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1. Introduction

The development of engine technology is placing ever greater demands on the
properties of the materials in use today, to the extent that some are gradually
becoming obsolete. Thus, in order for the reliability and the service life of new
engines to attain the desired level, the materials used in engine components
must be reconsidered. That is especially true for thermo-mechanically loaded
components. The cylinder head of an engine is an excellent example of such
components and will consequently be the focus of this dissertation.

1.1 Objectives and scope of the research

Calculation and analysis methods have developed considerably in recent years:
local material properties can be calculated during the casting simulation pro-
cess, and modern FEM-software can use local material parameters. This allows
much better lifetime estimations than were earlier possible, especially for ther-
mally and dynamically loaded components. However, good calculation results
demand useful input data, which has previously been lacking at elevated tem-
peratures.

Due to the lack of existing material data, especially at higher temperatures,
this work focuses on collecting such data from ferrite-perlite ductile iron cast-
ings with different pearlite fractions and silicon contents. This data is used to
construct models which show material tensile strength, yield strength and ther-
mal conductivity over a temperature range from room temperature to 450°C.

These models are then used for the material optimisation of a thermally and
mechanical loaded component, which is the main target of this work. This is
achieved with computational optimisation, which demands high-quality data.

More specifically, the aim of the work is to define the optimal iron type for a
cylinder head.

The first objective is to compare the thermal conductivity of different
types of cast irons.
The second objective is to define the effect of silicon content and the
pearlite fraction on thermal conductivity and tensile and yield strength.
The third objective is to define why mechanical properties displayed
non-linear behaviour over the temperature range studied.
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The fourth objective, and the goal of the dissertation, is to create a
model which helps select the most suitable material for thermally and
mechanically loaded components.

1.2 Outline of dissertation

The material selection of thermally and mechanically loaded components has
traditionally been based on past experience. In this dissertation, a model for the
selection of the most suitable ductile iron is developed.

The dissertation consists of five original research papers and this research sum-
mary:
Publication 1 considers the thermal conductivity of the three main types of cast
iron: lamellar, vermicular, and spheroidal cast iron with different matrix types.
Publication 2 studies more deeply the effect of the matrix pearlite fraction and
silicon content of ferrite on thermal conductivity over the desired temperature
range.
Publication 3 considers the mechanical properties of spheroidal (ductile) iron
with different silicon contents and pearlite fractions over a defined temperature
range.
Publication 4 considers the non-linear effect seen on tensile properties at inter-
mediate temperatures caused by dynamic strain ageing (DSA).
Publication 5 introduces a model which can be used for defining the optimal
silicon content and pearlite fraction for a thermally and mechanically loaded
component using the data produced in the earlier articles.
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2. Technical background

When a new engine is developed, the importance of component design must not
be underestimated. All the components and the entire system should be ana-
lysed and tested carefully. Therefore, particularly in large engines, product de-
velopment is increasingly focused on computational, so-called virtual, valida-
tion. This is primarily driven by the slowness and expense of laboratory testing.
Through advanced simulation and computational software, this virtual valida-
tion offers new opportunities for component optimisation during the design
phase. Of course, proper material models are required for this, and valid mate-
rial data is essential to create them.

In the development of engines, efficiency improvements initially led to an in-
crease in ignition pressure and later to rises in supercharging pressure. While
in the 1980s engine ignition pressure was approximately 160 bar and super-
charging pressure 3.5–4 bar, the pressure in current engines reaches 250 and 8
bar, respectively. This has led to a significant increase in component stresses,
leading to the almost complete replacement in critical components of lamellar
graphite cast iron with spheroidal and vermicular cast irons. Today, spheroidal
cast irons play a significant role in the construction of large modern combustion
engines.

2.1 Wärtsilä engines

Wärtsilä bought the manufacturing licence for a Krupp engine in 1938. This
was the starting point of their engine production, which was intended only to
serve their shipyards. The first four-stroke engines were manufactured under a
Sulzer license in the 1950s.1 Then, in 1960, Wärtsilä introduced the Vasa 14 en-
gine, which was the first engine it had fully designed itself: a four-stroke engine
with a cylinder diameter of 240 mm, a stroke length of 310 mm and no super-
charging. This lack of supercharging was nevertheless fixed the next year with a
turbocharger, which developed 1.3 bar boost pressure and increased the cylin-
der output from 36 to 71 kW.1,2

The Vasa 24 – named after the cylinder diameter – followed in 1970. The cyl-
inder dimensions were the same as in the Vasa 14, which was named after the
cylinder volume. In the first version, cylinder output was 110 kW, while in the
latest versions it reached 134 kW. Production of the Vasa 14 ended in 1973 and
the Vasa 24 in 1990, but Wärtsilä Quantiparts still delivers spare parts for those
engines.2
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The latest Wärtsilä engine, the W31, was introduced in 2017. Its cylinder bore
is 310 mm and its stroke length 430 mm. Due to its two-stage turbocharging,
the motor has a high mean effective pressure (>30 bar), and it reaches a 610 kW
cylinder output at 750 rpm.  Dual fuel and gas engines have the same cylinder
dimensions, and their cylinder output is 550 kW at 750 rpm.3

During the years, the maximum firing and boost pressures of the engines have
increased, as Figure 1 demonstrates. The main reason for this is more stringent
environmental requirements and the demand for higher efficiency.4 As a conse-
quence, standard spheroidal cast iron, which has been in use since the early
1990s, is reaching its limits.

Figure 1. Increase of maximum firing and boost pressures (bar) during Wärtsilä’s history (Wärt-
silä’ s presentations). The vertical line shows the change in cylinder head material type.2,3,5-16

2.2 Cylinder head and its loading

A cylinder head experiences static, thermal and dynamic loads during operation
of the engine. The latter are created by combustion, while static loads are a re-
sult of pre-tensioning forces. This pre-tension keeps the cylinder head sealing
tight during combustion. In addition, possible residual stresses originating from
the manufacturing processes are also considered static loads.17

Steels and cast irons are materials with a fatigue limit. The fatigue limit is de-
termined by the S-N (or Wöhler) curve, and 105–107 cycles are sufficient to ap-
proach that limit.18 An engine can reach a gigacycle (109) after 7.5 years if it is a
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baseload engine with over 6000 running hours per year. Consequently, cylin-
der-specific components must be dimensioned for an endless lifetime against
high-cycle stress.

Thermal loading results from the heat produced by combustion. Thus, as the
engine operates on a static load area, thermal loads eventually reach an equilib-
rium. This allows the number of thermal cycles to be calculated from high en-
gine load changes, especially from starts and stops.17 A schematic representation
of a cylinder head, with the load, is presented in Figure 2.

Figure 2. The loads affecting the cylinder head: pre-tension loads from fixing bolts, gas forces,
and thermal loads from firing. Note, active water cooling on the cylinder head.

The variation of gas pressure on the cylinder caused by combustion is the pri-
mary reason for varying mechanical loading.17 Such mechanical loading is
termed dynamic loading or high-cycle loading. In four-stroke engines, its fre-
quency in cylinder components is the engine’s revolution speed divided by two.
For example, a W32 size engine with 750 rpm reaches 10 million (107) cycles
after 450 operational hours.
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3. Theoretical background

Cylinder heads have traditionally been made of lamellar cast iron, due to its ex-
cellent castability properties and relatively good mechanical and thermal prop-
erties. Recently, as loads have increased, and its material strength has proved
insufficient, ductile cast iron has nevertheless taken its place. However, more
recently, further increases in loads and changes in loading profiles – a higher
number of low (thermal loading) cycles – have imposed limits on the use of even
these newer ductile cast iron components.

Thermal loads depend on the geometry of the part/component and its mate-
rial parameters, such as the thermal expansion coefficient and thermal conduc-
tivity. When a component heats up and cools down, one cycle of low-cycle fa-
tigue occurs. This is much higher than the dynamic loading cycle caused by the
ignition pressure.

The effect of thermal loading on fatigue lifetime can be avoided or reduced by:
1. Improving the material’s strength so that it has a higher toler-

ance to low-cycle fatigue.
2. Improving the material’s thermal conductivity, which de-

creases component temperatures and therefore limits thermal
loads.

3. Reducing the thermal expansion coefficient, which decreases
thermal loads.

Reduction of the thermal expansion coefficient would be an attractive option,
but most materials expand when temperature increases. Nevertheless, some
materials display negative or very low thermal expansion, such as water or “In-
var” iron-nickel alloys. However, with low alloyed cast irons, there is no possi-
bility to affect thermal expansion.19 Therefore, this dissertation focuses on the
thermal conductivity and mechanical properties of these irons.

3.1 Mechanical properties of cast irons

Graphite morphology classifies cast irons as lamellar (grey), vermicular (com-
pacted), spheroidal (ductile) and graphite free (white). White cast irons are hard
and brittle, and, for that reason, they are used only for special purposes. By con-
trast, due to their relatively good mechanical and excellent castability proper-
ties, ductile irons are commonly used for various applications in mechanical en-
gineering.20
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Cast irons account for about 70% of the total production of castings, with grey
cast iron remaining the most used: in 2018, 49.4 million tons of this type of iron
were produced. However, the production of spheroidal cast iron has steadily in-
creased, and its importance has risen. In 1970, production was 0.3 million
tons,21 while in 2018 it was 85 times higher, at 25.5 million tons, equating to
about 24.5% of total casting production.22

The mechanical properties of cast irons depend on their microstructure, pri-
marily the shape of graphite particles: the denser the graphite morphology, the
better the iron’s mechanical properties. The maximum tensile strength of lamel-
lar cast iron is around 300–350 MPa, while vermicular cast iron reaches 500–
550 MPa, and spheroidal cast iron exceeds 700 MPa in an as-cast condition.

The microstructure of the matrix is the other main factor affecting the me-
chanical properties of iron. Iron’s as-cast microstructure is usually ferritic,
pearlitic or a mixture of the two. Ferrite ( -Fe) is a body-centred cubic structure,
and pearlite consists of cementite (Fe3C) lamellae in ferrite. Ferrite has low ten-
sile and yield strength and high elongation compared to pearlite. Thus, the ten-
sile and yield strength of cast irons increases with the pearlite content. A desir-
able matrix microstructure can be reached as-cast with alloying or by using dif-
ferent heat treatments.

Common to most irons, the matrix microstructure of spheroidal cast iron is
also ferritic, pearlitic or a combination thereof. As mentioned above, ferrite is a
body-centred cubic form of iron, and its mechanical properties are relatively
poor. When iron is cooled under A1 temperature (723°C), the matrix is fully
pearlitic. This pearlitic structure begins to dissipate at once, by carbon diffusion,
to graphite nodules. However, with suitable alloying (copper, tin), this diffusion
process can be slowed down, allowing the matrix to remain partially or fully
pearlitic. Increasing the pearlite fraction of the matrix improves the mechanical
properties of ductile iron: tensile strength can almost double from 400 MPa to
over 700 MPa, but at the same time ductility decreases.23

Alloying itself also influences the mechanical properties of spheroidal cast
iron.  For instance, silicon alloying improves the mechanical properties of fer-
rite. When the silicon content exceeds 3 %-w in cast iron, the material is called
solid solution strengthened ferritic (SSF) ductile (or spheroidal) cast iron. These
SSF irons have been added to the newest ductile iron standards, such as EN
1563:2011. Silicon alloying of 4.3 w-% increases the tensile strength of ferritic
ductile iron to over 600 MPa, when the tensile strength of ferritic ductile iron,
with a typical silicon content (2.3 w-%) is about 400-450 MPa. The silicon con-
tent has an even higher effect on yield strength, as shown in Figure 5.
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Figure 3. The effect of silicon alloying to the yield strength; values are collected from literature.24-

28

Several other alloying elements (each with its own specific effect) are used
in the production of iron, as outlined below:

Manganese is the major alloying element in spheroidal cast iron. It is
a mild pearlite promoter, but it can create carbides, so its amount
should be limited to 0.4% in ferritic grades and 0.7% in pearlitic
grades.29

Copper is an effective pearlite promoter, and it is used for that reason
in cast irons. Copper content should be near 0% in ferritic grades, and
up to 0.5% in fully pearlitic grades.29

Magnesium is required for the spheroidisation of carbon; the residual
magnesium content should be between 0.035% and 0.06%. A higher
magnesium content can promote dross defects.20

Phosphorus reduces soundness and lowers ductility. Its content
should be under 0.05%.
Tin is a strong pearlite promoter. A fully pearlitic structure can be
achieved with 0.05% Tin alloying.23

Cerium stabilises trace elements, and it aids inoculation. If it is alloyed
with ductile iron, the amount should be 0.003% to 0.01%. If the
amount of trace elements is low compared to the Ce content, it can
cause chunky graphite.20

Inside the nominal limits (Table 1), the effect of these other alloying ele-
ments on the mechanical and thermal properties of iron are small.
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Table 1. Recommended limits of the main alloying elements in ductile iron production

Grade C

%

Si

%

Mn

%

P

%

Cr

%

Residual

Mg

%

Pearlitiser

Cu

%

Ferritic-

pearlitic

grades29

3.4-3.8 1.8-2.8 0.2-0.7 <0.05 <0.05 0.03-0.05 <0.05

SSF

grades30

 3.2-4.3 max. 0.5 <0.05

Austempering heat treatment also improves the mechanical properties of cast
irons. The first step of austempering heat treatment is austenisation (heating
over the austenitic temperature, over 900°C, depending on alloying) when the
matrix is fully austenitic. The second step is quenching in a liquid salt bath, the
temperature of which is between 250 and 450°C. The final step, after it has been
fully quenched, is cooling in air to room temperature. The final microstructure
is mainly ausferritic, consisting of ferrite and austenite.31 Austempered spheroi-
dal cast iron is the most common and the only standardised (EN 1564 Austem-
pered ductile cast irons) austempered cast iron. The tensile strengths of these
irons are from 800 MPa to over 1400 MPa, depending on the quenching tem-
perature. Generally, a higher quenching temperature leads to a higher austenite
content and, therefore, to higher elongation and lower yield and tensile
strength.

As previously stated, the mechanical properties of cast irons depend on graph-
ite morphology and the microstructure of the matrix. Spheroidal cast irons have
the best graphite morphology in terms of mechanical properties. Moreover, in
addition to austempering, the strength properties of spheroidal cast iron can be
improved by increasing the pearlite fraction. In addition, as mentioned above,
silicon alloying improves the mechanical properties of ferrite and therefore im-
proves the mechanical properties of ferritic or ferritic-pearlitic spheroidal cast
irons.

3.2 Thermal conductivity of cast Irons

Graphite morphology strongly affects thermal conductivity. In lamellar cast iron
(GJL), Holmgren et al. found that the higher carbon content increases the
amount of graphite lamellae, which reduces the gaps between lamels, thus caus-
ing thermal conductivity to increase.32 The heat flows in different graphite mor-
phologies are shown in Figure 4. In lamellar structures, jumps between graphite
particles are smaller compared to other structures. Therefore, they display ex-
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cellent thermal conductivity compared other graphite types. The thermal con-
ductivity of graphite in the tangential direction is 500 W/(mK), which is over
tenfold that of matrix conductivity. 33-37

Figure 4. Schematic representation of thermal flow in different cast irons: spheroidal, vermicular,
and lamellar (based on Holmgren et al37)

When the lamellar structure changes to vermicular, and spheroidal, the im-
portance of the thermal conductivity of the matrix increases. Thus, the effect of
nodule shapes and graphite content is small compared to the effect of the matrix
microstructure in spheroidal cast irons.38

The thermal conductivity of lamellar cast iron is 45-55 , depending on the

carbon content and the matrix. By contrast, the thermal conductivity of vermic-
ular cast irons is 35-42 , and the conductivity of spheroidal cast iron is 30-

40 .33



19

Figure 5. Standard yield stress vs thermal conductivity values at 300°C (GJV 400°C)30,39,40

The correlation between the thermal and mechanical properties of cast irons
is shown in Figure 5. As can be seen, the thermal conductivity decreases when
the yield stress increases. The values in Figure 5 were collected from the related
standards. However, because the standard EN1564 fails to provide any thermal
conductivity values, austempered ductile irons are absent.

The thermal conductivity of metals can be described as the contribution of
phonons and electrons:= + ,

where = phonon thermal conductivity (lattice vibration)
= electron thermal conductivity. 41

While the proportion varies significantly between different metals, electron
thermal conductivity ranges between 60% and 80% in iron-based metals. Vari-
ous processes create phonon thermal conductivity, such as phonon-phonon
scattering, phonon-impurity scattering, and phonon-electron scattering. Simi-
larly, electron-phonon scattering, and electron impurity scattering are the pro-
cesses which produce electron thermal conductivity.41

Pure metals possess high thermal conductivity because electron movement
and lattice vibration exert no preventive effect on the faultless lattice. By con-
trast, the size of alloying-element atoms differs from that of iron atoms, thus
causing deviation in the lattice. This leads to a reduction in thermal conductivity
by limiting electron movement and lattice vibration.42

The modelling of the thermal conductivity of cast irons has been challenging
due to their graphite structure and two-phase matrix, resulting in the need to
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perform many measurements with different cast iron alloys. Nevertheless, Hel-
sing and Grimvall have developed a model for the thermal conductivity of cast
irons. For fully ferritic ductile cast iron it is43

= + ) + ( ) + ´ ,

where ph = thermal conductivity of pure ferrite
 Ai  = alloying element coefficients, which vary with the matrix
 ci = the concentrations (atomic%) of alloying atoms
 Le = 2.03 x 10-8 (Lorenz number at 300 K)

(Fe) =the electrical resistivity of ferrite
´i  =measured electrical resistivities of alloying elements

The effect of graphite on spheroidal cast iron can be calculated with the fol-
lowing equations:= + , , + 3   where f =0 then

= + , , , where

= 12 1 + 8 ,, 1
* =  effective thermal conductivity

= thermal conductivity of ferrite ( ph)
    f  = volume fraction of graphite

,tan = tangential thermal conductivity of graphite, 500 W/mK
,rad = radial thermal conductivity of graphite, 10 W/mK. 43

The thermal conductivity of ductile iron with a fully ferritic matrix at room
temperature is shown in Figure 6 as a function of the silicon content.
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Figure 6. Effect of silicon content on the thermal conductivity of fully ferritic ductile iron with a
carbon equivalent of 4.3%. ( = (%) + ( (%) + (%))23

Helsing and Grimvall have also calculated pearlite-defined thermal conductivity
along the lamellae( ) = ( ) ( ) + ( . ) ( . ) = 27.3

and perpendicular to the lamellae( ) = ( )( ) ( .)( .) = 22.5  ,

with the thermal conductivity of cementite ( ) = 8  , and alloyed ferrite( . ) = 30   and volume fractions ( )=0.1221 and( . ) =0.8779.

Then effective conductivity  pearlite *(Pe) can be calculated with

( ) = 14 ( ) + ( ( ) + 8 ( ) ( ))
( ) = 23.9

The effect of graphite improves the thermal conductivity of fully pearlitic iron
to 30.7 . 43
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Graphite possesses superior thermal conductivity compared to the iron ma-
trix. Therefore, grey cast iron, where heat is conducted mainly in graphite la-
mellae, exhibits higher thermal conductivity compared to the other cast-iron
types. By contrast, an increase in the silicon content of ferritic spheroidal iron
decreases its thermal conductivity.

3.3 Dynamic strain ageing

Dynamic strain ageing (DSA) is a hardening effect that occurs under plastic
deformation at elevated temperatures.
At low temperatures, the solute atoms are unable to move. At higher tempera-
tures, the interaction of those atoms and moving dislocations cause the harden-
ing effect, which is termed solid solution strengthening.

At higher temperatures, solute atoms, such as carbon and nitrogen, become
sufficiently mobile to move to the dislocations and lock them. Then, higher
stress is needed to trigger the dislocation movement. This interaction between
the dislocation movement and solute atoms is the main factor in DSA.44 The
serrations in the stress-strain curves, the so-called Portenin-Le Chatelier effect
(PLC),45 and the loss of ductility at a specific temperature are common signs of
the DSA effect.

Blue brittleness is probably the most recognised effect of DSA.46 However, it
can also cause problems in the sheet forming process, where temperatures and
strain rates can vary across a wide range. In different steels, it can also increase
strength and fatigue properties. 47

Caillard studied the effect of alloying elements on DSA. He found that the
amount of carbon affects the lower temperature limit of the dislocation bursts,
such that an increasing carbon content expands the temperature range of DSA
but does not influence the mobility of dislocations. Substitutional atoms like
chromium and aluminium, which strongly interact with carbon atoms, elevate
the DSA temperature area. Solutes like nickel or silicon, which do not interact
with carbon atoms, do not affect the DSA temperature.48

Mouri et al. investigated the DSA effect in ferritic ductile iron. Their study
demonstrated that it occurred at 200°C and decreased fatigue strength at all the
stress levels they examined. The fatigue behaviour of ferritic ductile iron can be
divided into three temperature ranges: room temperature–127°C, 127–300°C,
and over 300°C. Dynamic strain ageing occurs in the middle temperature
range.49

No research exists on DSA phenomena in pearlitic ductile irons, but DSA has
been investigated in the context of pearlitic steels. In those steels, the DSA effect
is similar to that in low carbon steels, but it is milder and occurs at higher tem-
peratures (100–350°C).50

The DSA effect can be used as a thermo-mechanical treatment for improving
the fatigue limit of steels. The treatment should be applied at the temperature
where the maximum DSA effect is reached. The fatigue limit of 100Cr6-bearing
steel can be improved from 279 MPa to 366 MPa.51
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At elevated temperatures, dynamic strain ageing is present, at least, in ferritic
ductile iron and is probably present in pearlitic and ferritic-pearlitic ductile
irons. Therefore, it should be taken into consideration in tensile and fatigue
analyses at the elevated temperatures.

3.4 Modern calculation methods

Fluid mechanics is the science of the behaviour of fluids (liquids, gases and
plasmas). It studies the forces acting on a fluid body and changes in the internal
fields: velocities, pressure, density, and temperature. These relations are math-
ematically stated with the Navier-Stokes equations. These equations are partic-
ularly useful for the description of physical phenomena in engineering, and
computational fluid dynamics (CFD) uses them for the numerical analysis of
physical problems.

In turn, the Finite Element Method (FEM) is a numerical method developed
to calculate numerical solutions to differential equations. It is a practical tool
for the analysis of problems involving these equations in cases where approxi-
mation/estimation is insufficient. Moreover, it can handle complicated geome-
tries relatively easily.52

The basic principle of the finite element method is simple – the domain of the
differential equation is divided into many smaller areas, known as finite ele-
ments. Consequently, equations are created that describe the behaviour of every
element and their interaction between neighbouring elements.53 The solution to
the differential equation is approximated for each of these elements using a low-
order polynomial function.54

Both CFD and FEM are widely used in engineering, due to increased compu-
ting power and a large variety of user-friendly software.

The development of casting process simulations began in the late 1980s,55 and
has advanced with improvements in computing power. Today, it is a standard
tool in foundries, where it is most commonly used for porosity prediction and
therefore gating and feeding design.

The material behaviour of ductile iron is highly related to the geometry of the
component and alloying elements. The pearlite content of the matrix depends
on local solidification and the cooling rate. In turn, the solidification time de-
fines graphite nodule density. Together with cooling speed and the alloying fer-
rite content, which is the result of the diffusion-driven dispersing process of
pearlite, these characteristics define the material properties of ductile iron com-
ponents. Consequently, modern casting simulation software can predict these
properties. In the case of cast iron, the most critical parameters used for mate-
rial property prediction are the pearlite fraction and graphite morphology.56

When local material properties can be estimated, the results can be used for
the analysis of strength and fatigue properties. Therefore, the importance of
casting simulations has increased in mechanical engineering. Currently, how-
ever, so-called “autonomous optimisation tools” are mainly developed to im-
prove foundry practices, such as the optimisation of the size and number of
feeders.55
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The typical design process for a thermally and mechanically loaded compo-
nent is presented in Figure 7. The component is designed directly using 3D mod-
elling, where a separate casting and machining model is produced. The casting
model includes tapers and machining allowances, so the model is very close to
the real final casting. Material selection is based on standards such as EN-GJS
500-7. Foundries select the most suitable alloy depending on the size and the
wall thickness of the final component. The material is rarely changed after this
stage of the design process.

Casting simulation is performed using a 3D-model of the casting piece/part
and the chemical composition of the selected material. Local material properties
from the casting simulation software are transferred to FE and fatigue analysis,
which is performed using the CFD results. If the results of the analysis are un-
satisfactory, the design should be changed.

Figure 7. Design process of a mechanically and thermally loaded component

3.5 Summary of the literature

Based on the studies reviewed in the previous sections of this chapter, the fol-
lowing conclusions can be drawn.

 First, the mechanical properties of cast irons depend on the graphite and ma-
trix microstructure, with a spheroidal graphite morphology offering the best
structure from a mechanical perspective. Moreover, the strength properties of
ductile cast iron can be improved by increasing the pearlite fraction or applying
austempering heat treatment. In addition, silicon alloying improves the me-
chanical properties of ferrite.

In terms of thermal conductivity, however, the effect of the graphite and ma-
trix microstructure is the reverse. Lamellar graphite possesses superior thermal
conductivity compared to other graphite morphologies, and a low-alloyed fer-
ritic matrix has the highest thermal conductivity compared to other cast iron
matrixes. Therefore, it can be challenging to define the optimal combination of
pearlite fraction and chemical composition for a mechanically and thermally
loaded component.
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Second, the measurement of thermal conductivity and tensile properties for
the required temperature range, allows the identification of the most critical pa-
rameters, which, in the case of spheroidal graphite, are the pearlite fraction and
silicon content of ferrite. These models could be added to modern calculation
tools, allowing selection of the most optimal type of cast iron for each solution.
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4. Experimental work

The experimental work of this dissertation consists of the measurement of the
thermal conductivity and mechanical properties of selected materials from
room temperature to elevated temperatures. The effect of the pearlite fraction
and silicon content on the thermal conductivity and tensile properties of sphe-
roidal cast iron are first modelled, and these models are then used for the selec-
tion of the optimal spheroidal material type for a specific component/situation.

4.1 Thermal conductivity of different irons

The aim of the study presented in Publication 1 was to compare the thermal
conductivity of different iron types – lamellar, vermicular and spheroidal – on
the as-cast and austempered matrix structure.  Austempering can significantly
increase tensile properties, which makes this heat treatment suitable for several
engineering applications.

Thermal conductivity is a critical material parameter for thermally and me-
chanically loaded components; however, prior to the study, little data had been
collected on thermal conductivity after austempering treatment. Consequently,
the study selected one lamellar cast iron (EN-GJL-250), one vermicular cast
iron (EN-GJV-450) and one fully ferritic spheroidal cast iron (EN-GJS-500-14)
for testing. EN-GJS-500-14 is solution strengthened ferritic ductile iron, the use
of which has increased significantly. This iron has replaced ferritic-pearlitic EN-
GJS-500-7 in many engine applications.
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According to the models developed by Helsing & Grimwall, silicon alloying
strongly affects thermal conductivity.43 Therefore, one experimental ductile iron
alloy with a low silicon content (GJS-LowSi) and one with a high silicon grade
(EN-GJS-600-10) were included in the test. The chemical compositions of the
tested iron alloys and their carbon equivalents are shown in Table 2, and their
mechanical properties and matrix structures are displayed in Table 3.

Table 2. Chemical compositions of the alloys analysed in the study.

# Material C Si Mn P S Cu  CE%

1 GJL-250 3.15 1.80 0.75 0.025 0.070 0.51 3.75

2 GJV-450 3.81 1.84 0.22 0.024 0.009 0.82 4.42

3 GJS-LowSi 3.93 1.61 0.09 0.022 0.009 0.03 4.47

4 GJS-500-7 3.69 2.33 0.40 0.037 0.012 0.15 4.47

5 GJS-500-14 3.43 3.79 0.39 0.037 0.012 0.09 4.69

6 GJS-600-10 2.74 4.39 0.29 0.018 0.003 0.02 4.21

Table 3. Mechanical properties and matrix structure of the alloys analysed in the study. An ‘A’ in
the material code indicates austempering.

# Material Rp0.2

(MPa)

Rm

(MPa)

A

(%)

Hardness

(HB)

Matrix structure

1 GJL-250 - 319 - 228 Pearlitic

1A GJL-250 A - 422 - 285 Ausferritic

2 GJV-450 386 560 2 261 95% Pearlite 5% Ferrite

2A GJV-450 A 690 782 1 350 Ausferritic

3 GJS-LowSi 256 414 21 143 Ferrite 88% Pearlite 12%

4 GJS-500-7 380 626 8 211 Ferrite 52% Pearlite 48%

4A GJS-500-7 A 763 1072 6 336 Ausferritic

5 GJS-500-14 436 553 20 200 Ferritic

5A GJS-500-14 A 1005 1364 7 415 Ausferritic

6 GJS 600-10 493 613 18 220 Ferritic

The thermal conductivity of the cast iron alloys was tested using the hot disk
method at room temperature, 100, 200, 300 and 400°C
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4.2 Effect of Si and pearlite on thermal conductivity

Publication 2 studied the effect of the pearlite fraction and silicon content the
thermal conductivity of spheroidal cast iron. Standard iron alloys with different
silicon contents were selected. In addition, an experimental reference alloy with
a silicon content of 1.5% was used. The chemical composition of the grades stud-
ied in this research can be seen in Table 4.

Table 4. Material compositions of the grades studied in Publication 2.

Material C % Si% Mn% P% S% Cu% Mg% alloy
1 4.0 1.5 0.4 0.019 0.004 0.02 0.036 GJS-LowSi

2 3.4-3.6 2.3 0.4-0.5 0.02-0.03 0.008-
0.015

0.24 0.043-
0.053

GJS-500-7

3 3.4-3.5 3.6-3.7 0.35 0.044 0.007 - 0.052-
0.079

GJS-500-14

4 2.7-2.8 4.3 0.38 0.027 0.007 - 0.058 GJS-600-10

Heat treatments were used to achieve different pearlite contents. The first heat
treatment step was austenitisation for 2 hours: at 900°C for lower silicon con-
tent alloys 1 and 2, and at 950°C for high silicon alloys 3 and 4. To facilitate
ferritic microstructures, the second step was slow furnace cooling. By contrast,
to help produce a pearlitic microstructure, the second step was air cooling. In-
termediate steps at 680–700°C for various times, followed by air cooling, were
used to promote mixed (ferritic-pearlitic or pearlitic-ferritic) structures.

Figure 8. The microstructures researched: a) fully ferritic, b) 25% pearlite, c) 75% pearlite and
fully pearlitic (over 97% pearlite).

Similar to Publication 1, thermal conductivity was tested using the hot disk
method at room temperature and 100°C, 200°C, 300°C and 400°C.
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4.3 Effect of Si content and the pearlite fraction on mechanical
properties

In Publication 3, testing consisted of two parts: analysis of the effect on tensile
and yield strength of a) the silicon content of the ferritic structure and b) the
pearlite fraction of the microstructure, at a temperature range from room tem-
perature to 450°C.

A commonly used grade, EN-GJS-500-7, was used to investigate the effect of
the pearlite fraction on mechanical properties. Copper was used as a pearlitiser
in this alloy. In the as-cast condition, EN-GJS-500-7 has a ferritic-pearlitic mi-
crostructure, whose state depends on the solidification and cooling speed.

Heat treatments are applied to achieve different pearlite fractions and thus
minimise the variation in alloying elements, grain size and graphite morphology
that originates from the casting process.  These heat treatments are shown in
Table 5.

Table 5. Heat treatments and the resulting pearlite fractions.

# Austenisa-
tion

Cooling Pearlite fractions

1

900 °C/ 2h

Cooling 20°C/h to 400°C in a furnace; after that, free in the
air

0%

2 690°C/ 4 hours in a furnace, then in air 25%
3 690°C/0.5 hours, then in air 70%
4 Cooling in air 100%

In addition to GJS-500-7, the effect of the silicon content on the mechanical
properties of fully ferritic iron was studied for solution strengthened ferritic
grades EN-GJS-500-14 and EN-GJS-600-1 and for a low silicon alloyed special
grade iron: GJS-LowSi. Their chemical compositions are shown in Table 6.

Table 6. Chemical compositions of studied iron grades

Material C % Si% Mn% P% S% Sn% Cu% Mg% Grade

1 3.4 2.3 0.4 0.030 0.008 0.009 0.24 0.043 GJS-500-7
2 3.45 3.68 0.35 0.044 0.007 0.079 GJS-500-14
3 2.71 4.35 0.38 0.027 0.007   0.058 GJS-600-10
4 4.04 1.5 0.4 0.019 0.004 0.026 0.036 GJS-LowSi

The samples were produced as separately cast test bars according to type b:
Figure 3: EN 1563:2011. Melting was performed with a large, medium frequency
furnace as a part of the normal foundry process. Magnesium treatment was ap-
plied with a sandwich method, and the pouring temperature was 1360°C.

Mechanical testing was conducted with a 200 kN MTS machine equipped with
a furnace, which allowed tensile testing at elevated temperatures. Room tem-
perature (RT), 100, 250, 350 and 450°C were the test temperatures for GJS-
500-7 and GJS-LowSi. The materials GJS-500-14 and GJS-600-10 were tested
at Rt, 350, 400, 450°C; these materials were from another test series.
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4.4 Investigation of the DSA behaviour of ferritic-pearlitic ductile
cast irons

In the study described in Publication 4, a hardening effect and serration on the
tensile test curve were observed during tensile testing at elevated temperatures.
These phenomena were recognised as effects of dynamic strain ageing. The in-
fluence of the strain amplitude, the strain rate, the temperature and the micro-
structure were thus studied more closely.
The base material was EN-GJS-500-7, with five different matrix pearlite frac-
tions: 0, 41, 52, 70 and 100%. Different perlite fractions were produced with
austenitisation at 900°C followed by controlled cooling. In addition, the as-cast
condition, with a perlite fraction of 52%, was tested.

Testing was conducted from room temperature (Rt) to up to 450°C at five dif-
ferent temperatures. The tests consisted of the tensile test and cyclic strain-con-
trolled tests and were performed with an MTS machine according to the testing
regime, shown in Table 7.

Table 7. Cyclic plasticity test programme

Strain amplitude Strain rate Number of cycles

0.003

0.01 100

0.001 6

0.00001 3

0.005

0.01 60

0.001 3

0.00001 3

0.007

0.01 30

0.001 3

0.00001 3
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4.5 Ductile iron optimisation for mechanically and thermally
loaded components

As the pearlite fraction and silicon content affect the mechanical and thermal
properties of components in opposite ways, publication 5 presents an optimisa-
tion approach and calculation models for the estimation of the optimal ductile
iron composition. This approach allows the selection of the most suitable base
composition for subsequent analyses, such as the casting simulation and the fi-
nal accurate finite element modelling (FEM) and the fatigue calculations. The
optimisation loop and variables are shown in Figure 9. The composition bound-
aries selected for the optimisation were ferritic-pearlitic grades with a silicon
content from 1.5 to 2.5 w-% and a pearlite matrix fraction from 0 to 100%. In
addition, the two solution strengthened fully ferritic grades, GJS-500-14 (Si
3.8%) and GJS-600-10 (Si 4.3%), were studied for comparison.

Figure 9. During optimisation, the pearlite fraction and silicon content vary, and the area inside
the dashed line is re-calculated.

The thermal conductivity of ferritic-pearlitic ductile iron can be estimated with
the following equation57:

= 72.56 + 0.06721t 21.67Si(%) 0.2458Pe(%) 0.000161 +2.173 (%) + 0.00414 (%) + 0.0541 (%) (%),

where t is temperature (°C), Si(%) silicon content, and Pe(%) the pearlite frac-
tion.
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In turn, mechanical properties can be estimated with the following equations58:( ) = 0.0019 (%) 0.200 (%) + 7.09 (%) 3.28 (%)+ 39.5 (%) 45.6 (%) 1.87 + 0.0108 1.90 +( ) = 0.0011 (%) 0.108 (%) + 2.88 (%) 6.36 (%) +76.63 (%) 167.5 (%) 2.62 + 0.00923 1.729 + 357,

where t is temperature (°C), Si(%) silicon content, and Pe(%) the pearlite frac-
tion.

The effects of the pearlite fraction, silicon content and temperature on the elas-
tic modulus are modelled in a similar way using earlier works.58

The effect of the pearlite fraction on the elastic modulus over the measured tem-
perature area (rt-450°C) can be expressed as:

= 4.27 10 (%) + 5.33 10 (%) 0.020 (%) 8.2510 + 6.25 10 0.193 + 168.

In turn, the effect of the silicon content over the measured temperature area (rt-
450°C) can be expressed as:= 4.43 (%) 41.0 (%) + 122 1.15 10 + 7.611 101.90 + 50.0   (Eqn 4.5)

The total modulus of elasticity is then calculated:= (%) + (%)
The elastic material model was then used in the Finite Element-calculation,

and contacts were non-linear with friction. Ramberg-Osgood postprocessing59

was used for the plasticity correction of the fatigue life.

= +
The k and n factors of the Ramberg-Osgood model were calculated based on

the fatigue tests of the ductile irons with 2.3% Si and different pearlite fractions
from room temperature to 450°C. The values of k and n depend on the ultimate
tensile strength and the temperature of the materials.
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( ) = 2.57 10 + 0.0034 + 0,225 + 1.2510 0.021 + 9.86 1036= 3.23 10 + 2.68 10 8.24 10 + 1.77 105.64 10 7.46 10 0.150
The Fatigue limit Flm was defined similarly:( ) = 4.24 10 7.77 10 + 0.527 + 2.76 100.016 0.02 + 145

= 10
where Flm is the fatigue limit

a is stress amplitude
 k is the slope coefficient, which is calculated using( ) = 1 (Eqn 5.12) 1 = 10

=  ( ) ( )
The fatigue calculation was performed using the spectral load with one thermal
cycle (heating up), and mechanical loads from the gas exchange cycles for 12
hours. The spectral load was calculated with the Palmgren-Miner rule,60 which
states that an individual stress cycle, which is the part of a variable amplitude
load history, will contribute the same fatigue damage as the same cycle when it
is part of a constant amplitude load history:

= ,
where DPM = 1.0 at failure
 ni = number of cycles, with stress i
 Nf,i = the number of constant amplitude cycles.60

The spectrum load was repeated until the failure. The number of repetitions
then corresponds to an expected lifetime in days. The maximum value of the
calculation is 5.66, which means 457000 cycles (days or 1270 years). In the re-
sults, this was defined as an infinite lifetime.

The model was used to analyse a cylinder head component in three critical
areas, shown in Figure 10. The approach provides an indication of a suitable
material composition for further analysis.

Thermal loads were based on the CFD analysis of the component.
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Figure 10. Critical areas of a cylinder head: 1) flame plate, 2) coolant channel area and 3) exhaust
channel.
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5. Results

5.1 Thermal conductivity of different cast iron types

Figure 11. Thermal conductivity result of different irons; a letter A after the material indicates
austempering.

The results of the measurements for the thermal conductivity of different types
of cast iron are shown in Figure 11. As can be seen, when lamellar cast iron was
as-cast and in the austempered phase, it displayed superior thermal conductiv-
ity compared to almost all other studied materials (with the exception of GJS-
LowSi). This is because, when present in a material, the lamellar graphite struc-
ture is primarily responsible for thermal conductivity. Moreover, there is only a
minor decrease in thermal conductivity after ausferritisation compared to other
materials. The difference of the thermal conductivity before and after the aus-
tempering heat treatment ( b – a) is shown in Figure 12.
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Figure 12. Difference between thermal conductivity in the as-cast and austempered condition.

The thermal conductivity of ferrite is strongly affected by its silicon content.
GJS-LowSi (Si 1.61%) possesses an almost totally ferritic (88%) matrix, and it
displayed superior thermal conductivity at over 200°C compared to the other
tested materials. By contrast, GJS-600-10, with the highest silicon content
(4.39%), had the lowest thermal conductivity in the as-cast condition.
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Figure 13. Yield strength at RT vs. thermal conductivity at 300°C (note 1: value for GJL is 0,65*YS
based on EN 1561 standard)

As Figure 13 shows, the impact of the graphite morphology on thermal conduc-
tivity is clear. The strengthening effect of the austempering treatment is appar-
ent with all materials, as is its negative effect on thermal conductivity.

5.2 Effect of silicon content and pearlite fraction on thermal con-
ductivity

The thermal conductivity results for various silicon contents and perlite frac-
tions are shown in Figures 14–17. The results clearly demonstrate that a high
silicon content decreases thermal conductivity, as does an increase in the pearl-
ite fraction. Material 1, with a silicon content of 1.5%, exhibited much higher
thermal conductivity than the other materials; this result particularly concerns
cast irons with a predominantly ferritic matrix. The thermal conductivity of Ma-
terials 1 and 2 increased from room temperature to 200°C but decreased at
higher temperatures. When the silicon content increased, the temperature limit
at which the highest thermal conductivity was reached also rose. With a silicon
content of 3.8%, thermal conductivity values remained constant at 200°C and
300°C. By contrast, the cast iron with a Si content of 4.3% displayed the highest
thermal conductivities at 300°C.

The impact of the silicon content and pearlite fraction on thermal conductivity
over a temperature range of RT –400 °C  was modelled using the results shown
in Figures 11–12.
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= 72.56 + 0.06721 21.67 0.2458 0.000161 + 2.173 (%)+ 0.00414 + 0.0541
where t = temperature (°C), Si = silicon content (%), and Pe =pearlite fraction

(%) R² = 0.92 P<0.001.

Figure 14. Thermal conductivity of ductile iron 1 (Si 1.5%) from room temperature to 400°C, with
different pearlite fractions
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Figure 15. Thermal conductivity of ductile iron 2 (Si 2.3%) from room temperature to 400°C, with
different pearlite fractions

Figure 16. Thermal conductivity of Si ductile iron 3 (3.8%) from room temperature to 400°C, with
different pearlite fractions
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Figure 17. Thermal conductivity of 4 ductile iron (Si 4.3%) from room temperature to 400°C, with
different pearlite fractions

As the results demonstrate, the best thermal conductivity can be achieved with
fully ferritic low-silicon-content ductile iron. An increase in either the pearlite
fraction or silicon content decreases thermal conductivity.

5.3 Effect of silicon content and pearlite fraction on mechanical
properties

Figures 18 and 19 show the effect of the pearlite fraction on tensile and yield
strength at different temperatures. As can be seen, temperature and the pearlite
fraction clearly affect the materials’ mechanical properties. A maximum tensile
strength of 890 MPa was achieved with a fully pearlitic structure at room tem-
perature. However, when the temperature rose to 450°C, tensile strength fell
about 30% to 616 MPa. In turn, while the fully ferritic grade had a tensile
strength of 418 MPa at room temperature, at 450°C it was 25% lower, at 316
MPa. The properties of intermediate structures fell between the values above.
For its part, yield strength varied from a fully pearlitic 498 MPa to a fully ferritic
275 MPa at room temperature. By contrast, at 450°C, it decreased by 27% (to
365MPa) with fully pearlitic grades and by 20% (to 230 MPa) with fully ferritic
grades.
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Figure 18. Effect of temperature and the pearlite fraction on tensile strength

Figure 19. Effect of temperature and the pearlite fraction on yield strength
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The impact of the silicon content on tensile and yield strength is shown in Fig-
ures 20 and 21. The tensile strength of high silicon (4.37%) iron, Material 3,
decreased by 30% from 654 MPa at Rt to 415 MPa at 450°C. In turn, the reduc-
tion of tensile strength was 20% for Material 1 (2.3% Si) and 17% for low silicon
Material 4. In general, the strengthening effects of pearlite and silicon decreased
at higher temperatures.

Figure 20. Effect of silicon content and temperature on tensile strength.
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Figure 21. Effect of Silicon content and temperature on yield strength.

The effect of the pearlite fraction on tensile and yield strength is:

UTS(Pe%)=0.0019(Pe%)^3-0.200(Pe%)^2+7.09(Pe%)-1.38E^(-5)
(t)^3+0.00823(t)^2-1.36(t)+470
Pe%  [0,100], t [20,450]

YS(Pe%)=0.0006(Pe%)^3-0.059(Pe%)^2+1.98(Pe%)-3.34E^(-6)
(t)^3+0.00236(t)^2-0.614(t)+291 Pe%  [0,100], t [20,450]

With R-square values of 0.962 for UTS and 0.958 for YS
Effect of silicon concentration to tensile and yield strength are:

UTS(SI%)=-3.28(Si%)^3+39.5(Si%)^2-45.6(Si%)-4.89E^(-6)
(t)^3+0.00257(t)^2-0.541(t)+379  Si% [1.5,5], t [20,450]

YS(SI%)=-6.36(Si%)^3+76.63(Si%)^2-167.5(Si%)-1.75E^(-6)
(t)^3+0.001(t)^2-0.369(t)+357  Si% [1.5,5], t [20,450]

Their R-square values are 0.940 for UTS and 0.98 for YS.

Equations 1, 2, 3 and 4 can be combined in the following way:
UTS(tot)=UTS[Pe%,UTS(Si%)]
and
YS(tot)=YS[Pe%,YS(Si%)]
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UTS(tot)=0.0019(Pe%)^3-0.200(Pe%)^2+7.09(Pe%)-1.38E^(-5)
(t)^3+0.00823(t)^2-1.36(t)+UTS(Si)

UTS(tot)=0.0019(Pe%)^3-0.200(Pe%)^2+7.09(Pe%)-
3.28(Si%)^3+39.5(Si%)^2-45.6(Si%)-1.87E^(-5(t)^3+0.0108(t)^2-
1.90(t)+379                Pe%  [0,100], Si% [0,5], t [20,450]

and

YS(tot)=0.0011(Pe%)^3-0.108(Pe%)^2+2.88(Pe%)-3.34E^(-6)
(t)^3+0.00236(t)^2-0.614(t)+YS(Si%)

YS(tot)=0.0011(Pe%)^3-0.108(Pe%)^2+2.88(Pe%)-
6.36(Si%)^3+76.63(Si%)^2-167.5(Si%)-3.34^(-6)(t)^3+0.00336(t)^2-
0.983(t)+357Pe% [0,100], Si% [0,5], t [20,450]

These models demonstrate that strength properties decrease at all tested tem-
peratures when the pearlite fraction or silicon content falls.

5.4 Dynamic strain ageing

Dynamic strain ageing (DSA) increased the peak stresses at all the studied
strain amplitudes, strain rates, temperatures and pearlite fractions at 250°C and
350°C (Figure 22). The impact was most significant for the lowest strain rate.

The data is modified to ease readability := ( )( ) 100
where x = test temperature.

Moreover, hot-working at the DSA temperature improved room temperature
strength properties. The effect on the stress-strain curve is shown in Figure 23.
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Figure 22.  DSA effect on hysteresis final loop peak stresses at different strain rates ( ) and strain
amplitudes ( ) as a function of temperature with different microstructures.
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Figure 23. Hardening effect of DSA.

5.5 Optimisation of a thermally and mechanically loaded compo-
nent

The optimisation results for three sub-areas – the flame plate, coolant channel
area and exhaust channel – are shown in Figures 24–26. The results of the cal-
culations are listed as expected lifetime. Lifetime is an exponential factor of 10;
for example, a value of 3 thus means 1000 load cycles (days).  The lifetimes of
SSF grades (3.8% and 4.3% Si) are listed separately.
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Figure 24. Lifetime prediction of flame plate area as a function of Si content (w-%) and pearlite
fraction.

Figure 25. Lifetime prediction of exhaust port (10X load cycles) as a function of Si content (w-%)
and pearlite fraction.
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Figure 26.  Lifetime prediction of cooling drillings (10X load cycles) as a function of Si content (w-
%) and pearlite fraction.

The relative lifetime of the flame plate area is shown in Figure 23. It varied
from infinite to 4.23. The relative lifetimes of solid solution strengthened alloys
were 3.08 for GJS-500-14 and 2.56 for GJS-600-10. Alloys with a low silicon
content and low pearlite fraction exhibited the most extended lifetimes.

The relative lifetime of the exhaust port area – shown in Figure 24 – varied
from infinite to 3.2. Solution strengthened grades GJS-500-14 and GJS-600-10
had lifetimes of 2.85 and 2.83, respectively.

The most critical location, from a lifetime perspective, was the coolant channel
area. This area exhibited the most significant deviation with different silicon
contents and pearlite fractions. A local minimum (1.9) was reached with fully
ferritic alloy with a 1.9% silicon content. In the other critical areas, expected
lifetimes were higher.

To summarise, a low silicon content produced the best results. However, an
increase in the pearlite fraction also improved the situation in most cases.
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6. Discussion

Thermal conductivity is a critical feature under thermal loading. Therefore, it is
essential to know how it changes at elevated temperatures. Graphite morphol-
ogy exerts the most significant effect on thermal conductivity in grey cast irons.
When the shape of the graphite morphology becomes compact (vermicular and
finally spheroidal), its impact on thermal conductivity decreases. This can be
seen in the thermal conductivities of GJL-250, GJV-450, and pearlitised GJS-
500-7, which all have a predominately pearlitic microstructure. Moreover, their
thermal conductivities are about 48–41, 34–37.5, and 28–34 , depending on

the temperature.
Austempering considerably increased the mechanical properties of all the ma-

terials investigated in this study. However, it also decreased their thermal con-
ductivity, which again increases their temperature under thermal loads. There-
fore, there is a risk that the operating temperature will be close to or in excess
of the tempering temperature of ADI. Consequently, such materials are not rec-
ommended for elevated temperature usage.

Silicon alloying strongly affects thermal conductivity and mechanical proper-
ties. The silicon content of standard spheroidal irons varies from about 1.9 to
2.5%. Solid solution strengthened spheroidal cast irons with high silicon alloy-
ing are extensively used in production due to their excellent mechanical prop-
erties. In particular, their yield strength are superior to those of traditional
spheroidal irons, although their thermal conductivities are low.

Low silicon alloyed spheroidal cast irons can have excellent thermal conduc-
tivities, comparable to the thermal conductivity of lamellar cast iron. Conse-
quently, optimisation of silicon alloying and the pearlite fraction is the solution
for increasing the lifetime of thermo-mechanically loaded components.

DSA increases tensile and yield strength at elevated temperatures and is con-
sequently included in the model. By contrast, the hardening effect is not taken
into account, due to its complexity and lack of information.

Requirements such as lifetime are the primary targets for the structural anal-
ysis of components. The composition of the materials in this study’s simulations
cover a wide range of ductile iron production, including alloys equivalent to all
available ductile iron grades from GJS-350 to GJS-700. The results indicate that
thermal conductivity plays a significant role in the lifetime of thermo-mechani-
cally loaded components.
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Some of the local minimum and maximum values can be considered lifetime
results. However, the shape of the lifetime diagrams changed with loading var-
iation, and each studied area of the component was subject to different mechan-
ical and thermal loads. Consequently, the selection of the most suitable cast iron
for thermally and mechanically loaded components is a far from straightforward
task.

The next step for optimisation is casting optimisation with suitable casting
simulation software. Modern casting simulation software features optimisation
tools, including local microstructure optimisation. Optimisation could begin by
selecting the suitable silicon content. After that, the pearlite fraction of the se-
lected area could be optimised by changing the alloying parameters, for example
the copper content.

6.1 Practical implications

The design process for a demanding component includes FE and fatigue analy-
sis. These analyses are performed with a local material property prediction from
the in-house casting simulation. The chemical composition of such components
is not found in either standard materials software or in most suppliers’ standard
cast alloys, which are generally used with similar size castings.

Optimisation of the silicon content and pearlite fraction has an enormous im-
pact on the lifetime of the cylinder head, the component used as an example in
this study. Both the proposed compositions from the literature29 and the stand-
ard30 lead to short expected lifetimes compared to the most optimal solutions;
these results are displayed in Table 8.

Table 8. Comparison of standard alloys vs optimal alloys

Flame

plate

area

Coolant

channel

area

Exhaust

pipe area

Total

Alloy Si% Pe% Lifetime

years

Lifetime

years

Lifetime

years

Lifetime

years

EN-400-1529 1.9 0 14 0.2 13 0.21

EN-500-729 1.9 50 66 7.5 23 7.50

EN-500-1430 1.9 0 2 2 3.3 2

Optimal ferritic 1.5 0 Infinite Infinite Infinite Infinite

Optimal fe-pe 1.5 50 180 180 45 45

The method developed in this dissertation adds material optimisation as a
simulation step before the final FE and fatigue analysis. The results of this opti-
misation can then be used as target values for optimisation with casting simu-
lation software. Once the target values are reached by adjusting chemical con-
tent and feeding or cooling (chills) arrangements, the local material parameters
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(including thermal conductivity – not a standard variable) are moved to FE-
software, and the final calculations can be performed.

The result is an optimised cast iron alloy for thermally and mechanically
loaded components that, generally, improves their lifetime and reliability.  Fur-
thermore, it allows for the separate selection of a component’s iron grade based
on the loading conditions for each installation.

This development will also affect foundry practices, increasing the share of
customised iron alloys. Therefore, production must be more flexible in the near
future.
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7. Conclusions

The overall aim of this dissertation was to define the optimal cast iron alloy
for cylinder head casting. To achieve this, it was first necessary to

Compare the thermal conductivity of different types of cast irons (ob-
jective 1)

Thermal conductivity is a highly significant feature of thermally and me-
chanically loaded components. Thermal conductivity depends, primarily,
on graphite morphology, with lamellar graphite providing the highest con-
ductivity. When the effect of the matrix is not taken into account, spheroidal
cast iron possesses the lowest thermal conductivity.

Define the effect of the silicon content and the pearlite fraction on ther-
mal conductivity and tensile and yield strength (objective 2).

Both the silicon content and the pearlite fraction considerably affect the
thermal conductivity of the matrix. Thus, the thermal conductivity of sphe-
roidal cast iron depends on these factors. Reducing the pearlite fraction and
the silicon content increases thermal conductivity and decreases strength
properties.

Identify the reasons for the non-linear behaviour of mechanical proper-
ties over the temperature range studied (objective 3).

DSA has some effect on components running in an engine at 200–300°C.
This impact can be either positive or negative, depending on the geometry,
loads and the pearlite fraction. In this work, DSA is assumed to be positive,
due to its beneficial impact on strength properties.

Create a model that helps to select the most suitable material for ther-
mally and mechanically loaded components (objective 4, the primary
goal of the dissertation)

The optimal material, for the studied case, was low-silicon (1.5%) fully ferritic
ductile cast iron. The thermal conductivity measurements for different iron
types from RT to elevated temperatures demonstrated the strong potential of
spheroidal cast irons, providing the chemical composition and matrix structure
is controlled. Therefore, the effect of the pearlite fraction and silicon content on
the thermal conductivity and strength properties of these irons at elevated tem-
peratures was studied more deeply. These strength properties exhibited some
discontinuities at 200–300°C temperatures, which was the result of dynamic
strain ageing. It affected all the studied strain rates and amplitudes. As a result
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of those measurements, a calculation model was developed and tested with a
cylinder head, and the optimal material was found.
The results are only applicable to the geometry and loading of the case studied
in this research; however, the model can be used for defining the suitable mate-
rial for different cylinder head configurations with different loadings.

7.1 Future work

   Only a limited amount of available information exists on low silicon ductile
irons. Thus, more studies are required on their castability and general material
properties, such as corrosion resistance in different environments.

The hardening effect of dynamic strain ageing, the DSA effect, can be used as
a thermo-mechanical treatment for increasing the fatigue limit. However, to
date, no data has been produced on how it works when temperatures cycle from
room temperature to, or in excess of, the DS activation temperature.

The development of a casting optimisation loop for local material parameters
is the realistic next step for this work. Current autonomous optimisation tools
for casting concentrate more on the optimisation of foundry practices.

Further development of the local fatigue strength of the cast component – the
physics of casting solidification and cooling – is controlled well in casting sim-
ulation software. Consequently, data is produced on factors such as the nodule
count and the pearlite fraction. However, while such data can be used for calcu-
lating the local fatigue limit, it is ignored by current models.
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