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SIMULATION OF MICROSTRUCTURE-BASED MECHANICAL BEHAVIOUR OF CAST COMPONENTS

ABSTRACT
In the process of developing cast iron and cast aluminium components, a high level of
co-operation between product development and production is of great importance.
From an engineering standpoint, this co-operation is limited early in the product
development phase by e.g. a lack of established methods for the consideration of
local variations in the mechanical behaviour of a finished component.
This thesis aims to increase the possibilities for co-operation between product
development and production during the product realisation process by introducing
and studying the use of predicted local mechanical behaviour in structural analyses
of cast components. A literature review of existing simulation methods and a work on
characterisation of mechanical behaviour from microstructural features have been
performed to identify important knowledge gaps. A simulation strategy has been
formulated which is able to predict local mechanical behaviour throughout the entire
component, and to incorporate this into a Finite Element Method (FEM) simulation of
the structural behaviour of the component. In the simulation strategy, componentspecific microstructure-based mechanical behaviour is predicted using a casting
process simulation. A computer program was developed to create FEM material
definitions which capture the local variations in mechanical behaviour throughout
the component. Using a material reduction technique, the local mechanical behaviour
can be incorporated without increasing the FEM simulation time.
The relevance of the simulation strategy was experimentally verified on cast
aluminium samples, where the strain field was observed using Digital Image
Correlation (DIC). It was found that the local variations in mechanical behaviour
cause a stress-strain distribution that deviates from that predicted by a
homogeneous material description, indicating the importance of calculating with and
including such variations in material behaviour in FEM simulations. Numerical
investigations demonstrate the strategy’s relevance for predicting the behaviour of
cast aluminium and ductile iron components.

Keywords: Component behaviour, structural analysis, mechanical behaviour,
casting process simulation, Finite Element Method (FEM) simulation.
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CHAPTER 1

INTRODUCTION
CHAPTER INTRODUCTION
The background for the current work is described, followed by an outline of the
theory behind the mechanical behaviour of cast aluminium and cast iron
components.

1.1 BACKGROUND
As the demand increases for development processes facilitating the development of
cast components with e.g. high strength, low weight, and high reliability, in a short
time and at a low cost, as in e.g. the automotive and transportation industries, the
effectiveness of the product realisation process becomes increasingly important. The
significance of co-operation between product development and production on the
industrial organisational level has been emphasised by several researchers [1-4].
Product designers need to take production aspects into consideration already during
the design phase of the product realisation process, and production should be
considered as an integrated part of this process rather than simply producing
whatever is 'thrown over the wall' [1, 2]. The suitability of the product
development/production interface is important, and upstream sharing of
information between departments has been identified as a critical factor for the
success and effectiveness of product realisation projects [3, 4].

Figure 1: Upstream sharing of information in a stage of the product realisation
process for a cast component.
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On the engineering level, integration between product development and production
may be limited by e.g. the mutual dependency between design and manufacturing
aspects. In the early design phase of a cast component, the design department uses
e.g. virtual computer aided design (CAD) models and computer aided engineering
(CAE) tools as finite element method (FEM) simulations in order to predict the
behaviour and performance of the component. The inputting of the correct data
regarding material behaviour in the virtual component is crucial to the accuracy of
these predictions. The actual material behaviour in the real cast component,
however, is determined by local casting process conditions, which in turn depend
upon both component design and casting process parameters. Material behaviour
will thus be component- and design-specific, with local variations to be found
throughout the final piece, and there is a mutual dependency between design and
production aspects in the behaviour of the component. This mutual dependency
should be taken into consideration in the design phase, but is typically avoided by
assuming homogeneous material behaviour from standard or tabulated data in the
FEM simulation. This assumption, however, is an over-simplification which
introduces an unknown quantity of error into the FEM simulation, and limits the
transfer of information between production and product development during the
product realisation process.
Casting process simulation software has become an established tool for performing
virtual casting of components in order to e.g. verify castability and quality at a late
stage of the product realisation process, commonly either at the production
department or at the foundry. However, the recent development of casting process
modelling tools has enlarged the functionality of the software so as to allow it to
accurately predict local microstructure formation and variations in material
behaviour throughout the cast component [5, 6]. If this information regarding local
material behaviour could be transferred upstream in the product realisation process
to the FEM simulations in the design phase, as illustrated in Figure 1, the work of
design engineers, CAE engineers, and material or foundry engineers could be
integrated earlier during the product development process. This would be beneficial
to the fit of the product development/production interface, and it is also expected to
increase both the ability of FEM simulations to accurately predict the true behaviour
of cast components and the effectiveness of the product realisation process.
1.2 MECHANICAL BEHAVIOUR OF CAST COMPONENTS
1.2.1 Theoretical background
The mechanical behaviour of a material subjected to a load is commonly
characterised using a stress-strain curve, which is achieved by performing a uniaxial
tensile test. The stress-strain curve shows the engineering stress, s, versus
engineering strain, e. For many materials used in engineering contexts, a fairly linear
elastic behaviour can be identified at stress levels below the yield stress, followed by
a non-linear plastic behaviour at stress levels above the yield stress (see Figure 2a).
It is often difficult to identify the yield stress that corresponds to zero plastic strain,
meaning that an offset yield stress corresponding to a certain amount of plastic
strain, typically 0.2%, is used. In this thesis, the term yield strength (YS) refers to the
0.2% offset engineering yield stress, s0.2, while ultimate tensile strength (UTS), sU, is
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the largest engineering stress the material can withstand, and fracture strain, ef, is
the total engineering strain at fracture, commonly referred to as the ductility of the
material.
In order to take into consideration the change in cross-sectional area during
deformation, the measures of true stress and true strain are introduced. True stress,
σ, is related to engineering stress and engineering strain through the relationship σ =
s∙(e+1); true strain, ε, is related to engineering strain through ε = ln(e+1) [7]. The true
total strain is the sum of the contributions of true elastic strain, εel, and plastic strain,
εpl, i.e.
𝜀 = 𝜀𝑒𝑙 + 𝜀𝑝𝑙

(1)

The derivative of the true stress-true strain curve is known as the strain hardening
rate, θ. The elastic strain is commonly related to stress through Hooke's law, which
characterises the linear elastic region using Young's modulus, E, as
𝜎 = 𝐸 ⋅ 𝜀𝑒𝑙

(2)

Several different models have been proposed to characterise the plastic behaviour
[8]. In this thesis, the Hollomon and Ludwigson equations are used. The Hollomon
equation [9] relates true stress and true plastic strain, εpl, as
𝑛

σ = 𝐾𝐻 ⋅ 𝜀𝑝𝑙𝐻

(3)

where the material constants nH and KH are introduced. The strain hardening
exponent, nH, defines the work hardening capacity of the material, and ranges from
zero to one, where nH = 0 corresponds to a perfectly plastic material, in which σ = KH
and nH = 1 corresponds to a linear deformation hardening material where σ = KH∙εpl.
Metallic materials commonly fall within the range of nH = 0.1-0.5, values which
correspond to different shapes of the plastic curve as shown in Figure 2b.

(a)

(b)

Figure 2: (a) Basic definitions of tensile properties. (b) Effect of different values of
the strain hardening exponent, nH, on the shape of the plastic stress-strain
curve predicted by the Hollomon equation (Eq. 3).
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For ductile materials, the strain hardening exponent also measures the maximum
uniform strain, and numerically corresponds to the true plastic strain at necking [7,
10]. The constant commonly referred to as the strength coefficient, KH, can be
expressed as a function of yield stress and the strain hardening exponent [7]. To
determine the constants nH and KH from a tensile curve, a double logarithmic plot of
true stress and true plastic strain is used. If the plastic behaviour of the material
follows the Hollomon equation, such a plot yields a straight line where nH is the slope
of the line and KH is the stress level when the true plastic strain equals unity.
For some materials, a double logarithmic plot shows a two-slope behaviour, with one
slope for small plastic strains and one for larger strains [11, 12]. The Ludwigson
equation [11] (Eq. 4), extends the Hollomon equation to correct for this behaviour by
introducing an exponential correction term which gives a correctional contribution
for small plastic strains which diminish at higher levels of strain.
𝑛

𝜎 = 𝐾𝐻 ⋅ 𝜀𝑝𝑙𝐻 + exp(𝑘𝐿 + 𝑛𝐿 ⋅ 𝜀𝑝𝑙 )

(4)

The correction term may be positive or negative, depending on material behaviour,
and introduces two additional material constants, kL and nL, determined by plotting
the natural logarithm of the error between the measured true plastic strain and the
true plastic strain as predicted by the Hollomon equation. For small plastic strains, a
linear region can be identified where nL is the slope of the line and kL is the
interception point when the plastic strain equals zero.
In multi-axial stress conditions, the stress state is described by the stress tensor σij
from which three principal stresses, σ1-3, can be determined. Respectively, the
hydrostatic stress, σh (Eq. 5), and the von Mises equivalent stress, σvM (Eq. 6), are
defined as [13, 14]
1
𝜎ℎ = (𝜎1 + 𝜎2 + 𝜎3 )
3

(5)

1
𝜎𝑣𝑀 = √ {(𝜎1 − 𝜎2 )2 + (𝜎2 − 𝜎3 )2 + (𝜎3 − 𝜎1 )2 }
2

(6)

In the von Mises yield criterion, yielding is assumed to occur at the point when the
von Mises stress exceeds the yield stress of the material, derived in uniaxial tension
[13]. The stress tensor can be expressed as the sum of the hydrostatic stress tensor,
which tends to change the volume of the body, and a stress deviator tensor, Sij (Eq. 7),
which tends to distort it. In tensor notation form, the stress deviator tensor can be
expressed as [14]
1
𝑆𝑖𝑗 = 𝜎𝑖𝑗 − 𝜎𝑘𝑘 𝛿𝑖𝑗
3
where δij is the Kronecker delta, i.e.
1
𝛿𝑖𝑗 = {
0

(7)

if 𝑖 = 𝑗
if 𝑖 ≠ 𝑗

The second invariant of the stress deviator tensor, J2, is given as [14]
𝐽2 =

4

1
𝑆 𝑆
2 𝑖𝑗 𝑖𝑗

(8)
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1.2.2 Mechanical behaviour of cast aluminium alloys
The mechanical behaviour of cast aluminium alloys is determined by both the
microstructure and the defects obtained during the casting process. These alloys
typically contain several alloying elements in addition to aluminium. The main
alloying element is silicon (Si), which comprises 5-15% and improves strength and
castability. Lesser amounts of e.g. copper (Cu), iron (Fe) and magnesium (Mg) may
also be added to alter the characteristics of the material. During the solidification of a
hypoeutectic alloy (containing less than 12% Si), pure aluminium (Al) in a dendritic
shape is the first phase to solidify, assuming a low content of other alloying elements.
The distance between the dendrite arms is known as the Secondary Dendrite Arm
Spacing (SDAS); see illustration in Figure 3a. During the subsequent eutectic
solidification, both Si particles and dendritic Al precipitate. In hypereutectic alloys
(>12% Si), Si particles precipitate before the eutectic solidification begins. In the
following, a few of the features which affect the mechanical behaviour of cast
aluminium alloys will be introduced briefly.
1.2.2.1 Cooling rate
The local cooling rate during solidification is determined by the design of the
component, and by the process conditions. In general, a thick section gives a lower
cooling rate than a thin one. Higher cooling rates refine the microstructure through
e.g. a smaller SDAS [15, 16], and refine the eutectic Si-particles [17]. This is seen in
Figure 3, where the microstructure of a cast aluminium alloy is shown, first with a
high cooling rate in Figure 3a-b, and then with a low cooling rate, Figure 3c. In Figure
3a-b, there are white dendrites with an SDAS of approximately 8 μm, and the Si
particles are merely seen as grey dots in the eutectic regions between the dendrites.
In Figure 3c, the dendrites are significantly larger, with an SDAS of approx. 50 μm,
and the Si particles may be clearly seen as large, dark grey particles. Higher cooling
rates also strengthen the dendrites due to Si-enrichment [18]. YS generally increases
with higher cooling rates for as-cast materials [18-20], but the effect is reduced or
non-existent for heat treated alloys [17, 21, 22], since the strengthening effect of the
Si-enrichment of the dendrites is removed by homogenisation of the alloying
elements during heat treatment [18]. UTS and ductility is highly related to the
coarseness of the microstructure, and generally increases with higher cooling rates
[15-19, 21-23]. However, these trends may have variations due to concurrent
changes in the size and shape of the eutectic Si particles [22, 24].
1.2.2.1 Structural integrity
The mechanical performance of cast aluminium alloys is highly related to structural
integrity, including defects such as e.g. porosity and oxide films. Porosity, exemplified
in Figure 3b, may be caused by e.g. entrapped gas or solidification shrinkage [25].
Oxide films, which form on the surface of the liquid, melt and become entrained in
the liquid during the casting process, forming a non-load bearing area within the
solid metal [25]. Structural integrity particularly affects UTS and ductility, both of
which decrease with increased levels of porosity [25, 26]. YS, however, remains
relatively unaffected, because small reductions in the load bearing area are
counteracted by local yielding and strain hardening [25-27].
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1.2.2.2 Si content and Si particle morphology
Increasing the Si content in the hypoeutectic region increases the volume fraction of
the eutectic phase, which is hard and strong. This leads to increased UTS but
decreased ductility. In hypereutectic alloys, UTS continues to improve with
increasing Si content up to 16%, but decreases as the Si content is increased further
after this point [28]. The morphology, distribution, and damage to the Si particles
[29-33] dominate the strain hardening behaviour of the alloy [34]. Damage to the Si
particles is caused by incompatibility stresses between particle and matrix, where
the local maximum principal stress causes the fracture of Si particles, while tensile
hydrostatic stress (c.f. Eq. 5) drives debonding [35]. Changing the morphology of the
Si particles from acicular to fibrous, through chemical or thermal treatment,
increases the strength between matrix and particles, which in turn increases ductility
and strain hardening rate [33, 36-38].
1.2.2.3 Fe-rich phases
Fe-rich phases, most importantly α-, β- and π-Fe phases, are common in cast
aluminium alloys containing iron (Fe). In Figure 3c, Fe-rich phases are seen as light
grey lines of varying length and thickness. These phases are detrimental to the
mechanical properties, especially the β-Fe plates, which induce stress concentrations
and decrease ductility [39]. Simultaneous alloying with a sufficient quantity of
manganese is recommended in order to suppress the formation of β-Fe plates in
favour of the less harmful α-Fe phase. However, the actual size and area fraction of βFe phases are also affected by the local cooling rate [18].

(a)

(b)

(c)

Figure 3: Microstructure of a cast aluminium alloy using (a-b) high cooling rate
(SDAS ~8 μm) and (c) low cooling rate (SDAS ~50 μm). Illustration of SDAS (1),
porosity (2), Si-particles (3) and Fe-rich phases (4).

1.2.3 Mechanical behaviour of cast irons
The term 'cast iron' is used to identify a large family of ferrous alloys with a carbon
content which, in the binary case, is higher than 2%. The traditional classification of
cast irons splits samples into two groups, based on the colour of the fracture surface
of the material (grey iron and white iron) [40]. Today, however, cast irons are instead
distinguished according to their graphite morphology and metal matrix structure. In
a similar manner to cast aluminium alloys, several microstructural features affect the
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mechanical behaviour of the material. In the following, the influence of different
graphite morphologies and metal matrices will be briefly introduced.
1.2.3.1 Graphite morphology
The following graphite morphologies, shown in Figure 4, are discussed in the current
work:


Flake graphite iron (FGI), also called grey iron or lamellar graphite iron.



Compacted graphite iron (CGI), also known as vermicular graphite iron.



Spheroidal graphite iron (SGI), commonly referred to as ductile iron (DI), or
nodular cast iron.

(a)

(b)

(c)

Figure 4: Graphite morphology of (a) FGI (b) CGI and (c) SGI [40].

Graphite morphology significantly affects the mechanical behaviour of cast irons
with similar matrix compositions. FGI exhibits no linear elastic region, as well as a
low Young’s modulus and reduced strength. In CGI, a seemingly linear elastic region
with a higher Young’s modulus and increased strength is obtained. SGI exhibits an
essentially linear elastic region, with a higher Young’s modulus and even higher
strength. The Young’s modulus can be described as a function of the nodularity and
aspect ratio of the graphite particles [41], although no cast iron grade exhibits
perfectly linear elastic behaviour, and plastic deformation occurs already in the
seemingly linear elastic region [42]. The effect of graphite morphology is commonly
attributed to the shape of the graphite particles, where the sharp edges of the
graphite lamella in FGI cause large local stress concentrations and immediate plastic
deformation during tensile loading [42]. It has been pointed out, however, that this
reduction in strength is caused primarily by the interconnection between the
graphite particles which, due to their being closely packed within the matrix of FGI,
decrease the length of the crack propagation path through the matrix, thus causing
rapid crack propagation [43]. In CGI, the graphite lamella has a blunter shape,
causing fewer local stress concentrations, and the lesser graphite continuity gives a
more lengthy crack propagation path within the matrix. Thus, the yielding properties
are to a larger extent governed by the metal matrix in CGI than in FGI. The graphite
nodules with a rounded shape which are found in SGI cause the least local stress
concentrations and graphite continuity in the matrix, thus resulting in the highest
strength [42-44]. Graphite morphology is controlled by alloying, but is also affected
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by the local cooling rate. Component geometry thus affects the behaviour of the
material throughout a cast iron component [40].
1.2.3.2 Metal matrix
The metal matrix commonly consists of ferrite, pearlite, or a combination of both.
The ferrite structure has low strength and high ductility [45], and increasing the size
of the ferrite grains causes a small decrease in tensile strength, of the strength
coefficient, and of the strain hardening exponent [46]. Pearlite is a lamellar structure
of ferrite and cementite which is hard and brittle, and the strength of a pearlitic
matrix is reported to be dependent on alloying, strengthening from interlamellar
spacing, and pearlite colony size [40]. The interlamellar spacing is determined
largely by the local cooling rate, where a high cooling rate gives a smaller
interlamellar distance [40, 45]. Both the strength coefficient and the strain hardening
exponent increase with decreasing interlamellar spacing [46]. The cooling rate also
affects the amount of ferrite and pearlite in the matrix [40], and thus matrix strength
is dependent on the local geometry throughout the component.
Similar to cast aluminium alloys, cast irons may also be heat treated. In this thesis,
the austempering heat treatment process will be discussed. This consists of two
steps; austenitising and austempering. In the former, the material is heated to the
austenitising temperature and held there until the matrix is fully austenitised.
Following this, the material is quenched to the austempering temperature, which is
maintained until the austenitic matrix is transformed into a matrix called ausferrite,
consisting of acicular ferrite and austenite [47]. The austempering heat treatment is
most commonly applied to ductile iron, SGI, and the resulting material is denoted
austempered ductile iron (ADI). Increases in various material properties, such as
strength, wear resistance, toughness, or fatigue strength, can be achieved by
correctly selecting the parameters of the heat treatment, e.g. austempering
temperature and duration [48, 49]. This makes ADI a very attractive material that, in
certain applications, may replace steel, e.g. components for earth-moving equipment
[49].
1.2.4 Predicting the mechanical behaviour of cast components
As previously described, the microstructure formation within a cast aluminium or
cast iron component is affected by complex interactions between component design,
chemical composition, casting process parameters, and, where applicable, postsolidification treatment. These factors do not affect all parts of a component to the
same extent during the casting process, which causes local variations in
microstructure and, due to the fact that the microstructure determines mechanical
behaviour, the cast component itself will display local variations in mechanical
behaviour. Thus, a cast component exhibits a heterogeneous, as opposed to
homogeneous, material behaviour. To be able to predict the behaviour locally
throughout a cast component, numerical modelling of the formation of the
microstructure within the component during the casting process is essential.
The modelling of microstructure formation during solidification can be performed on
different scales, e.g. macroscopic (i.e. the level of the entire process), microscopic
(basic microscopic mechanisms such as nucleation and growth of phases),
mesoscopic (grains), or combinations of the above, such as micro-macroscopic or
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multi-scale models [50]. The modelling approaches are either deterministic or
stochastic in nature, although coupled deterministic-stochastic approaches have
been presented [51]. Computer-based approaches for the modelling of the
solidification of cast irons originate in the work of Oldfield in 1966 [52], and have
since been much developed through the work of e.g. Fredriksson and Svensson [53]
and Su et al. [54] in 1985. As computer technology has evolved, models have been
further extended, and numerical techniques for modelling microstructure formation
throughout both cast iron and cast aluminium components have been developed [55,
56]. These models have commonly been combined with casting process simulation
software in order to predict microstructure evolution throughout an entire
component. In casting process simulation software, chemical composition and
casting process parameters are defined, and the entire casting process itself can be
simulated, from mould filling to solidification, solid-state transformations, and
possible heat treatment. The software is also able to predict residual stresses, i.e.
those that form within a component as a result of the contraction of the casting as it
cools to room temperature, and that remain within the component after the casting
process [25].
Using material characterisation models, the predicted microstructure can be applied
to predict the mechanical behaviour of the material throughout the component. For
an as-cast aluminium alloy, Seifeddine et al. [57] used the local value of SDAS
predicted by a casting process simulation to predict the local variations in YS, UTS,
and ductility of a cylinder head component, all of which transpired to be in good
agreement with experimental data. The parameters of the Hollomon equation (Eq. 3)
i.e. the strain hardening exponent, nH, and the strength coefficient, KH, were found to
be highly related to the local Fe content and the value of SDAS. Relationships for the
parameters have been derived (Eqs. 9-10) as; [58]
𝑛𝐻 = (𝑎1 ∙ Fe + 𝑎2 ) ∙ ln(SDAS) + (𝑎3 ∙ Fe + 𝑎4 )

(9)

𝐾𝐻 = (𝑏1 ∙ Fe + 𝑏2 ) ∙ ln(SDAS) + (𝑏3 ∙ Fe + 𝑏4 )

(10)

where 𝑎1−4 and 𝑏1−4 are the respective constants derived from tensile testing.
Similar models are also being developed for heat-treated aluminium alloys [59].
For cast irons, models for predicting the Young’s modulus based on graphite
morphology have been derived and applied to simulations of a CGI engine block [41,
60]. The influence of microstructural properties on plastic behaviour has been
investigated [5, 12, 46, 61, 62] and, for FGI and CGI, the Hollomon equation (Eq. 3)
was found to accurately predict the plastic behaviour, while the Ludwigson equation
(Eq. 4) was found to yield more accurate results for SGI [12]. Relationships for the
parameters have been derived (Eqs. 11-14) which take into account the local pearlite
and graphite content; [12]
𝑛𝐻 = 𝑐1 ∙ (PEARLITE%) + 𝑐2

(11)

𝐾𝐻 = 𝑑1 ∙ (PEARLITE%) + 𝑑2

(12)

𝑛𝐿 = exp(𝑒1 ∙ (ROUNDNESS) + 𝑒2 )

(13)

𝑘𝐿 = 𝑓1 ∙ (NODULARITY) + 𝑓2

(14)
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where 𝑐1−2 , 𝑑1−2, 𝑒1−2 and 𝑓1−2 are constants derived from tensile testing.
The relationships expressed in Eqs. 9-14 have been implemented into a development
version of a commercial casting process simulation software in order to enable the
prediction of parameter values for the Hollomon or Ludwigson equations throughout
a cast component. These predictions are based on the predicted local microstructure
and are referred to as microstructure-based mechanical behaviour in this thesis.
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CHAPTER 2

RESEARCH APPROACH
CHAPTER INTRODUCTION
This chapter describes the research methodology used in this thesis. The purpose
and aim of the thesis are described first, followed by a description of the research
design. The materials and the practical and numerical experimental procedures are
then introduced.

2.1 PURPOSE AND AIM
The primary purpose of this work is to increase the usability of casting process
simulations and material characterisation models in the design process for cast iron
and cast aluminium components. For several years, extensive research has been
conducted at the department of Materials and Manufacturing – Casting at the School
of Engineering, Jönköping University, with the intention of establishing models and
simulation tools which predict solidification and microstructural evolution during
the casting process, as well as mechanical and physical material behaviour
throughout a cast component. These models have been used to extend the
functionality of commercially available casting process simulation software by
digitally replicating the entire casting process of components and predicting the local
mechanical behaviour of a cast component. However, the use of these predictions in
structural analyses has been limited, due to the fact that no established method
currently exists for utilising the predicted behaviour in FEM simulations.
The aim of this work has been to enable the use of predicted local mechanical
material behaviour in FEM simulations of the mechanical behaviour of cast
components, and to investigate the effects of local variations in material behaviour
on the global behaviour of cast iron and cast aluminium components. This is intended
to bring about the use of casting simulations as an integrated part of the simulationbased design process for cast components, thus improving the fit of the product
development/production interface, and broadening the possibilities as regards
designing cast components with high reliability, performance, and robustness.
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2.2 RESEARCH DESIGN
2.2.1 Research perspective
Research can be generally be said to belong to one of two major traditions [63]; the
positivist approach or the interpretivist approach. The two approaches are generally
associated with different styles of reasoning, namely deductive reasoning and
inductive reasoning, respectively. Using deductive reasoning, an argument moves
from general principles to particular instances, whereas inductive reasoning begins
with particular instances and moves to general statements. The positivist approach is
thus associated with deductive reasoning and the testing of hypotheses, while the
interpretivist approach is related to inductive reasoning and the generation of
working propositions [63].
The traditional positivist research design as stated by Williamson [63] is
schematically illustrated in Figure 5. The approach starts with a definition of the
topic of interest, followed by the simultaneous creation of a literature review and
theoretical framework, as well as a delineation of the research problem and
variables. A hypothesis is created and research is performed to collect data, which is
analysed and interpreted to see if the hypothesis is supported, leading to a framing of
general laws. The positivist approach represents the traditional perspective as
regards the natural sciences; it is often related to experimental research designs and
quantitative data, and is a fairly linear and fixed framework. The interpretivist
approach is comparatively flexible, and tends to be non-linear and iterative, with the
researcher able to move between different research activities several times during
the process. Qualitative methods of research are typically used, such as case studies
and action research [63].

Figure 5: Schematic illustration of the traditional positivist research design,
as stated by Williamson [63].

The research approach applied in this thesis is illustrated in Figure 6, and has some
similarities to the traditional positivist research design, due to its having an
essentially fixed, linear approach. An initial specification of the topic of interest was
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defined, a literature review of the research area was performed (Supplement I); this,
together with a work on the theory behind the characterisation of the mechanical
behaviour of microstructural features (Supplement II), formed the basis for a more
detailed definition of the research problem and questions, as well as a definition of
the simulation approach. To enable the new simulation strategy, a computer program
was then designed and implemented (Supplement III). Three different experimental
tracks were followed to analyse, extend, and verify the predicted effects of local
mechanical behaviour:
A. Analysis of the simulation strategy for a ductile iron component. Two sets of
numerical experiments were performed (Supplements IV-V).
B. Analysis of the simulation strategy for cast aluminium components. Both
numerical and physical experiments were performed (Supplements VI & VIII).
C. Extension of material characterisation models for High Pressure Die Cast
(HPDC) aluminium, and verification of the predictive power of the simulation
strategy using physical observations (Supplement VII).

Figure 6: Schematic illustration of the research approach in the current work.
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2.2.2 Experimental design
Experimental research designs can be divided into three broad categories [63]:


True experiments, in which a controlled laboratory setting and the use of a
control group (not subject to treatment), an experimental group (subject to
treatment), and randomisation, eliminates the potential for disruptive
variables.



Quasi-experimental designs use many of the controls in the true experiment,
but diverge in that deliberate selections are used, rather than randomisation.



Pre-experimental designs use neither control group, nor control conditions,
nor randomisation.

In brief, true experiments make it possible to prove causal relationships, quasiexperimental designs may infer likely causal links but do not prove causality, and, in
pre-experimental designs, no meaningful comparison is provided and it is thus not
possible to effectively dispute other explanations. The use of laboratory settings in a
true experiment generally also ensures high internal validity, but the generic
applicability of the results to other settings (i.e. the external validity) is low. The
internal validity of a quasi-experimental design is much lower than for a true
experiment, and, conversely, the external validity is higher [63].
In this thesis, experimental research has been performed due to the fact that causal
relationships between quantitative variables were to be established. In the physical
experiments performed in Supplement II, two ductile iron alloys were subjected to
an ADI heat treatment in a controlled laboratory setting, and an as-cast material that
was not subjected to the heat treatment was used as a control group. Precautions
were taken to ensure the gathering of accurate measurements, and numerical data
evaluation was performed so as to guarantee the reliability of the results. However,
as randomisation was not included in the experimental design, it can be considered a
quasi-experimental research design, with limited internal validity. Thus, trends can
be observed in the data, but these cannot be said to prove causality. On the other
hand, external validity for a quasi-experimental research design is generally high,
and for each combination of settings, three tests were performed, from which a mean
value and standard deviation were determined. The external validity was considered
to be sufficient to allow generalisation of the results to the material under
investigation, but not enough to create numerical models or generalise the results to
all ADI alloys. Similar reasoning can be applied to the experiments in Supplements
VI-VII.
The numerical experiments were deterministic in nature. The simulation results are
solutions to equations, and are not affected by the order in which the simulations
were performed. In addition, repeated simulations which used the same input data
lead to identical results, free of statistical variation. Experimental design aspects such
as laboratory settings, reliability, randomisation, and statistical probability testing of
the results have thus generally not been applicable to the experimental design. In the
case of the measurement of simulation times, however, the simulations were
repeated to study the obtained variations. Reference simulations which can be
regarded as control groups, i.e. not subject to treatment (e.g. material reduction, c.f.
Section 3.3.1), have been used. Because of this the experiments can, in a sense, be
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seen as true experiments with high internal validity. General simulation methods
have been used, but only one component and one set of casting simulation input
parameters have been studied. In Supplements IV-V and VIII, no physical
experiments have been performed in order to validate the simulation results against
actual components, meaning that external validity is thus limited. In Supplements VIVII, physical experiments have been performed to validate the numerical results,
meaning that the external validity of these experiments is improved.
2.2.3 Literature review
The information gathering process described by Rumsey [64] can be summarised as
follows:


Analysing the question or problem.



Defining the scope of the research and the information required.



Identifying sources of information.



Finding the location of the information.



Accessing the information.



Evaluating the information.



Managing searches and results.



Updating and monitoring new developments.

This information gathering process includes an online search process, illustrated in
Figure 7. The online search process, which is in many ways also applicable to other
sources of information, in turn consists of several steps. The first is to plan the
search; then, this is performed, and all results of possible relevance to the problem
are retrieved and evaluated. If a record is still considered relevant after the
evaluation, it is saved and managed. Based on the results of the search, the search
plan may need to be modified and some or all of the steps of the search process
repeated. If no new relevant records are retrieved, the search process may be
considered to be completed [64].
For this thesis, a literature review was performed to obtain secondary data as a
foundation for the research work (see Supplement II). An information-gathering
process, based on the procedure described above, was used. In the analysis of the
problem, the topic of interest was initially broadly defined as 'methods to take the
effects of microstructural features of cast irons and cast aluminium alloys into
account in structural analyses of components'. Due to the extensive body of
information already available on the topic, however, the decision was made to limit
the literature review to methods for FEM simulation of mechanical behaviour of cast
aluminium components. The scope of the literature review was divided into two
parts; the first was concerned with microstructural features which contribute in a
significant manner to the mechanical behaviour in cast aluminium alloys, while the
second part compares different methods of taking some of these features into

15

account in FEM-based structural analyses. The information resources used were
online databases (primarily ScienceDirect1, Scopus2, and SpringerLink3, but also e.g.
journal-specific websites and e-books) and library resources (books and journals).
Several iterations of the online search process were developed and used. In addition,
citation searching was used, and literature suggestions provided by colleagues were
investigated. The relevance of the texts was initially evaluated based on the title and
abstract of the records, and the content of those which appeared to be pertinent was
then further investigated; records which were felt to still be of relevance after this
investigation were then categorised and managed using the EndNote [65] reference
management software.

Figure 7: The online search process according to Rumsey [64].

2.2.4 Research questions
Several research questions were raised and addressed at different stages of the
research process. The primary questions can be grouped into the following areas,
and are addressed to varying degrees in the supplements referenced in brackets.
 Microstructure and mechanical behaviour (Supplements I, II, VII)


Which microstructural features govern the mechanical behaviour of cast
aluminium and cast iron alloys?



How may mechanical behaviour be characterised using microstructural
features predicted by a casting process simulation?

 Methodology (Supplements I, III, IV)


What methods exist for taking microstructural features of cast irons and
cast aluminium alloys into account in structural analyses of components?



How can the predicted local mechanical behaviour be incorporated into
FEM simulations?

http://www.sciencedirect.com/
http://www.scopus.com/
3 http://www.springerlink.com/
1
2
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What is the effect on computational power requirements, i.e. FEM
simulation time and data file size? Can the local behaviour be incorporated
in such a way that FEM simulation time is not increased?

 Effects of local variations in microstructure and material behaviour on
component behaviour (Supplements IV-VIII)


Is the predicted mechanical behaviour of a ductile iron or cast aluminium
component affected by the local variations in mechanical behaviour?
o What is the effect on maximum values of stress and strain?
o What effect does this have on the distribution of stress and strain
throughout the component?
o Does this effect remain when a consideration of residual stress is
added to the simulation?



Can the effects be confirmed by physical observation?

2.3 MATERIAL AND EXPERIMENTAL PROCEDURES
2.3.1 Materials
2.3.1.1 Ductile Iron
In Supplement II, two ductile irons were investigated. The experimental work was
performed by a member of staff at the university. The base materials were cast into
ring components with an outer diameter of approximately 0.5 meters, in serial
production at two different foundries. The chemical compositions of the as-cast
materials are specified in Table 1. The chemical contents were found to be very
similar, and no significant difference in the mechanical behaviour of the two alloys
was expected.
Table 1: Chemical composition in weight per cent (wt. %) of the as-cast alloys.

ADI-1
ADI-2

C
3.46
3.65

Si
2.25
2.13

Mn
0.37
0.34

P
0.02
0.03

S
0.006
0.009

Cr
0.04
0.04

Mo
0.20
0.27

Ni
0.03
0.05

Cu
0.78
0.82

Fe
Bal.
Bal.

Test specimens were taken from the rings and machined into cylindrical units. These
were then subjected to an austempering process, where the austenitising treatment
was performed at 900 °C for two hours, and the austempering was performed at four
(ADI-1) and five (ADI-2) different temperatures, respectively, and three (ADI-1) and
four (ADI-2) different times, respectively; see Table 2.
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Table 2: Experimental program for the ADI materials.

Austempering temperature
250 °C
300 °C
325 °C
350 °C
400 °C

Austempering times
ADI-2
0.5h, 1h, 2h, 3h
0.5h, 1h, 2h, 3h
0.5h, 1h, 2h, 3h
0.5h, 1h, 2h, 3h
0.5h, 1h, 2h, 3h

ADI-1
1h, 2h, 3h
1h, 2h, 3h
1h, 2h, 3h
1h, 2h, 3h

In Supplements II-V, casting process simulations for a ductile iron component were
performed. A ductile iron with the chemical composition found in Table 3 was
specified. This composition has previously been used to verify the casting process
simulation models [5].
Table 3: Chemical composition in weight per cent (wt. %) specified in the casting
process simulations.

C
3.38

Si
3.09

Mn
0.34

P
0.02

S
0.009

Cr
0.04

Mo
0.02

Ni
0.03

Cu
0.29

Mg
Fe
0.023 Bal.

2.3.1.2 Aluminium
The chemical composition of the aluminium alloy investigated in Supplements VI-VII
is detailed in Table 4. The alloy meets the EN AC-46000 standard. In the casting
process simulations, 0.6 wt. % Fe was specified due to software limitations.
The base material was sourced from a component taken from serial production at a
HPDC foundry. In Supplement VI, component samples for microstructural
investigation and tensile evaluation were prepared by a M.Sc. student. In Supplement
VII, samples for material characterisation and investigation of local variations in
mechanical behaviour were produced by the current author using the gradient
solidification technique, in which a furnace is mounted on a motorised lifting device.
The layout of the equipment is described in detail elsewhere [66]. The component
remainders were initially melted and cast into cylindrical specimens, which were
then remelted and solidified in the gradient furnace. Three experimental series with
a constant lifting speed of the gradient furnace, generating a SDAS of about 10, 25
and 50 μm, respectively, were produced, here denoted SDAS10, SDAS25 and SDAS50,
respectively. One experimental series with accelerating lifting speed was produced,
generating a varying SDAS of between 10 and 20 μm over the specimen length. This
series is hereafter referred to as the SDASVAR series.
The gradient solidification technique provides controlled and advantageous
solidification conditions, and leads to samples of high homogeneity and structural
integrity. This makes it possible to study the isolated effect of different solidification
microstructures on mechanical behaviour. In a real HPDC process, however, the
filling and solidification conditions are more complex, and may lead to e.g. presolidified particles, air entrapment, and porosity in the component, all of which affect
the mechanical behaviour of the material. The gradient solidification technique is,
however, a very useful method for identifying the mechanical potential of the alloy
used.
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Table 4: Chemical composition in weight per cent (wt. %) of the investigated HPDC
aluminium alloy.

Si
9.8

Cu
2.7

Fe
0.8

Mg
0.2

Al
Bal.

2.3.2 Tensile testing
The ADI specimens (Supplement II) were, prior to the heat treatment, machined into
cylindrical test bars with a diameter of 7 mm, a gauge length of 50 mm, and a total
length of 98 mm. A constant cross-head speed of 0.5 mm/min. was used. For each
combination of heat treatment parameters, three tensile bars were tested. Strain was
measured using a clip-on extensometer, and the tests were performed by a member
of staff at the university.
For the aluminium samples (Supplements VI-VII), flat tensile bars in accordance with
standard ASTM: B557M-10 were used, with a specimen thickness of 4 mm, width of 6
mm, and a reduced section length of 32 mm. Tensile tests were performed using a
constant cross-head speed of 0.35 mm/min. In Supplement VI, 10 component
samples were tested, and the work was performed by a M.Sc. student. For the
gradient solidified samples in Supplement VII, six specimens of each series were
tested, and the experimental work was performed by the current author. Strain was
measured using a laser extensometer, with an initial distance of 26 mm between the
measuring points.
All tensile tests were performed at room temperature in a Zwick/Roell Z100 testing
machine with 100 kN load capacity.
2.3.3 Digital Image Correlation setup
Digital Image Correlation (DIC) was applied to investigate the strain distribution
throughout the gradient solidified aluminium samples in Supplement VII. DIC is an
optical non-contact deformation measurement method which enables the
measurement of the full displacement and strain fields for a specimen. Typically, a
speckle pattern is applied to the specimen under investigation, and during testing the
deformation of the speckle pattern is observed by a digital camera. The captured
images are then analysed using a DIC algorithm, wherein the full displacement and
strain fields are calculated.
In Supplement VII, images were captured by an AVT Stingray F201B 8-bit camera
with a Tamron M118FM25 lens (focal length 25 mm). The camera was mounted on
the tensile testing device so that one of the flat surfaces was observed, while the laser
extensometer irradiated the other. The use of 2D DIC was enabled by the in-plane
deformation of the flat specimen and the camera being mounted perpendicular to the
specimen. A speckle pattern was applied to the specimens using spray paint,
consisting of a matte white bottom layer followed by a second layer of black speckles.
Image capturing and correlation was performed using MatchID software [67]. Due to
limitations with the experimental equipment, synchronisation with the tensile
machine was performed manually. The correlation settings used are shown in Table
5.
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Table 5: General parameters used in the DIC correlation

Technique used
Noise
Subset
Step
Spatial resolution - displacement
Strain smoothing method
Spatial resolution - strain
Strain tensor

2D Digital Image Correlation
Approximately 1 %
15
5
15 pixels, about 0.6 mm
Polynomial - quadratic
71 pixels, about 2.8 mm
Logarithmic Euler-Almansi

2.3.4 Simulation procedures
2.3.4.1 Casting process simulation
The component casting processes were simulated using a development version of
MAGMASOFT™ [68]. The software uses the Finite Difference Method (FDM), in
which the derivatives of the governing partial differential equations are written in
terms of finite difference equations [69-71]. In the FDM, the component geometry is
traditionally represented by a mesh of rectangular volume elements of regular
structure. The use of a structured mesh has the advantages of a low computational
cost and a high mesh quality, but the disadvantage of limited representation of
irregular geometries. FDM techniques and numerical grid generation approaches,
which allow for unstructured meshes, have been developed to overcome this
drawback [70-72]. Despite the fact that its limitations make it less suitable for stress
analysis simulations [69], FDM is generally considered highly suitable for heat
transfer and fluid flow problems in e.g. casting process simulations [70-72].
2.3.4.1 Computer program development
A computer program has been developed which enables the incorporation of
predicted material behaviour from the casting process simulation into the stress
analysis of the component (see Supplement III). The Python programming language
[73] was selected for implementation due to its close integration with ABAQUS™
[74]. The program has been implemented as a plugin for the CAE module of
ABAQUS™, and is controlled through a graphical user interface.
2.3.4.2 Component FEM simulation
The stress-strain simulations in this work have been performed using the Finite
Element Method (FEM), in which component geometry is represented by a mesh of
small finite segments or elements. Different types of elements with various shapes
and different characteristics may be used, and the method is able to provide good
descriptions of irregular geometries. The size of the elements can be varied in
different regions to handle rapidly changing variables, e.g. stress concentrations.
FEM is thus suitable for, and well established in, the analysis of solid mechanics [69],
but FEM algorithms for the simulation of casting processes are also available [75].
The ABAQUS™ [74] implicit FEM solver has been used. As a result of the fact that the
FEM simulation uses a different mesh from that of the casting process simulation, the
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results from the latter have been mapped to the FEM mesh using the MAGMALINK™
module of MAGMASOFT™ [68].
The material model used in the current work is an elastic-plastic metal plasticity
model, where the linear elastic region is described by Young’s modulus and the nonlinear plastic behaviour is defined by a piecewise linear curve. The von Mises yield
criterion is used, which represents a cylindrical surface in the principal stress space,
where only the deviatoric stresses influence the criterion, commonly referred to as
J2-plasticity [14] (c.f. Eqs. 7-8). Isotropic hardening is applied, meaning that the yield
surface increases uniformly in size as plastic straining occurs [14]. No strain rate or
temperature dependency has been included.
2.3.4.1 Tensile test FEM simulation
Tensile test simulations were performed using a three-dimensional model of the
entire specimen. No assumptions of geometrical symmetry were prescribed.
The mesh consisted of approximately 3,000 second order hexagonal solid elements
(C3D20R in ABAQUS™ [74]). Boundary conditions were applied at the upper and
lower parts of the geometry, and tensile testing was simulated using a linearly
increasing displacement. The simulations were performed using the ABAQUS™
implicit solver and the von Mises yield criterion.
Local variations in mechanical behaviour were incorporated using a layered
approach, where physically measured values of SDAS at the top, middle, and bottom
parts of the geometry served as input for the developed material characterisation
models at these defined layers. In the intermediate layers, a linearly interpolated
SDAS value was used. The developed computer program was applied to create the
material definitions needed for the simulation.
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CHAPTER 3

SUMMARY OF RESULTS
AND DISCUSSION
CHAPTER INTRODUCTION
In this chapter, the main results in the supplementary papers are summarised and
discussed. As has been previously mentioned, the papers address the stated research
questions to various degrees.

3.1 EXISTING SIMULATION METHODS (SUPPLEMENT I)
During the literature review, three primary simulation approaches for cast
aluminium components were identified. These methods are reviewed, compared and
discussed in Supplement I. The methods can be briefly summarised as follows:
1. The Micro-structure based Mechanical Properties method (MMP) has been
described above; briefly, however, it uses casting process simulations to
predict local microstructure-based mechanical behaviour, which can be used
as input for the FEM simulation.
2. The Fracture Criteria method (FC) uses a homogeneous material description
and a fracture criteria to determine when fracture occurs in thin-walled HPDC
components [76-79].
3. The Cradle-To-Grave method (CTG) uses a stress-state dependent damage
evolution model to extend the functionality of a homogeneous material
description in order to predict damage throughout a component [80-82].
In Figure 8, the various applications of the different approaches are presented
schematically. The methods have, of course, been developed for different purposes,
and thus have differing applicability. The MMP method predicts component-specific
local mechanical behaviour for a wide range of alloys, and aims to use the results in
FEM simulations. However, no method for the incorporation of local material
behaviour into FEM simulations has been presented, and only examples which use
homogeneous material behaviour have been reported [6]. The FC method uses data
obtained from material and component testing to simulate fracture, but its
applicability is limited to thin-walled components. The CTG method uses a damage
evolution model that takes into consideration the effect of microstructural features,
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such as Si particles and structural integrity, on the behaviour of the component.
However, the method uses a large quantity of alloy-specific parameters, which need
to be determined through extensive material testing, and thus its applicability is
limited. To summarise, the MMP method generates material data, while both the FC
and CTG methods are dependent on experimental material data and use FEM solverspecific extensions.
The literature review revealed the existence of different methods for considering
specific microstructural features, such as Si particles and porosity, in a structural
analysis of the component. None of these, however, take into consideration the local
variations in mechanical behaviour throughout a cast component which stem from
conditions that occur during the casting process. The MMP is able to predict these
local variations using casting process simulations, but no method for transferring the
results into an FEM simulation has been established.

Figure 8: Illustration of the application of the reviewed simulation methods
(Supplement I).

3.2 MATERIAL CHARACTERISATION (SUPPLEMENTS II, VII)
3.2.1 ADI (Supplement II)
The effect of austempering on the plastic behaviour of two ADI alloys was
investigated by varying the austempering temperature and duration (see Table 1 and
Table 2 in Section 2.3.1). This was then followed by microstructural analysis and
tensile testing, in order to evaluate variations in the strain hardening exponent and
the strength coefficient of the Hollomon equation (Eq. 3) as influenced by
austempering time and temperature. Figure 9 shows the tensile curves obtained for
alloy ADI-1, as-cast and austempered for 1 h at various temperatures. The
austempering is seen to have a significant impact on the mechanical behaviour, and
different combinations of austempering parameters lead to different levels of
strength and ductility.
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Figure 9: Tensile test curves of ADI-1 as-cast and austempered for 1 h at various
temperatures.

Figure 10 shows the variation in the strain hardening exponent for different
austempering temperatures. A low austempering temperature results in a large
undercooling and a fine structure, whereby a high volume fraction of ferrite and a
low volume fraction of austenite is obtained [83]. The ferrite thus dominates the
strain hardening behaviour as a result of its body-centred cubic structure with a low
number of slip planes, offering a lower ductility and strain hardening rate than
austenite, which has a face-centred cubic structure [49]. Thus, the initial achievement
is a rather low value for the strain hardening exponent. Increasing the austempering
temperature leads to a coarser structure with fewer interface areas and weaker
interactions between dislocations and carbon atoms, consequently decreasing the
strain hardening exponent [83]. When the austempering temperature is further
raised, the increasing volume fraction of austenite comes to dominate the plastic
behaviour, and the strain hardening exponent increases. The combination of a low
temperature and short duration for austempering could lead to large amounts of
metastable austenite, which may transform into hard and brittle martensite when
stressed [84]; thus, a high value for the strain hardening exponent is achieved. The
strength coefficient initially decreases with increasing austempering temperature
due to the matrix coarsening but, at an austempering temperature above 300°C, the
strength coefficient reaches a plateau or increases only slightly, although YS and UTS
is reported to decrease. This is explained by the concurrent increase in the strain
hardening exponent, and puts emphasis on the fact that the strength coefficient must
be evaluated in combination with the strain hardening exponent.
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(b)

(a)

Figure 10: Strain hardening exponent versus austempering temperature for
(a) ADI-1 and (b) ADI-2.

3.2.2 HPDC aluminium (Supplement VII)
The gradient solidified specimens were used to establish a relationship between
microstructural coarseness and the parameters of the Hollomon equation. The
obtained microstructures in each experimental series with constant furnace speed
are shown in Figure 11, wherein it is immediately obvious that the different cooling
rates affect not only the SDAS, but also the morphology of Si and Fe precipitates.

(a)

(b)

(c)

Figure 11: Microstructure obtained in the (a) SDAS10 (b) SDAS25 and (c) SDAS50
experimental series.

The tensile behaviour (Figure 12) is seen to have a clear relationship to SDAS. It was
noted that an intermediate microstructure has a slightly higher hardening rate than a
fine microstructure at low plastic strains, but, under higher loads, a fine
microstructure has a higher hardening rate. This effect was attributed to a solution
hardening effect caused by back diffusion of Mg during solidification, which has been
previously observed and confirmed by WDS measurements of gradient solidified
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material [85]. The parameters of the Hollomon equation were evaluated for the
different SDAS series (Figure 13) and relationships in the form of
𝑛𝐻 = 𝐴 × ln(𝑆𝐷𝐴𝑆) + 𝐵

(15)

𝐾𝐻 = 𝐶 × exp(𝐷 ∙ 𝑆𝐷𝐴𝑆)

(16)

were found to provide a good fit to the experimental data, and are indicated by
dashed lines in Figure 13.

Figure 12: Tensile curves obtained for the different experimental series of the HPDC
alloy.

(a)

(b)

Figure 13: The relationship between SDAS-value and (a) strain hardening exponent
and (b) strength coefficient. The curves depict the relationship predicted by the
characterisation models (Eqs. 15-16).
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3.3 SIMULATION STRATEGY DEVELOPMENT (SUPPLEMENT III)
3.3.1 Development and implementation
As revealed by the literature review (see Section 3.1 and Supplement I), there is no
widely established method for transferring the local variations in mechanical
behaviour predicted by a casting process simulation into a FEM simulation; in
Supplement III, however, this topic was addressed by developing a computer
program which incorporates the predicted local mechanical behaviour into
simulation software. For the characterisation of material behaviour, the previously
described method for predicting microstructure-based material behaviour was used
(see Section 1.2.4).
The program creates FEM material definitions based on material behaviour
parameters (i.e. E, nH, KH, nL and kL, respectively), predicted by the casting process
simulation for every element of the FEM mesh. A FEM material model described by a
linear elastic and a piecewise linear plastic behaviour is used. This material model is
available in most commercially available FEM solvers, and its use on the component
level in FEM simulations is well established. As regards the current simulation
strategy, however, the material model is applied on an element level throughout the
component, meaning that one material description is defined for each individual
element of the FEM mesh of the component. Alternatively, the program can group
together elements with similar material parameter values and create a single
material definition for each group. This is referred to as a material reduction
technique.
The use of a piecewise linear plastic model implies that the non-linear curve
described by the Hollomon or Ludwigson equations is specified at a user-defined
Number of Linearisation Points (NLP) and, in the FEM simulation, the plastic
behaviour is then linearly interpolated between these specified points. In order to
obtain a more accurate description of the initial part of the stress-strain curve with
high curvature, an interval divider approach was implemented, wherein the total
plastic strain range is divided into two sections by an interval divider, leaving one
half of the NLP within the first interval and the other within the second. This
approach is schematically illustrated in Figure 14, where four NLP and an interval
divider at εdiv are shown. Although it is possible to develop more advanced methods
for the efficient positioning of linearisation points, this method was selected as it
provided an initial approach with the advantage of being easily implemented.
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Figure 14: Schematic illustration of the linearisation of a Hollomon curve, using four
linearisation points and an interval divider at εdiv.

3.3.2 Software evaluation and verification
The piecewise linear plastic and interval divider approaches were evaluated using
two Hollomon curves as reference points, with nH values of 0.1 and 0.2. The mean
percentage error of the linearisation was determined, and the interval divider
approach was found to efficiently reduce the error of the linearisation without
increasing the NLP. The performance of the developed software was evaluated for
FEM models containing up to 500,000 elements. The time required for the software
to generate all necessary material definitions and the file size of the FEM input file
was measured, using both element-specific material definitions and the material
reduction method. In addition, the differences between using the Hollomon and the
Ludwigson equations at 20 and 40 NLP, respectively, were evaluated. It was found
that, in the case of element-specific material definitions, both calculation time (Figure
15a) and FEM input file size increase linearly with the number of elements; the
material reduction technique, however, was found to significantly reduce both
calculation time (Figure 15b) and FEM input file size, particularly for a large quantity
of elements. Increasing the NLP from 20 to 40 increases calculation time somewhat,
and doubles the file size. The use of the Ludwigson rather than the Hollomon
equation increases the calculation time slightly. It is also noted in Figure 15b that,
when working with 500,000 elements in total, the calculation time for 100 material
definitions is longer than for 1,000 material definitions. This is a result of the
implementation of the program, and the handling of data in the random access
memory and on the hard drive during the calculation, respectively.
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(a)

(b)

Figure 15: Effect of the number of elements on software calculation time using
(a) element-specific material definitions and (b) a reduced quantity of material
definitions. H and L indicate which equation has been used, where H stands for the
Hollomon equation and L for the Ludwigson equation.

The functionality of the software was verified by simulating a ductile iron engine
support. A casting process simulation for the component was performed, including
mould filling, solidification, and predictions of both the local mechanical behaviour
and residual stresses. In Figure 16a, the predicted variations in the strain hardening
exponent are shown. A FEM mesh of the component was created, and the developed
computer program was used to create the material definitions needed for the FEM
simulation, which was successfully performed in ABAQUS™ [74] (see Figure 16b).

(a)

(b)

Figure 16: (a) Variations in the strain hardening exponent nH (-) throughout
the component, as predicted by the casting process simulation.
(b) von Mises stress (MPa) obtained from a FEM simulation, where both
local mechanical behaviour and residual stresses are included.
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3.3.3 Strategy formulation
The computer program which was developed enables the use of the previously
discussed MMP method as a basis for performing integrated simulations of cast
components. This was formulated as a simulation strategy and designated a closed
chain of simulations for cast components, schematically illustrated in Figure 17. The
use of the word 'strategy' implies that it was not considered to constitute a verified
and evaluated method, but rather a plan for achieving the integration of the casting
process and FEM simulations. The nomenclature 'closed chain' implies the use of
several different numerical models and simulations, as well as the transfer of all
necessary data along each and every link of the chain. Additional links, e.g. machining
simulations and optimisation methods, can also be added to the chain in future work.

Figure 17: The closed chain of simulations for cast components.

3.4 SIMULATION STRATEGY APPLICATION (SUPPLEMENTS IV-VI,VIII)
In order to investigate the relevance of the proposed simulation strategy for different
materials, the effects of local variations in mechanical behaviour on the results of
FEM simulations have been evaluated for both a ductile iron engine support and a
HPDC aluminium flywheel housing.
3.4.1 Local effects in ductile iron (Supplements IV-V)
Several FEM simulations of the previously discussed ductile iron engine support
were performed using different material descriptions and identical boundary
conditions. A linearly increasing load, from 0 to 150 kN, was applied to the
component. This load level was chosen to ensure that the maximum von Mises stress
in the component would reach the approximate ultimate stress of the material during
the last timestep of the simulation. In Supplement IV, only the errors for maximum
stress and strain values (Max Value Error, MVE) were evaluated. In Supplement V,
the investigation was broadened to include the distribution of stress and strain by
selecting 10 gauge elements in the component and studying the locations of the
maximum stress and strain values.
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3.4.1.1 Local mechanical behaviour versus homogeneous behaviour
An investigation into the numerical differences between local mechanical behaviour
and a homogeneous material description, as presented in the results of FEM
simulations, was performed. A simulation with element-specific material
descriptions and 60 NLP was used as a reference and designated LOCAL, and a
homogeneous material description, based on the arithmetic mean values of each
predicted material behaviour parameter throughout the component, was specified in
order to isolate the effect of the variations in mechanical behaviour; this was referred
to as AVERAGE.
The results show that a homogenous description of the material behaviour fails to
account for the stress-strain response of the ductile iron component. In comparing
the LOCAL and AVERAGE results, it may be seen that the local variations in
mechanical behaviour cause a redistribution of stresses and strains throughout the
component (Figure 18). This effect contributes in a critical way to the static
behaviour and performance of the component.

(a)

(b)

Figure 18: Comparison between predicted stress distribution by the (a) LOCAL and
(b) AVERAGE simulation, at a load of 75 kN.

This was numerically investigated, together with the effect of different NLP values
and quantities of material definitions. Figure 19 shows that, although the predicted
maximum von Mises stress value at all load levels is generally accurate, with an error
of less than 5%, the predicted maximum von Mises strain value is far less consistent
and has an error approaching 20% at high load levels. Moreover, and as illustrated
above in Figure 18, the maximum stresses and strains are however predicted in
incorrect locations. An increased NLP does not increase the accuracy of the
simulation, because the assumption of homogeneous material performance itself is
incorrect.
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(a)

(b)

Figure 19: Relative error for (a) maximum stress and (b) maximum strain, using a
homogeneous material description and varying quantities of linearisation points.
The dashed line indicates where the 0.2 % offset yield stress is initially exceeded.

The average errors in the von Mises stress and von Mises strain values for the gauge
elements (Average Gauge Error, AGE) are low when the maximum stress is in the
elastic region (see Figure 20), indicating that the prediction for stress-strain
distribution is fairly accurate. However, there is an increase in errors when plasticity
begins in the component, and the redistribution of load due to local mechanical
behaviour is significant. It was found that the homogeneous description only predicts
the correct location of maximum stresses and strains at low elastic loads and, in
order to correctly predict the effect on the cast component at all load levels, the local
variations in mechanical behaviour must be considered in the FEM simulation. If
homogeneous material behaviour is assumed, the FEM simulation may thus lead to
incorrect predictions of the behaviour and performance of the component. This
supports the usage of the proposed simulation strategy, and the importance of
considering microstructure-based mechanical behaviour in FEM simulations and
during the development of cast components.
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(a)

(b)

Figure 20: Average gauge element error in (a) stress and (b) strain, using a
homogeneous material description and varying the number of linearisation points.

3.4.1.2 Local mechanical behaviour versus residual stresses
In Supplement IV, similar simulations to those discussed above were performed to
study the separate contributions from the local variations in mechanical behaviour
and the residual stresses to the overall component behaviour, utilising a reference
simulation (LOCAL-RS) including both local mechanical behaviour and residual
stresses. The results from the simulations which used only local mechanical
behaviour (LOCAL), homogeneous mechanical behaviour (AVERAGE), or
homogeneous mechanical behaviour and residual stresses (AVERAGE-RS), were
evaluated as has been previously described. Simulations with homogeneous
tabulated material data (TABLE, TABLE-RS) and a simple mean of the predicted
maximum and minimum values of the material behaviour parameters (MAXMIN,
MAXMIN-RS) were also included for illustrative purposes.
The results demonstrate that the residual stresses contribute significantly to the
predicted stress level in the component at low elastic loads (see Figure 21). Under
higher elastic loads, however, the effect of the residual stresses diminishes, and
instead the accuracy of the results is determined by the type of material description.
To correctly predict the behaviour of a cast component at all load levels, it is thus
important to consider both residual stresses and local mechanical behaviour. The use
of tabulated data or simple mean values leads to a high degree of error in the
simulations.

34

SIMULATION OF MICROSTRUCTURE-BASED MECHANICAL BEHAVIOUR OF CAST COMPONENTS

(a)

(b)

Figure 21: Relative error in (a) maximum stress and (b) maximum strain, with and
without consideration of residual stresses.

3.4.1.3 The effect of material reduction
The investigation into the effect of material reduction was carried out by applying
the technique so as to reduce the number of material definitions used in the
component to between 30 and 12,000. The obtained errors for maximum stress and
strain are shown in Figure 22, and the average gauge element errors are shown in
Figure 23.

(a)

(b)

Figure 22: Error in maximum values of (a) stress and (b) strain, using local
mechanical behaviour and material reduction.

Figure 22 shows a fluctuating value for error in maximum stress and maximum
strain when using a low number of material definitions, indicating that the
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distribution of stresses and strains is not very accurately resolved. In Figure 22 and
Figure 23, it is seen that, when using approximately 1,000 material definitions or
more, the level of errors at any load is less than 0.25%, which is considered to be
negligible. The FEM simulation time was found to increase by a factor of 2.5 when
using element-specific material definitions rather than a homogenous one. Using
material reduction lowered this factor to between 1.1 and 1.4, depending on the
number of material definitions. If FEM simulation time is an issue, the material
reduction method is thus an effective way of incorporating local variations in
mechanical behaviour, without significantly increasing FEM simulation time or
introducing any significant error into the FEM simulation.

(a)

(b)

Figure 23: Average error in values of (a) stress and (b) strain in the gauge elements
using local mechanical behaviour and material reduction.

3.4.2 Local effects in cast aluminium (Supplements VI-VIII)
Similar numerical investigations as for ductile iron were performed for cast
aluminium. In Supplement VIII, the same FEM model of the engine support that was
used for ductile iron (Supplements IV-V) was investigated. This was undertaken in
order to study both the difference between ductile iron and cast aluminium, and the
effects of different solidification conditions, all while maintaining an identical
geometry and FEM setup. The components were, however, not possible to produce as
physical aluminium components.
In Supplement VI, the HPDC aluminium flywheel housing component was used. As a
result of the fact that it was possible to produce these as physical components,
physical verifications of the simulation results could be made. As seen in Figure 12,
aluminium does not exhibit the variation in Young’s modulus and elastic behaviour
as seen in ductile iron; thus, its elastic behaviour is homogeneous, but variations in
plastic behaviour can be seen before the 0.2 % offset yield stress. The Young’s
modulus predicted by the casting process simulation for the flywheel housing is also
homogeneous, but the local values of the parameters of the Hollomon equation are
predicted by the previously described material characterisation models, (Eqs. 9-10).
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These variations were incorporated into a FEM simulation with element-specific
material definitions, here denoted LOCAL. As was the case for ductile iron, a
homogenised material definition was also created, and referred to as
HOMOGENISED. The load case was defined by adding surrounding parts using point
masses and geometrical boundary conditions, and a gravity load which linearly
increased from 0 g up to 25 g (where g = 9.82 m/s2 is the gravitational acceleration)
was applied in increments of 2.5 g at every timestep. This load level was selected in
order to obtain stresses in the range of the ultimate tensile strength of the material in
the component. Similar to the ductile iron case, 10 gauge elements were selected, and
the obtained variations of Max-Value Error (MVE) and Average Gauge-element Error
(AGE) were determined.
3.4.2.1 Local mechanical behaviour versus homogeneous behaviour
The results show that cast aluminium display less local variations in mechanical
behaviour than ductile iron. The impact of these variations on the overall distribution
of stress and strain throughout the component is thus also lower. The local behaviour
of highly stressed regions at high loads is, however, affected; see Figure 24, where
Figure 24b presents the difference in stress levels predicted by the LOCAL and
HOMOGENISED simulations. This indicates that the effect on static stress and strain
redistribution is numerically smaller in HPDC aluminium than in ductile iron, but not
insignificant. This conclusion is supported by the results for the engine support
which was examined in Supplement VIII. The variations in behaviour were here
noted to cause a redistribution of the location of maximum stress and strain, as
previously described for the ductile iron case. In Supplement VIII, the effects of
different solidification conditions on the distribution of local variations in mechanical
behaviour, and on component behaviour, were also highlighted.
The achieved variations in MVE and AGE in the flywheel housing simulations are
shown in Figure 25. A similar behaviour as in the ductile iron case is noted, where
the effect of the local variations in behaviour rises with increased load. Even prior to
the 0.2% yield stress being reached (indicated by the dotted line), a numerical error
in MVE is seen, and is explained by variations in non-linear behaviour that occur
even under very small plastic loads. As the load level increases, so too do the errors,
which reach a maximum of 2.5% in stress level and 1% in strain. Comparing the
results for HPDC aluminium (Figure 25) and sand cast ductile iron (Figure 19 and
Figure 20), the obtained level of errors is significantly lower in the case of the former
than the latter, where errors up to 20% occurred. The variations in mechanical
behaviour are smaller, and thus the effect of the variations is also reduced in
aluminium when compared to ductile iron.
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Figure 24: (a) Stress distribution as predicted by the LOCAL simulation at a load
level of 15 times gravitational acceleration. (b) Difference between the LOCAL and
HOMOGENISED simulation stress levels at a load of 15 times gravitational
acceleration.

Figure 25: The effect of local variations in material behaviour of the HPDC
aluminium component at different load levels, measured in multiples of
gravitational acceleration. (a) Relative error in maximum stress and strain. (b)
Average error in stress and strain in the gauge elements. The dashed line indicates
where the tabulated 0.2% offset yield stress is initially exceeded.

3.4.2.2 Local mechanical behaviour versus residual stresses
The HPDC process is known to cause high residual stresses, and, for the current
component and casting process, values of up to 150 MPa are predicted in the
component by the casting process simulation. As for the ductile iron case, the
separate contributions from local variations in mechanical behaviour and residual
stresses can be studied for the aluminium case. Thus, one FEM simulation including
local mechanical behaviour and residual stresses (LOCAL+RS) and one FEM
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simulation using homogenised behaviour and residual stresses (HOM.+RS) were
added to the evaluation. The obtained variations in MVE and AGE, where LOCAL+RS
is the reference simulation, are shown in Figure 26. It is seen that the residual
stresses contribute greatly at small loads, while the effects of the variations in
mechanical behaviour are very small. As the load increases, however, the effects of
the residual stresses diminish, and the effect of local variations in behaviour
increases. This shows that both residual stresses and local variations in mechanical
behaviour should be incorporated into the simulation in order to accurately predict
the behaviour at all loads.

Figure 26: The numerical effect of the local variations in material behaviour and
residual stresses. (a) Relative error in maximum stress and strain. (b) Average
error in stress and strain in the gauge elements. The vertical dotted line at 7.5 g
indicates where the tabulated 0.2% offset yield stress is first exceeded.

3.5 SIMULATION STRATEGY VERIFICATION (SUPPLEMENTS VI-VII)
The accuracy of a simplified casting process simulation, which was used to predict
variations in microstructural coarseness throughout the HPDC aluminium flywheel
housing, was studied by investigating the microstructural coarseness in 10 different
locations throughout the component. Comparisons to simulated values generally
showed a strong agreement, with some deviations due to the simplifications applied
in the simulation.
Tensile testing of samples from different areas of the component confirms that
material behaviour is not homogeneous throughout (Figure 27). The simulation
strategy was found to accurately predict the distribution of these variations; it was
noted, however, that the simulation generally predicted a slightly higher value for
strain hardening than was achieved in the component, particularly in coarser
microstructures (Figure 27). This was attributed to the fact that the implemented
models have been developed for sand cast alloys containing up to 0.65% Fe, while
the investigated HPDC alloy contained 0.8% Fe, thus increasing the likelihood of the
formation of detrimental iron-rich intermetallics. This provided an impetus for the
previously discussed material characterisation study for this alloy (see Section 3.2.2).
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Figure 27: Measured variations in mechanical behaviour in the HPDC component,
and a comparison of simulated and measured tensile behaviour of a region
containing a fine (SDAS 6-8 μm) and a coarser (SDAS 14-16 μm) microstructure in
the HPDC aluminium component.

The developed material characterisation models (Eqs. 15-16) were implemented into
the tensile testing FEM simulation of the experimental series, with gradual variations
in microstructural coarseness. A simulation which incorporated considerations of
local variations in microstructure, LOCAL, was performed, as well as a simulation
based on the assumption of homogeneous material behaviour, HOMOGENEOUS,
which used the intermediate SDAS value in the specimen as input for the
characterisation models.
The simulated strain distributions were compared to those observed using DIC. It
was seen that the strain level at low plastic loads (Figure 28) was somewhat greater
in the upper part of the specimen (SDAS 10 μm) than in the lower section, where the
microstructure is coarser (SDAS 20 μm). This was attributed to the previously
described solution hardening effect, which causes a higher hardening rate in the
lower part than in the upper, meaning that a higher strain is obtained in the latter
section. As the load level increased (Figure 29), the distribution of strain shifted, and
the highest strain level instead occurred in the lower part of the specimen.
This behaviour was correctly predicted by the LOCAL simulation. The
HOMOGENEOUS simulation, however, failed to predict the correct location of
maximum strain, as the assumption of continuously homogeneous material
behaviour led to the predicted strain distribution being symmetrical; i.e. it was
predicted that both the upper and lower parts of the specimen would be subjected to
the highest strain at all loads. This level of variation in microstructural coarseness
can be considered to be representative of the microstructural variation found in cast
aluminium components, and so these results may thus be considered to be
representative of the actual behaviour within components. They also verify the
applicability of the proposed simulation strategy, and demonstrate the importance of
correctly describing the local variations in mechanical behaviour in order to
correctly predict the strain distribution throughout cast components.
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Figure 28: Strain fields observed using DIC and predicted by the LOCAL and
HOMOGENEOUS simulations, at a load of approximately 180 MPa.

Figure 29: Comparison between strain fields observed using DIC and predicted by
the LOCAL and HOMOGENEOUS simulations, at a load of approximately 300 MPa.
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CHAPTER 4

CONCLUDING REMARKS
CHAPTER INTRODUCTION
This chapter summarises the work carried out in this thesis and some of the
conclusions that have been arrived at.

A new simulation strategy, referred to as a closed chain of simulations for cast
components, has been developed. The simulation strategy enables the use of
predicted local mechanical material behaviour in the product realisation process for
cast components. The strategy has been shown to be both relevant and accurate, and
has been verified by physical experiments.
The development of the strategy has been performed in four main steps:
1. Literature review and comparison between existing simulation methods.
2. Strategy formulation and implementation.
3. Numerical experiments and investigations.
4. Validation using physical experiments and material characterisation.
The effects of local variations in mechanical behaviour on the overall behaviour of
cast components have been established. Numerical experiments for both ductile iron
and aluminium components have shown the relevance of the strategy, and physical
experiments have been performed to verify the simulation results.
Digital Image Correlation has been used to physically observe the numerically
predicted redistribution of strains caused by local variations in microstructure. This
was accurately predicted by simulations using local material behaviour.
The work has successfully laid the foundations for an increased use of casting
process modelling by integrating casting simulations into the design process for cast
components. This facilitates an improved fit of the product development/production
interface, and new possibilities for the design of industrial cast components with
high performance.
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CHAPTER 5

FUTURE WORK
CHAPTER INTRODUCTION
In this chapter, ideas are presented on how to improve and verify different parts of
the simulation strategy in future work.

5.1 SIMULATION
The simulation strategy offers a chain of simulations, from casting process to
component behaviour, that provides an opportunity to study the effects of different
materials and casting process variations, not only for microstructure formation and
residual stresses but also as concerns the mechanical performance of a component.
Further studies in this area may concern e.g. the screening of important material and
casting process variables, process optimisation, or product robustness analyses.
Only static behaviours have been studied in the current work. It is, however,
reasonable to claim that variations in microstructure and material behaviour have a
significant impact on the dynamic and fatigue behaviour of components. Further
studies in these areas are suggested.
Although the elasto-plastic behaviour is shown to be well described, there are
currently no considerations of damage or failure implemented into the structural
analysis. The current simulation strategy provides a new way of determining the
stress-strain distribution throughout a component, which can be used as an input for
simulations of fracture behaviour. Further work in this field may include extending
the simulation strategy to involve fracture mechanics based on simulations of crack
propagation and component failure.
The numerically predicted strain redistribution, which is due to local variations in
microstructure, has been confirmed using 2D DIC on gradient solidified flat tensile
specimens. Future works which extend this approach to Stereo DIC of 3D geometries
on real components would provide further confirmation of the simulation strategy,
and lead to an improved understanding of the effect of local material behaviour on
component behaviour.
5.2 MATERIAL CHARACTERISATION
The simulation strategy is highly dependent on the quality of the material
characterisation used in the casting process simulation, and the error introduced by
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the microstructural characterisation is likely to be more significant than the errors
due to the linearisation or material reduction processes that have been investigated
in this thesis. It is thus essential that the characterisation models used are further
verified and improved. In addition, the discussed models have been developed for ascast materials and specific ranges of alloying elements; thus, the characterisation
models need to be extended to include the effects of heat treatment and a greater
range of alloys.
Several microstructural features, which affect mechanical behaviour to varying
degrees, are still not included in the simulation strategy; these include defects, oxide
films, and several alloying elements. To improve the overall accuracy of the
simulation strategy, these effects should be further studied and incorporated.
The effect of austempering on the plastic behaviour of ADI has been investigated. In
order to be able to include ADI in the proposed simulation strategy, however,
numerical models for microstructure transformation during austempering, and the
relationships between microstructure and mechanical behaviour, need to be
established.

46

SIMULATION OF MICROSTRUCTURE-BASED MECHANICAL BEHAVIOUR OF CAST COMPONENTS

REFERENCES
[1] P.S. Adler, Organ Sci., 6(2), 1995, pp. 147-167.
[2] A.J. Peters, E.M. Rooney, J.H. Rogerson, R.E. McQuater, M. Spring, B.G. Dale, TQM
Magazine, 11(3), 1999, pp. 172-179.
[3] N. Lakemond, G. Johansson, T. Magnusson, K. Safsten, International Journal of
Technology Intelligence and Planning, 3(4), 2007, pp. 317-330.
[4] J. Bruch, G. Johansson, International Conference on Engineering Design, ICED11,
Technical University of Denmark, Copenhagen, 2011, pp. 21-30.
[5] I.L. Svensson, T. Sjögren, Carl Loper Cast Iron Symposium, 2009, pp. 67-77.
[6] I.L. Svensson, S. Seifeddine, J. Hattel, P. Kotas, J. Thorborg, Modeling of Casting,
Welding and Advanced Solidification Processes (MCWASP) XII, 2009, pp. 129-136.
[7] G.E. Dieter, Mechanical Metallurgy, 3rd ed., McGraw-Hill, New York, 1986.
[8] Z. Gronostajski, J. Mater. Process. Technol., 106(1-3), 2000, pp. 40-44.
[9] J.H. Hollomon, Trans. AIME, 162, 1945, pp. 268-290.
[10] C.H. Cáceres, Int. J. Cast Met. Res., 10, 1998, pp. 293-299.
[11] D.C. Ludwigson, Metall. Mater. Trans. B, 2(10), 1971, pp. 2825-2828.
[12] D. Larsson, T. Sjögren, I.L. Svensson, Giessereiforschung, 60(4), 2008, pp. 8-16.
[13] T. Dahlberg, Teknisk hållfasthetslära, Studentlitteratur, Lund, 2001.
[14] N. Saabye Ottosen, M. Ristinmaa, The mechanics of constitutive modelling, Dept.
of Solid Mechanics, University of Lund, Lund, 1996.
[15] P. Kumar, J.L. Gaindhar, AFS Trans., 104, 1997, pp. 635-638.
[16] P.R. Goulart, J.E. Spinelli, W.R. Osório, A. Garcia, Mater. Sci. Eng. A, 421(1-2),
2006, pp. 245-253.
[17] Q.G. Wang, Metall. Mater. Trans. A, 34(12), 2003, pp. 2887-2899.
[18] S. Seifeddine, S. Johansson, I.L. Svensson, Mater. Sci. Eng. A, 490, 2008, pp. 385390.
[19] L. Ceschini, I. Boromei, A. Morri, S. Seifeddine, I.L. Svensson, J. Mater. Process.
Technol., 209, 2009, pp. 669-679.
[20] S. Seifeddine, I.L. Svensson, Metall. Sci. Technol., 27(1), 2009, pp. 11-20.
[21] K.J. Oswalt, M.S. Misra, AFS Trans., 88, 1980, pp. 845-862.
[22] C.H. Cáceres, C.J. Davidson, J.R. Griffiths, Q.G. Wang, Metall. Mater. Trans. A, 30A,
1999, pp. 2611-2618.
[23] M. Ravi, U.T.S. Pillai, B.C. Pai, A.D. Damodaran, E.S. Dwarakadasa, Int. J. Cast Met.
Res., 11, 1998, pp. 113-125.
[24] C.H. Cáceres, C.J. Davidson, J.R. Griffiths, Mater. Sci. Eng. A, 197, 1995, pp. 171179.
[25] J. Campbell, Castings, 2nd ed., Elsevier Butterwort-Heinemann, Oxford, 2003.
[26] C.D. Lee, Mater. Sci. Eng. A, 464(1-2), 2007, pp. 249-254.

47

[27] H. Zahedi, M. Emamy, A. Razaghian, M. Mahta, J. Campbell, M. Tiryakioğlu, Metall.
Mater. Trans. A, 38(3), 2007, pp. 659-670.
[28] D.K. Dwivedi, R. Sharma, A. Kumar, Int. J. Cast Met. Res., 19(5), 2006, pp. 275282.
[29] M. Tiryakioglu, Mater. Sci. Eng. A, 427(1-2), 2006, pp. 154-159.
[30] M. Lebyodkin, A. Deschamps, Y. Bréchet, Mater. Sci. Eng. A, 234-236, 1997, pp.
481-484.
[31] C.H. Caceres, J.R. Griffiths, Acta Mater., 44(1), 1996, pp. 25-33.
[32] Q.G. Wang, C.H. Cáceres, J.R. Griffiths, Metall. Mater. Trans. A, 34(12), 2003, pp.
2901-2912.
[33] G. Guiglionda, W.J. Poole, Mater. Sci. Eng. A, 336(1-2), 2002, pp. 159-169.
[34] C.H. Caceres, J.R. Griffiths, P. Reiner, Acta Mater., 44(1), 1996, pp. 15-23.
[35] M. Dighe, A. Gokhale, M. Horstemeyer, Metall. Mater. Trans. A, 33(3), 2002, pp.
555-565.
[36] Q.G. Wang, C.H. Cáceres, Mater. Sci. Eng. A, 234-236, 1997, pp. 106-109.
[37] J.E. Gruzleski, B.M. Closset, The Treatment of Liquid Aluminium-Silicon Alloys,
American Foundrymens's Society , Inc., Des Plaines, Illinois, 1990.
[38] E. Ogris, A. Wahlen, H. Lüchinger, P.J. Uggowitzer, J. Light Met., 2(4), 2002, pp.
263-269.
[39] Q.G. Wang, D. Apelian, D.A. Lados, J. Light Met., 1(1), 2001, pp. 85-97.
[40] J.R. Davis, Cast irons, ASM International, Materials Park, Ohio, 1996.
[41] T. Sjögren, I.L. Svensson, Int. J. Cast Met. Res., 17(5), 2004, pp. 271-279.
[42] T. Sjögren, I.L. Svensson, Int. J. Cast Met. Res., 18(5), 2005, pp. 249-256.
[43] H. Nakae, H. Shin, Materials Transactions, 42(7), 2001, pp. 1428-1434.
[44] T. Sjögren, P. Vomacka, I.L. Svensson, Int. J. Cast Met. Res., 17, 2004, pp. 65-71.
[45] D.R. Askeland, F. Haddleton, The science and engineering of materials, Chapman
& Hall, London, 1996.
[46] D. Holmgren, M. Rinvaall, T. Sjögren, International Foundry
Research/Giessereiforschung, 59, 2007, pp. 14-19.
[47] J.R. Davis, ASM Handbook, 1st ed., ASM International, Materials Park, OH, 1997.
[48] Y. Sahin, M. Erdogan, V. Kilicli, Mater. Sci. Eng. A, 444, 2007, pp. 31-38.
[49] J. Zimba, D.J. Simbi, E. Navara, Cem. Concr. Compos., 25, 2003, pp. 643-649.
[50] M. Rappaz, Int. Mater. Rev., 34(1), 1989, pp. 93-124.
[51] D.M. Stefanescu, H. Pang, Can. Metall. Q., 37(3-4), 1998, pp. 229-239.
[52] W. Oldfield, Transactions of the ASM, 59, 1966, pp. 945-961.
[53] H. Fredriksson, I.L. Svensson, International Symposium on the Physical
Metallurgy of Cast Iron, 1985, pp. 273-284.
[54] K.-C. Su, I. Ohnaka, I. Yamauchi, T. Fukusako, International Symposium on the
Physical Metallurgy of Cast Iron, 1985, pp. 181-189.
[55] M. Wessén, I.L. Svensson, S. Seifeddine, J. Olsson, W. Schäfer, Modeling of Casting,
Welding and Advanced Solidification Processes (MCWASP) XI, 2006, pp. 693-700.
[56] M. Wessén, I. Svensson, Metall. Mater. Trans. A, 27(8), 1996, pp. 2209-2220.
[57] S. Seifeddine, M. Wessén, I.L. Svensson, Metall. Sci. Technol., 24(2), 2006, pp. 2632.
[58] S. Seifeddine, I.L. Svensson, Mater. Des., 31, 2010, pp. 6-12.
[59] E. Sjölander, I. Svensson, S. Seifeddine, Int. J. Cast Met. Res., 24(6), 2011, pp. 338346.

48

SIMULATION OF MICROSTRUCTURE-BASED MECHANICAL BEHAVIOUR OF CAST COMPONENTS

[60] T. Sjögren, M. Wessén, I.L. Svensson, W. Schäfer, MCWASP Conference XI, 2006,
pp.
[61] T. Sjögren, I.L. Svensson, Metall. Mater. Trans. A, 38(4), 2007, pp. 840-847.
[62] T. Sjögren, I.L. Svensson, Eigth International Symposium on Science and
Processing of Cast Iron (SPCI 8), 2006, pp.
[63] K. Williamson, Research methods for students, academics and professionals :
information management and systems, Centre for Information Studies, Wagga Wagga,
2002.
[64] S. Rumsey, How to find information : a guide for researchers, Open University
Press, Maidenhead, 2008.
[65] EndNote, v. X7, Thomson Reuters, Philadelphia, USA, 2010.
[66] S. Seifeddine, T. Sjögren, I.L. Svensson, Metall. Sci. Technol., 25(1), 2007, pp. 1222.
[67] MatchID, v. 4, Catholic University College Ghent, Ghent, Belgium, 2013.
[68] MAGMASOFT, v. 5.2, MAGMA Gießereitechnologie GmbH, Aachen, Germany,
2011.
[69] A.A. Becker, An introductory guide to finite element analysis, Professional
Engineering, London, 2004.
[70] F. Bonollo, S. Odorizzi, Numerical Simulation of Foundry Processes, Servizi Grafici
Editoriali, Padova, 2001.
[71] J. Hattel, Fundamentals of numerical modelling of casting processes, Polyteknisk
Forlag, Lyngby, 2005.
[72] M.N. Özisik, Finite Difference Methods in Heat Transfer, CRC Press, Boca Raton,
Fla., 1994.
[73] Python, v. 2.7.2, Python Software Foundation, Wolfeboro Falls, USA, 2011.
[74] ABAQUS, v. 6.12, Dassault Systèmes Simulia Corp., Providence, USA, 2011.
[75] R.W. Lewis, K. Ravindran, Int. J. Numer. Meth. Eng., 47(1-3), 2000, pp. 29-59.
[76] C. Dørum, H.I. Laukli, O.S. Hopperstad, M. Langseth, Eur. J. Mech. Solid, 28(1),
2009, pp. 1-13.
[77] E. Fagerholt, C. Dørum, T. Børvik, H.I. Laukli, O.S. Hopperstad, Int. J. Solids
Struct., 47(24), 2010, pp. 3352-3365.
[78] A. Reyes, M. Eriksson, O.G. Lademo, O.S. Hopperstad, M. Langseth, Mater. Des.,
30(3), 2009, pp. 596-608.
[79] C. Dørum, H.I. Laukli, O.S. Hopperstad, Comput. Mater. Sci., 46(1), 2009, pp. 100111.
[80] M.F. Horstemeyer, A.M. Gokhale, Int. J. Solids Struct., 36(33), 1999, pp. 50295055.
[81] M.F. Horstemeyer, J. Lathrop, A.M. Gokhale, M. Dighe, Theor. Appl. Fract. Mech.,
33(1), 2000, pp. 31-47.
[82] M.F. Horstemeyer, P. Wang, J. Comput. Aided Mater. Des., 10(1), 2003, pp. 13-34.
[83] J. Yang, S.K. Putatunda, Mater. Sci. Eng. A, 382, 2004, pp. 265-279.
[84] J.L. Garin, R.L. Mannheim, J. Mater. Process. Technol., 143-144, 2003, pp. 347351.
[85] E. Sjölander, Chalmers Reproservice, Göteborg, 2011, pp. 45.

49

50

SIMULATION OF MICROSTRUCTURE-BASED MECHANICAL BEHAVIOUR OF CAST COMPONENTS

APPENDED PAPERS
Supplement I

J. Olofsson: Simulation of Mechanical Behaviour of Cast
Aluminium Components. International Journal of Cast Metals
Research, 25(6), 2012, pp. 319-327.

Supplement II

J. Olofsson, D. Larsson, I. L. Svensson: Effect of Austempering on
Plastic Behavior of Some Austempered Ductile Iron Alloys.
Metallurgical and Materials Transactions A, 42(13), 2011, pp.
3999-4007.

Supplement III

J. Olofsson, I. L. Svensson: Incorporating predicted local
mechanical behaviour of cast components into finite element
simulations. Materials & Design, 34, 2012, pp. 494-500.

Supplement IV

J. Olofsson, I. L. Svensson: Casting and stress-strain simulations of
a cast ductile iron component using microstructure based
mechanical behaviour. IOP Conference Series: Materials Science
and Engineering, 33 012051, 2012.

Supplement V

J. Olofsson, I. L. Svensson: The effects of local variations in
mechanical behaviour – numerical investigation of a ductile iron
component. Materials & Design, 43, 2013, pp. 264-271.

Supplement VI

J. Olofsson, I. L. Svensson: Closed chain simulations of a cast
aluminium component - Incorporating casting process simulation
and local material characterization into stress-strain simulations.
ISIJ International, 54(2), 2014, pp. 259-265.

Supplement VII

J. Olofsson, I. L. Svensson, P. Lava and D. Debruyne:
Characterisation and investigation of local variations in
mechanical behaviour in cast aluminium using gradient
solidification, digital image correlation and finite element
simulation. Materials & Design, 56, 2014, pp. 755-762.

Supplement VIII

A. Jarfors, S. Seifeddine, J. Olofsson and I. L. Svensson: Critical
Description of Defects and Mechanical Behaviour in Casting
Process Modelling of Light Metals for Automotive Use.
Proceedings of PFAM XXII, 2013, pp. 3-22.

51

