghodrat et al. [64] successfully used Paris’ law in order to
estimate the fatigue life of notched CGI specimens subjected to TMF tests,
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da

dN
= C∆Kn (5)

where C and n are material constants. Similarly, the model presented
by Norman et al. [87] (Paper II) was also based on Paris’ law, Equation
5, combined with Equation 4 to account for a superimposed HCF load. In
contrast to previous models, the crack length was interpreted as an average
of a large number of microcracks and the point of failure as the instant when
the average microcrack length gets in the same order as the average distance
between microcracks.

Typically, the above models are reformulated into terms of variables de-
ducible from hysteresis loops, such as the stress range ∆σ or the plastic strain
range ∆εp, in order to be fitted to TMF test series on smooth specimens.
However, as remarked by Norman et al. [68] (Paper V), there are two impor-
tant aspects when such fitted models are transferred to engine components.
Firstly, the microcracking process occurs over an extended volume, which
infers that the calculated stress field and resulting fatigue failure should not
be investigated point-by-point. Rather, an averaged stress measure is sug-
gested, for which the stress is averaged over a volume corresponding to the
characteristic length of microstructural variation. Secondly, it is identified
that in the transition from the independent growth of microcracks to the
initiation of a macroscopically-large crack, there is an associated crack re-
tardation effect due to heterogeneous microcrack density resulting from the
non-uniform stress field. If the two aspects are not taken into consideration,
the life estimation will likely be severely underestimated, as demonstrated
on notched specimens in [68] (Paper V).

As seen in the previous section, additional damage mechanisms other than
the microcracking process become active at higher temperatures in cast iron,
namely oxide intrusion formation [57] and creep damage [56, 78]. A general
approach to include these effects has been to anticipate a linear summation
of the respective damage mechanisms [56, 82, 88–91]

dDtot

dN
= dDfat

dN
+ dDox

dN
+ dDcreep

dN
(6)

where Di is a generic damage parameter for each present damage mech-
anism. Accordingly, the number of cycles to failure is defined as the cycle at
which Dtot reaches a critical value. Formulations of the damage parameters
intended for thermo-mechanical cycling of SGI have been proposed by Wu
et al. [56, 91].
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4
Deformation behaviour of cast iron

The constitutive behaviour of materials, i.e. the thermo-mechanical proper-
ties such as for instance the elastic modulus, yield strength and their tem-
perature dependence, are a prerequisite for fatigue life estimation as they
constitute the basis of stress-strain calculation of mechanically loaded ge-
ometries. In practice, the reason is simply that the fatigue life cannot be
estimated if the stress-strain state is unknown since this is an input variable
in most fatigue life estimation models. For this reason, the present chapter is
devoted to the deformation behaviour of cast iron and how it can be modelled
for fatigue life estimation.

4.1 Micromechanisms
In contrast to most conventionally used metallic alloys, cast iron has been
demonstrated to exhibit non-standard mechanical behaviour under cyclic
load conditions. This involves (i) an absence of a linear-elastic regime in
monotonic tension, (ii) tension-compression stress asymmetry, (iii) varying
elastic modulus, and (iv) an inflection in the tension-to-compression harden-
ing curve [73, 74, 92]. As an example, Figure 9 illustrates the listed phenom-
ena in a LGI.

The macromechanical behaviour is believed to be related to micromecha-
nisms occurring in the characteristic microstructure of cast iron, namely the
interaction between the graphite phase and surrounding steel-like matrix. In
fact, many investigators have reported observations of severe deformation of
the adjacent matrix under monotonic load conditions at room temperature
[29, 34, 36, 93–97], which also can be seen in Figure 5b. The local matrix
deformation is intuitively explained by the stress concentrations generated
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Figure 9: Illustration of the general mechanical behaviour of cast iron, represented
by a LGI, involving (i) an absence of a linear-elastic regime in monotonic tension,
(ii) tension-compression stress asymmetry, (iii) varying elastic modulus, and (iv)
an inflection in the tension-to-compression hardening curve.

either due to the significant difference in stiffness of the two constituents,
or more likely, due to the failure of the graphite phase discussed in Section
3.1. Starting with the hypotheses proposed by Gilbert [24, 92, 98], such local
plastic flow in combination with graphite opening in tension, have for a long
time been assumed to be the underlying reasons for the mentioned compli-
cated mechanical behaviour. More precisely, due to successive debonding
or internal fracture, the graphite particles are anticipated to partially open
in tension. This is presumably the origin of the decreasing elastic modulus
(iii) and the origin of non-linear elastic behaviour (i) in monotonic tensile
tests. Similarly, when going from tension to compression, the fracture and
debonded surfaces supposedly recontact resulting in the recovery of the elas-
tic modulus (iii), which in turn can account for the stress asymmetry (ii)
and the inflection (iv). Thus, the process of opening and closing the graphite
phase under cyclic load conditions intuitively explains the mentioned anoma-
lities (i)-(iv), as also supported by micromechanical modelling (Paper VI).

4.2 Constitutive modelling
Due to the complicated mechanical behaviour, most standard constitutive
models fail to accurately predict the constitutive behaviour of cast iron. For
this reason, there has been an intense development of specialised models
intended for cast iron over the past years. In most cases, these models can
be categorised either as phenomenological or fundamental, whether if the
constitutive behaviour is modelled based on experimental observations of
the mechanical phenomena or derived from principles postulated at a more
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fundamental level, e.g. such as deriving a model from the microstructural
behaviour of the material.

Most phenomenological constitutive models are based on the foundation
set out by classical plasticity [99] and thermodynamic theory [100]. However,
as this traditional approach does not naturally infer an asymmetric behaviour
seen in cast iron, a number of propositions within the theoretical framework
have been suggested. A common approach has been to employ the Gurson
model [101], later modified by Tvergaard and Needleman [102, 103], since this
model incorporates the opening and closing of voids in a porous medium, in
accordance with the anticipated behaviour of cast iron [31, 86, 104–108]. The
model is derived from a rigid-plastic limit analysis of a solid approximated
by a homogeneous spherical body containing a spherical void occupying a
volume fraction of cv of the whole solid. In this derivation, the global yield
function f of this unit-cell becomes

f =
(
σ̄e

σy

)2

+ 2q1cv cosh 3q2σ̄h

2σy

− (1 + q3c
2
v) (7)

where σ̄e is the global von Mises stress, σy is the yield strength of the
void-surrounding medium, σ̄h is the global hydrostatic stress, and q1, q2 and
q3 are constants.

Even though the Gurson-Tvergaard-Needleman model can be argued to
be based on micromechanical concepts, the above yield function has often
been used and extended within a phenomenological theoretical framework,
i.e. in combination with classical plasticity theory. Effectively, the model
must be associated with a hardening law and flow rule, i.e. equations dictat-
ing the plastic flow and hardening behaviour, as well as an equation describ-
ing the evolution of the porosity cv, in order to be useful as a constitutive
model.

Other examples of phenomenological constitutive models applied to cast
iron are empirical approaches within classical plasticity theory, such as for in-
stance the Drucker-Prager yield function [109–111], semi-empirical modelling
approaches [112], state variable modelling approaches [113] and multilayer
model approaches [114].

Regarding fundamental models, micromechanical modelling of cast iron
has become increasingly more common. In most cases, the models are imple-
mented in order to assist investigations on microstructural phenomena, such
as void growth and local plastic deformation, or to predict macroscopic prop-
erties, e.g. the elastic modulus or yield strength, based on micromechanical
considerations.
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The micromechanical modelling approach relies on the concept of repre-
sentative volume element (RVE), which is an envisioned small-scale volume
representing the microstructure and its associated mechanical behaviour. In
the case of cast iron, a suitable RVE typically consists of graphite particles
embedded in a uniform matrix. Provided such a RVE, as well as suitable
boundary conditions and anticipated constitutive properties of each con-
stituent in the RVE, both the microstructural and the overall mechanical
behaviour of the RVE are available. The latter is assessed by computing
global or macroscopic load variables, typically defined as the volume aver-
ages of the stress and strain variation over the RVE. In this way, a global
stress-strain behaviour can be derived which can be used to assess the macro-
scopic constitutive behaviour.

Different approaches to select suitable RVE for cast iron materials have
been considered and investigated in the past. Regarding SGI, the most com-
mon way has been to use a unit-cell approach due to the favourable symmetry
of a spheroidal graphite particle [31, 105, 106, 115–120]. In this approach,
the RVE is modelled as a cubic or cylindrical cell in which a spherical graph-
ite particle or void is situated. Generally, the relative size of the particle or
void with respect to the cell is ascribed such that the experimentally graphite
volume fraction is reflected.

A similar kind of approach was attempted on graphite shapes other than
the spherical in a couple of investigations [121, 122], including the work
of Norman and Calmunger (Paper VI). In this case, symmetry can not be
exploited in the same extent as with spherical particles and the choice of
the cell shape becomes complicated since elongated graphite shapes might
not fit into a simply shaped unit-cell for a given graphite volume fraction.
For these reasons, more sophisticated cell designs and boundary conditions
were implemented. In addition, the approach also involved a methodology
to account for the effect of the angular distribution of the graphite particle
orientation with respect to the load direction, which arises due to the reduced
symmetry of the particle shape.

An alternative approach to the unit-cell approach is to model a two-
dimensional representation of the microstructure obtained either conceptu-
ally or through optical or scanning electron microscopy [32, 34, 97, 123–126].
The advantage is the possibility of directly comparing the model with ex-
perimental observations, such as strain measurements using digital image
correlation (DIC) [34, 97, 126]. On the other hand, the models are often
insufficient due to the negligence of the underlying bulk material. As a con-
sequence, there have recently been a few investigations conducted to study
three-dimensional RVE generated experimentally [127], or through statistical
modelling of the spatial distribution of graphite particles [128].
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5
Experimental and computational

methods

In the present chapter, the materials and methods employed in order to
answers the previously formulated research questions, will be described. For
brevity, many details are excluded here but can be found in the corresponding
research paper in Part II.

5.1 Materials
In the present work, different cast iron grades employed in different heavy-
vehicle engine components have been investigated. The tested materials in-
cluded one non-commercial lamellar grade, EN-GJL-250, with a composition
optimised for high-temperature properties and one compacted grade, namely
a commercial pearlitic EN-GJV-400. In addition, a commercial ferritic high
silicon-molybdenum EN-GJS-SiMo5-1 alloy and a newly developed silicon-
molybdenum cast iron with aluminium, SiMo1000 [129], have been investi-
gated within this work. The typical microstructures of these cast iron grades
were shown in Figure 2 in Chapter 2. The EN-GJL-250 and EN-GJV-400
grade are typically used in the engine block and cylinder head while the high
silicon-molybdenum alloys are associated with the exhaust manifold.

5.2 Thermo-mechanical fatigue testing
The concept of thermo-mechanical fatigue and its relevance to the charac-
teristic start-operate-stop cycle were introduced in Chapter 2. As it was
mentioned, the TMF concept also refers to the particular fatigue test set-up
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Figure 10: (a) TMF test set-up and (b) schematic illustration of the load cycle
employed in the TMF and TMF-HCF tests.

in which mechanical and thermal loads are applied simultaneously. The pur-
pose of such a TMF test is to simulate the load condition of a mechanical
component subjected to varying temperatures in a controlled lab environ-
ment and thereby studying the response of the material.

A standard TMF test is performed in a uniaxial configuration on ax-
isymmetric elongated specimens, where the deformation and load force are
applied in the axial direction. The equipment used to conduct these tests was
an Instron 8801 servo hydraulic test machine, which is displayed in Figure
10a, and the associated test control software provided by Instron. During
a test, the test specimen is subjected to a prescribed periodic temperature
and mechanical load cycle, see the example in Figure 10b. Conventionally,
the cycle length of the thermal and mechanical cycle are the same, however
the phase angle between the two is often varied. The two most commonly
employed phase angles are the extreme cases, namely in-phase (IP) and out-
of-phase (OP) testing in which the phase angle is 0o and 180o respectively.
Irrespective of the cycle type applied, the desired output of TMF tests is
the number of load cycles required to fatigue the specimen and its depen-
dence on the different load variables such as the maximum temperature and
mechanical strain range.

Two different OP TMF cycles were used in this thesis work; one motivated
by the cylinder head operation cycle and the other by the exhaust manifold
operation cycle. Both cycles consisted of periods of ramping up and down in
temperature, as well as hold times at each load reversal point, during which
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CHAPTER 5. EXPERIMENTAL AND COMPUTATIONAL METHODS

Table 1: Presentation of the two employed OP TMF cycles corresponding to the
load situation of two components of interest, including the cycle time, tempera-
tures and materials.

Component Cycle time Minimum Maximum Materials
temperature temperature

Cylinder 200s ramp-up 100oC 400oC, 450oC, EN-GJL-250,
head 25s hold 500oC EN-GJV-400,

200s ramp-down EN-GJS-SiMo5-1
25s hold

Exhaust 150s ramp-up 300oC 750oC EN-GJS-SiMo5-1
manifold 90s hold SiMo1000

170s ramp-down
10s hold

the temperature and mechanical strain were held constant. Details about the
tested cycles including cycle times, minimum and maximum temperatures
and the tested materials are given in Table 1. In fact, the selected cycles
are motivated by their resemblance to some of the component tests regularly
performed on engine components. However, it should be noted that the cycles
are significantly shortened compared to the real load cycles since it would
require unreasonable long test times otherwise.

A TMF test is easily transformed into a TMF-HCF test by adding a HCF
strain range, as presented in Figure 4 in Chapter 2. However importantly,
the maximum and minimum total mechanical strain values, εMax and εMin,
were always kept unchanged when performing a test series with increasing
HCF strain ranges, not to change the Rε-value, i.e. the εMin/εMax ratio.
Comparisons between tests of different HCF strain ranges would otherwise
have been ambiguous, as discussed in Paper II. Regarding the HCF frequency,
it was given a fixed value of 15Hz since it is a reasonable value corresponding
to the stroke frequency of a heavy-vehicle diesel engine.

5.3 Crack growth testing and modelling
Generally, TMF testing of smooth test specimens does not fully reflect the
entire fatigue life of engine components since the material in the component is
not uniformly loaded. Rather, the material fails locally at critical locations,
which often results in the generation of a fatigue crack whose growth rate
may have a substantial influence on the overall fatigue performance. For this
reason, it was also of interest to study the crack growth characteristics un-
der thermo-mechanical load conditions through a crack growth measurement
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procedure, see Paper V.
For these tests, the same experimental set-up was used as in the TMF

tests described in Section 5.2, except of the employment of a notched spec-
imen design instead of the smooth cylindrical specimens. The added notch
acts as a stress concentration from which a steadily growing fatigue crack
is generated. For this purpose, the specimens were designed with a shallow
circular notch with a radius of 1mm and a notch depth of 0.5mm. These
specimens were subjected to the cylinder head load cycle, see Table 1, and
monitored by a camera mounted to view the notch from the side. The cap-
tured images were used to measure the crack length and the strain field at
the notch using digital image correlation, see Section 5.7.

The crack growth rate is typically controlled by the current load condi-
tion at the crack tip which often is related to different fracture mechanics
parameters such as the stress-intensity factor [3]. The reason is simply that
the growth rate is empirically observed to be well correlated to such param-
eters using a power law, or Paris’ law as often denoted in this context. To
comply to this theory, the notched specimen was modelled using the finite
element (FE) software Abaqus according to the procedure described in Paper
V. In this way, a couple of selected fracture mechanics parameters, namely
the stress-intensity factor (KI), the cyclic J-intergal (∆J) and the crack-tip
opening displacement (CTOD), and their dependence on the crack length
were calculated in order to correlate them with the crack growth rate.

5.4 Fatigue life estimation
Life estimation of TMF and TMF-HCF tests on smooth specimens and esti-
mation of the number of cycles to crack initiation in TMF tests on notched
specimens described above, were carried out using a model developed within
in this thesis work, see Paper II, III and V. The model is based on the experi-
mental observation of the growth of numerous microstructurally-small cracks
and the assumption that the average microcrack length increases according
to Paris’ law. Under these premises, the following equation was derived to
assess the fatigue life in TMF and TMF-HCF tests performed below 500oC,
see Paper II,

D

Nf∫
0

[σMax(N) − σop]ndN = 1 −Dρ[E∆εHCF ]nNf (8)

where D and n are material constants, Nf is the number of cycles to
failure, σMax is the maximum cyclic stress as a function the number of cycles
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N , σop is the microcrack opening stress level, ρ is the number of HCF cycles
applied at a stress larger than σop, E is the elastic modulus and ∆εHCF is
the HCF strain range.

5.5 Oxidation testing

As described in Section 3.3, oxidation has a significant influence on the ma-
terials selected for the exhaust manifold. Therefore, a number of oxidation
tests were conducted in order to assess and compare the oxidation resistance
of the investigated exhaust manifold materials, see Paper IV.

The tests were conducted in accordance with the ISO 21608:2012(E) stan-
dard by discontinuously measuring the mass gain of small disc-shaped spec-
imens under high-temperature corrosion conditions in laboratory air. More
precisely, the specimens were subjected to a temperature of 750oC and recur-
rently weighted outside the furnace at time intervals of one to three hours.

5.6 Metallographic investigations

Since this thesis focuses on the microstructural influence on the fatigue per-
formance of engine materials, it is of relevance to visualise the microstruc-
ture and the microscopic damage in order to support the hypotheses for-
mulated. Such visualisation has been done using a Nikon Optiphot optical
microscopy and a scanning electron microscope (SEM), namely a HITACHI
SU-70 field emission gun. Furthermore, additional analyses have been con-
ducted to characterise the microstructure of the considered materials. This
includes systematic measurements of the graphite morphology, i.e. the size
and shape distributions, using the image process software Axiovision, manual
measurements of the distribution of casting defect sizes and chemical etching
to visualise and measure the eutectic cell sizes.

As mentioned previously, interrupted TMF tests were conducted in order
to measure the average microcrack and oxide intrusion length after differ-
ent fractions of the total fatigue life using the optical microscope mentioned
above. The microcrack lengths were measured as their orthogonal projec-
tion in the traversal direction relative to the tensile axis while the intrusion
lengths were assessed by measuring the average depth of oxidation penetra-
tion following the ISO 26146:2012(E) standard, see Paper III and IV.
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5.7 Digital image correlation
Digital image correlation (DIC) is an image analysis technique which corre-
lates the position in a sequence of images and thereby allows the acquisition
of experimentally measured displacement and strain fields [130]. This tech-
nique was essentially used for two purposes; to validate FE calculations and
to measure microscopically-small deformations in SEM images. The software
used for this was an open-source Matlab code written by Eberl et al. and
distributed by mathworks [131].

Prior to the instant of crack initiation, image correlation was made on
the images captured in the crack growth tests presented in Section 5.3. The
images were taken at the point of maximum tensile load and the acquired
strain field was compared with FE calculations, see Paper V.

As mentioned, DIC was also employed to measure microscopically-small
deformations in SEM images of EN-GJV-400 following a specially-designed
test procedure, see Paper VI. In essence, this procedure consisted of a uni-
axial tensile test followed by subsequent microstructural investigation of the
unloaded condition to measure the residual strain field close to graphite par-
ticles caused by the heterogeneous plastic straining of the microstructure.
To this end, image correlation of images captured with the above mentioned
SEM equipment between loading and unloading a miniature dogbone speci-
men was carried out according to the procedure outlined in Paper VI.

5.8 Micromechanical modelling
In order to gain a better understanding of the cyclic mechanical behaviour
of cast iron, which was reviewed in Chapter 4, a micromechancial modelling
investigation was performed using Abaqus, as presented in Paper VI.

The modelling work was based on a unit-cell approach in which the graph-
ite phase was modelled as disc-shaped ellipsoids consisting of a transversally
isotropic medium, while the matrix was considered as a standard isotropic
elastoplastic medium. The particular behaviour of the former was motivated
by the anisotropic behaviour of pure graphite originating from its crystal-
lographic structure. Moreover, since the microstructure is anticipated to
consist of randomly oriented graphite ellipsoids with reference to the load
axis, the variation seen over multiple unit-cells implemented with different
ellipsoids orientations was considered. In this way, the macroscopic consti-
tutive behaviour was defined as the volume average of the stress and strain
in each unit-cell, an then again averaged over the angular distribution of the
possible graphite ellipsoid orientations with respect to the load direction.
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6
Discussion of appended papers

Part II includes the scientific papers produced within this thesis work and
contains all the obtained results and drawn conclusions. In this chapter,
these results will be summarised and collectively discussed with respect to
the research questions formulated in Chapter 1.

i) How is the material degraded? What are the physical damage mechanisms
responsible for the successive deterioration towards a state beyond operation
ability?

This research question has been considered the most fundamental and a large
effort has therefore been put into understanding the microscopic fatigue pro-
cesses in cast iron, which were reviewed in Chapter 3. One key finding result-
ing from this endeavour, was the identification and distinction of two fatigue
damage regimes demarcated by a critical temperature limit. Beneath this
temperature, the fatigue process consists of the growth of microstructurally-
small fatigue cracks initiated at naturally occurring initiation sites such as
from graphite phase particles and casting defects (Paper I and III). However
at elevated temperatures, surface scaling by oxidation becomes of relevance
which in combination with the mechanical load cycling, assists the formation
of surface oxide intrusions (Paper IV). These intrusions were seen to act as
the starting point for fatigue cracks responsible for the final failure of the
test specimens. By the experiments conducted in this work and by others
[21, 53–56], the limit temperature separating these two regimes is expected
to be in the range of 500-600oC for cast iron. This particular temperature
range is likely due to the thermodynamic stability of the iron oxide phase
wüstite, which causes high scale growth rates in iron-based alloys; however
the oxide is not stable below 570oC [51].

31



PART I. BACKGROUND AND THEORY

Through the investigations carried out within this thesis work, the univer-
sality of the fatigue process in the low-temperature regime has been demon-
strated. It was experimentally observed that regardless of the load conditions,
whether it was isothermal or thermo-mechanical with or without superim-
posed high-frequent cycling, there was a consistent decline in the stiffness of
the test specimen (Paper I and III). Thus, since the progressive growth of
microcracks can be directly related to the observed decrease in stiffness, it
is clear that the physical damage process is general. Moreover, it was also
seen that the fatigue process was similar when the test materials were sub-
jected to non-uniform cyclic thermo-mechanical load conditions (Paper V).
As similar to uniform load conditions, microcracks emerged and coalesced,
however only in the region subjected to the highest cyclic stress. In contrast
to smooth specimens where coalescence coincided with the specimen failure,
this test condition resulted in the initiation of a microstructurally-large crack
whose growth characteristics were different compared to microcracks. In con-
clusion, these laboratory observations imply that the deterioration of engine
components operating below 500oC is very likely related to the growth of
microcracks.

ii) How is the fatigue life affected by a variation in the load conditions?
By which factors does the life of the materials decrease as the thermal and
mechanical loads are increased?

This research question was mainly addressed by performing a large set of
fatigue tests, which consisted of measuring the variation in the fatigue life of
test specimens when varying the load variables, e.g. the maximum tempera-
ture or the mechanical strain range. The obtained data has been presented as
strain-life curves found in the first four papers (Paper I-IV). For instance, the
measured dependence of the maximum temperature and mechanical strain
range on the fatigue life of EN-GJV-400 is seen in Figure 8a in Paper II.

Much attention was given to how the fatigue life is affected by a su-
perimposed HCF strain range. This influence was studied by performing
TMF-HCF test series for which the HCF strain range was varied but the
temperature cycle and total mechanical strain range were held constant, as
explained in Chapter 5. By drawing a plot with the number of cycles to fail-
ure obtained from these experiments as a function of the HCF strain range,
it was observed that the resulting curve always had a step-like appearance
(Paper II-IV). This can be seen for instance in Figure 8 in Paper III where the
TMF-HCF results of EN-GJL-250, EN-GJV-400 and EN-GJS-SiMo5-1 are
compared. The critical HCF strain range at which the fatigue life abruptly
decreases is clearly an important limit, and was therefore identified as a new
material property denoted as the TMF-HCF threshold. For engine manufac-
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turers, knowing this limit is of essence as it sets a natural tolerance limit to
the superimposed mechanical load.

iii) Given a proper definition of material failure and the exact load situa-
tion, how can the critical point when the material fails be estimated with a
reasonable accuracy?

In view of the experimental observations of the fatigue damage mechanisms
mentioned above, it is argued that fatigue life estimation is suitably based on
fracture mechanics models, which were reviewed in Section 3.4. To demon-
strate this, a model developed within this thesis work was proposed, which
considers the growth of the average microcrack in an attempt to simulate the
observed mechanisms (Paper II). For the model, it was also assumed that the
average microcrack growth rate follows Paris’ law, Equation 5, and that the
coefficients and exponents associated with this relation are the same for the
TMF cycle and HCF cycles. It is important to note that this is a highly
simplified approach, however it has the advantage of resulting in simple an-
alytical expressions which allow a convenient manipulation and comparison
with experimental data. Despite the considered simplifications, the model
was shown to accurately fit TMF tests below 500oC (Paper III), as well as
to be able to predict TMF-HCF tests in the same temperature range when
only fitted to TMF data (Paper II and III). Furthermore, the model was also
successfully used to estimate the number of cycles for macroscopically-large
crack initiation in TMF tests of notched EN-GJV-400 (Paper V).

Some important aspects were identified regarding life estimation of non-
uniformly loaded structures. Firstly, it must be well understood that the
microcrack process progresses within an extended volume with sufficient mi-
crostructural variation. In addition, it must also be noted that the domain of
validity of a model based on this fatigue process is exceeded as soon microc-
racks start to coalesce. For these reasons, it was shown that life estimation
was improved if the stress value required as input to the model, was taken as
the average value over a volume of a size comparable with the characteristic
length of the microstructure; rather than an isolated point value (Paper V).
Furthermore, it was also demonstrated that the model deviated significantly
from experiments as soon as a microstructurally-large crack was generated
through coalescence.

As pointed out in the beginning of Chapter 4, constitutive modelling is
a prerequisite for life estimation. However, cast iron does not mechanically
behave according to standard metallic models, which has been identified as an
important issue. For this reason, an effort was put into understanding and
modelling the constitutive behaviour of cast iron using a micromechanical
approach, which was shown to successfully capture both the macroscopic
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and microscopic cyclic behaviour at room temperature (Paper VI). In view
of these results, it is thus argued that micromechanical modelling is a highly
potential method to accurately model the thermo-mechanical constitutive
behaviour of cast iron.
iv) What material and microstructural parameters govern the damage mech-
anisms? In other words, what characterises a material with optimal fatigue
resistance under typical engine load conditions?
This research question is highly related to the first one. Clearly, at temper-
atures below 500oC, the graphite phase and casting defects appear to be the
origin to the fatigue failure of cast iron. Furthermore, it was also demon-
strated that SGI is superior to CGI and LGI when subjected to compara-
ble maximum cyclic stress (Paper III), which suggests that a more compact
graphite shape is favourable. This is intuitively understood, since a more
elongated graphite shape results in higher microscopic stress concentrations
at the edges and thereby a greater propensity to induce microcracks. In fact,
no microcracks at all were observed at the graphite spheroids under these
conditions in SGI. Rather, they were initiated at casting defects in contrast
to LGI and CGI. Thus, an optimised cast iron in this regard should have a
compact and finely dispersed graphite phase, and a low density of defects.

As the damage mechanism involving oxide intrusions becomes active at
elevated temperatures, another property was found to influence the fatigue
performance at these conditions, namely the oxide scale growth rate (Paper
IV). A low scale growth rate was correlated to a slower growth of oxide
intrusions, which were observed to govern the TMF life. For this reason, the
recently developed high silicon-molybdenum cast iron SiMo1000 [129] was
distinguished as a superior material owing to its low scale growth rate at
elevated temperatures.

An useful outcome of the proposed model mentioned earlier was the pos-
sibility to generally predict the value of the TMF-HCF threshold from a
simple expression requiring a number of input values, see Equation 9 in Pa-
per III. The indications made by this expression is in agreement with what
is intuitively expected and can therefore arguably be used to find materi-
als which have optimised resistance to superimposed HCF. In this regard,
an optimised material has a low elastic modulus and preferably also a high
resistance to creep deformation, if the material is designed for OP thermo-
mechanical cycling. The latter is motivated as follows; if the material signif-
icantly stress-relaxes during the compressive and hot part of the load cycle,
it results in a shake-up of the hysteresis loop, see Figure 6 in Paper II. Con-
sequently, a larger number of HCF cycles are applied at tensile stress levels
which therefore reduces the threshold according to the threshold expression.
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7
Outlook

Through this thesis work, the research questions given in Chapter 1 have been
addressed and discussed, as summarised in Chapter 6. To look forward, some
thoughts on technological implications and interesting paths to go further
with this research topic, are presented in this chapter.

It has been clearly demonstrated that the fatigue life of cast iron is con-
trolled by microstructurally-small cracks when subjected to load conditions
typically encountered in the engine block and cylinder head. In contrast to
most metals, where the free surface is the most prominent fatigue crack ini-
tiation site, these microcracks are rather initiated homogeneously within the
material. In view of these facts, it becomes clear that measures to enhance
the service lifetime of these component through surface treatments, such as
reducing surface roughness, protective coatings, shot peening, laser treat-
ment etc., may not be the most efficient. Even though many such methods
may impede surface crack initiation, microcracks are still initiated beneath
the surface and the service lifetime would only be fairly improved.

If one wishes to prolong the lifetime, one should rather regard the matrix-
graphite microstructure, which clearly governs the initiation and growth of
microcracks. As discussed in the previous chapter, the results indicate that
the more compact and finely dispersed the graphite phase is, the better is the
fatigue performance. Thus, since the graphite structure is typically controlled
by the melt composition and the cooling rate during solidification, optimi-
sation of the metallurgical parameters appears to be a far better strategy to
achieve this endeavour.

Post heat treatments, which in principle only alter the properties of the
matrix, is another potential method to increase the lifetime. Hypothetically,
it is likely that the microcrack growth rate can be modified by changing the
structure of the matrix, i.e. switching between pearlite, ferrite, martensite,

35



PART I. BACKGROUND AND THEORY

bainite or any combination. Therefore, it is also suggested that the effect
of post heat treatments on microcrack growth should be investigated if one
seeks to improve the fatigue performance without replacing the material.

For the fatigue performance of the exhaust manifold, the situation is dif-
ferent due to the higher operation temperature. In this case, it was demon-
strated that the resistance to oxide scale growth has a significant effect on
the fatigue life. For this reason, the investigated material SiMo1000 man-
ifested a superior fatigue performance owing to the addition of aluminium
in its composition, which is known to improve the high-temperature oxida-
tion resistance of iron-based alloys [132]. Thus, in contrast to when at low
temperatures, improvements are very likely to be achieved by altering the
surface properties in exhaust manifold materials.

Another important remark is that this thesis work has mainly considered
the intrinsic fatigue performance of the materials. In fact, it must be noted
that other material properties affect the overall fatigue performance as well,
for instance the thermal conductivity. The thermal conductivity of the ma-
terial controls how efficiently heat is dissipated and thereby determines the
maximum temperature, which severely affects the lifetime. Consequently,
materials must be selected in regard to many of its different properties, such
as the thermal expansion, thermal conductivity and elastic modulus etc. For
this reason, it is emphasised that future research dealing with material de-
velopment must include investigations on the eventual trade-off which may
exist between the properties. Clearly, a gain in the intrinsic fatigue resistance
has no benefit if it also would result in a more significant decrease in thermal
conductivity.

Regarding life estimation, the model proposed here has given satisfying
estimates; thereby fulfilling one of the main purposes of this thesis work.
However, it was also demonstrated that there is a great potential in mi-
cromechanical modelling of simulating both the micro- and macromechan-
ical behaviour of cast iron simultaneously. Therefore, it would be of great
interest to investigate the combination of these two modelling approaches.
The micromechanical modelling clearly demonstrates the importance of the
stress-concentrations generated by the graphite phase for the constitutive
behaviour. Similarly, this is also anticipated to be the origin of the microc-
rack initiation, in view of the experimental observations. Thus, it is believed
that an improved and more general model can be acquired if the microcrack
growth aspects are included in the micromechanical model. In particular,
this can bring light to the observed temperature dependence of the micro-
crack growth, which up to now, only is incorporated as an unpredictable
temperature dependence in different model coefficients.
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