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Abstract

The thesis originates from a need to meet stricter environmental regulations for Scania, to re-
duce fuel consumption and emission from heavy-vehicles. Scania aims to fulfil these require-
ments by increasing combustion pressure and temperature. These conditions are tougher for
the engine components and they shorten their lifetime. This thesis aims to improve Scania’s
ability to increase the lifetime of a heavy-vehicle exhaust manifold, an engine component that
collects exhaust from several engine cylinders into one pipe.

This was done by conducting a material comparison and a parameter study, both used the
FEM software Abaqus CAE. The material comparison consisted of three ferritic and austenitic
ductile cast irons (SiMo51, SiMo1000 and Ni-resist) subjected to thermal stress. Their max
stress was compared for two thermo-mechanical fatigue cases, out-of-phase and in-phase. A
parameter study was also conducted to clarify the influence of thermal conductivity, thermal
expansion, Young’s modulus and yield strength on max stress for OP and IP in the exhaust
manifold. The FEM simulation results from the parameter study were used to create func-
tions that can be used to decide how to treat/process a material to minimise the stress in
the exhaust manifold. They can also be used in material selection to choose a material that
minimises stress. The research questions and their shortened answers can be seen below.

1. Which of SiMo51, SiMo1000 and Ni-resist produces the lowest tensile stresses? For
OP, SiMo1000 produced a slightly lower max principal stress than SiMo51. For IP, Ni-resist
produced the lowest max principal stress by a large margin.

2. How do different material properties affect the maximum stress during operation of the
given component? Thermal conductivity has a decreasing relation to max stress. Thermal
expansion and Young’s modulus have a similar relation to max stress, stress increases for
both properties as they increase. A decreased yield strength decreases the max stress for
stresses above the yield limit but has no effect on stress below it.

3. How should an objective function to minimise max stress in the component with regard
to material properties be expressed?

x = Thermal expansion
11.623 [µm] and y = Young’s modulus

167 [GPa]

OP = 1336´ 1931x´ 2774y + 1019x2 + 3052x ¨ y + 1958y2 ´ 226.4x3 ´ 1001x2 ¨ y

´ 1056x ¨ y2 ´ 643.9y3 + 2.678x4 + 197.8x3 ¨ y + 23.72 ¨ y2 + 201.7x ¨ y3 + 73.92y4

IP = 318´ 402.1x´ 609.5y + 431x2 + 815.9x ¨ y + 703.4y2 ´ 201.6x3 ´ 294.5x2 ¨ y

´ 377x ¨ y2 ´ 345y3 + 35.97x4 + 46.85x3 ¨ y + 48.86x2 ¨ y2 + 69.58x ¨ y3 + 61.92y4

Keywords: Thermomechanical fatigue, TMF, material parameter study, finite element
method, FEM.
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Chapter 1
Introduction

1.1 Motivation

New environmental regulations require decreased fuel consumption and lower emissions
in the transportation sector. To meet these requirements, Scania strives to increase engine
efficiency through increased combustion pressure and temperature. This will result in lower
emissions and a decreased fuel consumption. However, increased combustion temperature
and pressure also leads to a higher fatigue load for the engine components – decreasing their
lifetime. An important part of raising the engine efficiency is therefore to increase the fatigue
resistance of the engine components.

This thesis is focused on an engine component for heavy-vehicles, the exhaust manifold seen
in Figure 1. The exhaust manifold collects exhaust from several cylinders located on the
engine into one pipe. The component is repeatedly subjected to high temperatures and me-
chanical loads as the engine is recurrently turned on and off during everyday use. As a result,
the component is subjected to a fatigue damage accumulation that decreases its lifetime.

Figure 1: Back and front view of the exhaust manifold.
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1.2. Aim

1.2 Aim

The thesis aims to compare three ferritic and austenitic ductile cast irons (SiMo51, SiMo1000
and Ni-resist) and identify the most promising material for minimising the stress levels dur-
ing fatigue damage accumulation. The thesis also aims to clarify how different material prop-
erties synergistically and individually affect stress in the exhaust manifold during operation
by performing parameter studies based on FEM simulation data. By varying values for dif-
ferent material properties, a parameter study can be conducted and used as a basis for func-
tions that describes how the max stress in the component changes depending on different
parameter values. The functions can be used to improve Scania’s ability to choose and treat
the material used for the exhaust manifold. A more detailed description how the aims were
realised can be read in the method chapter.

1.3 Research questions

1. Which of SiMo51, SiMo1000 and Ni-resist produces the lowest tensile stresses?

2. How do different material properties affect the maximum stress during operation of the
given exhaust manifold?

3. How should an objective function to minimise max stress in the component with regard
to material properties be expressed?

1.4 Delimitations

The performed simulations are for comparison and not meant to give exact answers. The
component model from Scania included thermal stress but excluded all mechanical stresses
such as vibrations, pressure changes and possibly other sources. The simulations are for the
first 10 minutes and 50 seconds and not long enough for the exhaust manifold to reach a
steady state, i.e., the study examines maximum stress generated in the component connected
to low cycle fatigue caused by thermal stress. However, resistance to damage or fatigue was
not within the scope of the thesis and it will only examine the max principal stress in the com-
ponent in an effort to reduce fatigue damage accumulation. Aspects such as: fatigue, damage,
lifetime, volume change, plastic deformation, cracking or oxidation were not examined.

2



Chapter 2
Theory

This chapter contains sections of theory used in decisions regarding method and when
analysing the results, both to discuss the findings and to draw conclusions. As this mas-
ter thesis uses a constitutive model based on mathematical formulations of thermal and me-
chanical behaviour, a basic understanding of the mathematical equations is helpful and have
therefore been included in the chapter.

2.1 Thermomechanical fatigue (TMF)

Thermomechanical fatigue (TMF) is caused by the combination of cyclic variation of thermal
and mechanical strain (Militky and Ibrahim, 2009). Two common types of phasings tested are
in-phase (IP) and out-of-phase (OP) strain cases since many mechanisms occurring during
TMF will occur during these two extreme cases (Changan et al., 1999).

IP cycling is when maximum temperature coincides with maximum strain and OP cycling
is when the maximum temperature coincides with minimum strain, an example for each
case can be seen in Figure 2 (Militky and Ibrahim, 2009). The general tendency for materials
that soften at high temperatures in strain controlled TMF is for IP to have high compressive
stresses and for OP to have high tensile stresses (Skoglund, Kempe, and Norman, 2018). This
tendency can be seen in the TMF hysteresis loops for validation of the constitutive model in
Figure 9 found in Section 4.1, the validation of the constitutive model.

Figure 2: In-phase and out-of-phase loading cases, inspired by (Skoglund, Kempe, and Norman, 2018)

3



2.2. Cyclic loading and hysteresis loops for metals

2.2 Cyclic loading and hysteresis loops for metals

A stress-strain hysteresis loop is a method to obtain an overview of the historical behaviour
for a material subjected to cyclic loading, three examples of hysteresis loops can be seen to
the right in Figure 3. It can also be used to identify parameters important for lifetime ap-
proximation (Stouffer and Dame, 1996). Cycle loading can be divided into the three types of
effects illustrated in Figure 3: cyclic stability, cyclic hardening and cyclic softening (Stouffer
and Dame, 1996). For cyclic hardening with a constant strain range the stress range increases
and the inelastic strain decreases, the opposite happen during cyclic softening as the stress
range decreases and the inelastic strain increases (Stouffer and Dame, 1996). When the metal
has reached cyclic stability there will not be much hardening or softening just as the name
suggests (Stouffer and Dame, 1996).

Figure 3: Cycle effects for stable behaviour (first row), cyclic hardening (second row) and cyclic soft-
ening (third row), inspired by (Stouffer and Dame, 1996)

2.3 Fatigue in metals

Fatigue failure is a type of failure that does not happen from a single load exceeding the
material’s ultimate tensile strength, it occurs from (usually) longtime use with repeated vari-
ation of stress that can be much lower than the material’s yield strength (Campbell, 2012) and
(Dahlberg and Ekberg, 2002). It is an accumulative type of damage that over time will lead to
failure if the stress is above the material’s fatigue limit (Dahlberg and Ekberg, 2002). Below
the fatigue limit a material can in theory be subjected to an infinite number of cycles without

4



2.4. Creep in metals

sustaining any damage (Dahlberg and Ekberg, 2002). For fatigue to develop there are three
fundamental factors that have to be fulfilled (Campbell, 2012):

• One: Stress above the fatigue limit

• Two: Large enough variation of applied stress

• Three: Enough cycles

I.e., with varying loads above the fatigue limit a component will eventually sustain micro-
scopic cracks that decreases its mechanical properties and enables both deformation and
fracturing below the material’s yield stress (Lundh, 2016). Fatigue can be divided into the
following three stages (Campbell, 2012):

• Stage I: Crack nucleation and crack initiation

• Stage II: Crack propagation

• Stage III: Failure

Cracks caused by fatigue form at the point(s) with maximum relative local stress, generally at
or near the surface (Campbell, 2012). I.e., at a local stress concentration caused by a sudden
change in geometry, such as: scratches, burrs, inclusions, hard precipitate particles, crystal
discontinuities, holes, notches, filaments or grooves etc. (Campbell, 2012) and (Dahlberg and
Ekberg, 2002).

2.4 Creep in metals

Creep is an inelastic deformation that takes place over time, primarily at high relative tem-
perature and can be present at stresses below yield strength (Stouffer and Dame, 1996) and
(Qianfan, 2013). In other words, creep is a function of time, stress, and temperature as the
main contributor (Stouffer and Dame, 1996) and (Qianfan, 2013). Creep leads to chronic
strain accumulation or stress relaxation (Qianfan, 2013) and (Stouffer and Dame, 1996). Even
though creep is associated with high temperatures it can occur from temperatures above ab-
solute zero (Mouritz, 2012). However, it generally only becomes a concern for metals as they
reach temperatures above approximately half of its melting temperature (Pfeifer, 2009) and
(Stouffer and Dame, 1996). Higher stress and temperature increase the creep rate and leads
to faster failure of the material (Stouffer and Dame, 1996).

Creep strain is defined both mathematically and experimentally as the difference between
total measured strain and calculated elastic strain as in Equation (1) when plastic strain is
zero. As such, In classical theory of plasticity and creep, when a material is subjected to
plastic strain the creep strain obtained from experiments and Equation (1) is added to the
total strain as in Equation (2) and is independent of plastic strain.

εT = εe + εc =
σ

E
+ εc (1)

εT = εe + εpl + εc (2)

εT = Total strain
εe = Elastic strain
εc = Creep strain
εpl = Plastic strain
σ = Stress
E = Young’s modulus

5



2.5. Isotropic and kinematic hardening

It is important to note that if creep is present, stress relaxation and strain recovery are likely
present as well (Stouffer and Dame, 1996). Strain recovery is an instantaneous elastic recovery
when the stress is reduced or removed, followed by a continued recovery over time. Stress
relaxation is explained briefly in section 2.4.1. Different categories of creep exist but this study
only includes the total impact of creep on the component. Thus, differentiating between creep
mechanisms is not relevant for the study.

2.4.1 Stress relaxation

Stress relaxation is a decrease in stress over time at constant total strain and it occurs due to
redistribution of elastic and inelastic strain (Askeland, Fulay, and Wright, 2011), (Stouffer and
Dame, 1996) and (Zhuang and Halford, 2001). As seen in Equation (3) stress relaxation has
the same driving forces as creep; i.e. it is a function of time, stress, and temperature (Stouffer
and Dame, 1996). An example of stress relaxation over time can be seen in Figure 4.

ε̇T = 0 =
σ̇

E
+ ε̇c ă=ą σ̇ = ´Eε̇c (3)

Figure 4: Stress relaxation over time, inspired by (Ashtar, 2014)

2.5 Isotropic and kinematic hardening

Isotropic and kinematic hardening models describe how a material changes when subjected
to plastic deformation. Before experiencing plastic deformation a material has an isotropic
behaviour in both models (Stouffer and Dame, 1996). An isotropic material has equal yield
strength in all direction and with an isotropic hardening model the material will remain
isotropic even after it starts to plasticise, as seen in Figure 5 (Stouffer and Dame, 1996). I.e.,
the compressive and tensile yield strength remain equal in magnitude through-out the ma-
terial’s lifetime (Stouffer and Dame, 1996). The model is relatively simple but not realistic
for cyclic loading of a metal (Stouffer and Dame, 1996). A kinematic hardening model was
therefore used in the constitutive model.

In a kinematic hardening model the material stops behaving isotropically after plasticity has

6



2.5. Isotropic and kinematic hardening

Figure 5: (a) shows a tensile response for isotropic hardening and (b) the multiaxial stress space of von
Mises yield surface for isotropic hardening, inspired by (Stouffer and Dame, 1996)

been reached and it is used to simulate inelastic behaviour of materials (Abaqus Analysis User’s
Guide 6.14 2014) and (Stouffer and Dame, 1996). The yield surface for a kinematic model will
translate in the stress space but remain unchanged in size, shape, and orientation (Stouffer
and Dame, 1996). An example of a tensile response and such a change of the yield surface
with kinematic hardening according to the Ziegler hardening rule are illustrated in Figure
6. The elastic range remains constant as seen in (a) but centre of the yield surface moves as
a reaction to plastic strain as seen in (b), this phenomenon is called the Bauschinger effect
and the kinematic hardening model was developed to take this behaviour into consideration
(Stouffer and Dame, 1996) and (Andrade, 2018). The centre of the yield surface represents
the backstress tensor, αij, a function of the deformation history (Stouffer and Dame, 1996) and
(Andrade, 2018). The yield surface of such a model is defined by Equation (4) and uses a von
Mises yield surface (Abaqus Analysis User’s Guide 6.14 2014) and (Stouffer and Dame, 1996).

F = f (σij ´ αij)´ σo = 0 (4)

σo = initial yield stress
f(σij - αij) = von Mises stress with respect to the backstress and is defined below:

f (σij ´ αij) =

c

3
2
(Sij ´ αdev, ij) : (Sij ´ αdev, ij) (5)

S = deviatoric stress tensor, see section 2.6
αdev = deviatoric part of the backstress tensor

Sij = σij ´ σH (6)

σij = stress tensor
σH = mean or hydrostatic stress

With combined hardening in Abaqus, two parameters are defined to decide the hardening
model: C, the initial kinematic hardening moduli and γ, the rate at which the kinematic hard-
ening moduli decreases with increasing plastic deformation (Abaqus Analysis User’s Guide 6.14

7



2.6. Deviatoric and hydrostatic stress

Figure 6: (a) shows a tensile response for kinematic hardening and (b) the multiaxial stress space
of von Mises yield surface with Zeigler’s kinematic hardening law, inspired by (Stouffer and Dame,
1996)

2014). The kinematic hardening component used in the study was the linear part of Equation
(7). The equation is the addition of a purely kinematic term (linear Ziegler hardening law)
and a relaxation or recall term, the nonlinear component (Abaqus Analysis User’s Guide 6.14
2014).

α̇k = Ck
1
σ0 (σ ´ α) ˙̄εpl ´ γkαk ˙̄εpl (7)

k = number of backstress
α̇ = rate of backstress
C = kinematic hardening modulus
σ0 = initial yield surface
σ = stress tensor
α = backstress tensor
˙̄εpl = equivalent or von Mises plastic strain rate
γ = rate of decreasing kinematic hardening modulus with increasing plastic deformation

If γ is zero, the model is a linear kinematic hardening model. If both γ and C are zero it
is an isotropic hardening model. A linear kinematic hardening model will give physically
reasonable results for strains under 5% (Abaqus Analysis User’s Guide 6.14 2014). In a linear
kinematic hardening model, the equivalent or von Mises stress σ0, that defines the size of the
yield surface is constant and equals the size of the yield surface at zero plastic strain (Abaqus
Analysis User’s Guide 6.14 2014).

2.6 Deviatoric and hydrostatic stress

The stress tensor can be divided into two parts, a hydrostatic and a deviatoric part as seen
in Equation (6) and (8) (Cambridge, n.d.) and (Stouffer and Dame, 1996). The hydrostatic, or
mean, stress can be seen in Equation (9) (Cambridge, n.d.) and (Stouffer and Dame, 1996).
The hydrostatic stress is linked to changes in volume while the deviatoric stress is linked to

8



2.7. Principal stress

changes in shape (Cambridge, n.d.) and (Stouffer and Dame, 1996). Inelastic deformation in
crystalline metals occur primarily from planar slip, a volume-constant process (Cambridge,
n.d.) and (Stouffer and Dame, 1996).σ11 σ12 σ13

σ21 σ22 σ23
σ31 σ32 σ33

 =

σH 0 0
0 σH 0
0 0 σH

+

σ11 ´ σH σ12 σ13
σ21 σ22 ´ σH σ23
σ31 σ32 σ33 ´ σH

 (8)

σH =
1
3
(σ11 + σ22 + σ33) (9)

σij = stress tensor
σH = mean or hydrostatic stress
σij - σH = deviatoric stress tensor

2.7 Principal stress

The coordinate system for an element has three mutually perpendicular planes, stresses par-
allel to these planes are called normal stresses (Stouffer and Dame, 1996). The coordinate
system for any element can be oriented in such a manner that all non-zero stresses are nor-
mal stresses, these are the principal stresses (Stouffer and Dame, 1996).The biggest of these
stresses is the max principal stress.

2.8 Thermal stress

When temperature in a material rises, the transfer of free electrons and vibrations increases
due to an increased thermal energy (Askeland, Fulay, and Wright, 2011). The transfer of free
electrons lead to heat transfer in the material while the vibrations lead to both heat transfer
and a volume increase (Askeland, Fulay, and Wright, 2011). With temperature gradients in
the component it means that different regions will be exposed to different degrees of volume
change, this causes stresses in the component. The expansion is defined by the thermal ex-
pansion coefficient, α(T) [dl/dT] and is used in the formula for thermal expansion that can be
seen in Equation (10) (Dahlberg and Ekberg, 2002).

εth = α∆T (10)

2.9 Finite element method (FEM)

The finite element method or finite element analysis is a method used as basis by computer
software to analyse physical and mathematical problems regarding parts, components and
systems to reduce the need for expensive experiments and prototypes (Manor, n.d.) and (Sim-
Scale, n.d.). These software are used as tools to simulate heat transfer, fluid flow, structural
behaviour, wave propagation and more (SimScale, n.d.). To analyse a structure with complex
geometry it is necessary to divide the model into smaller elements interconnected at nodes,
this is done by meshing the model (Khennane, 2013). It transforms the model, in a computa-
tional perspective, from a continuous part with infinite number of points to a finite number
of nodes and elements. Each node (a single point in the component) has material and struc-
tural data of its own location, lines linking different nodes to each other create enclosed areas
that make up the elements (Manor, n.d.). To a certain degree a denser mesh will give more
precise results, but a denser mesh also requires more calculations that increases the cost and
time of the simulation (Manor, n.d.). Each element undergoes calculations for its external
stimulation, this changes its own boarder conditions affecting its neighbouring elements and
in turn is also affected by its neighbouring elements’ own reaction to the external stimulation
(Manor, n.d.). The elements undergo iterative calculations to adjust for this and eventually
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converges to a solution if the model has been defined well enough (Manor, n.d.). It is there-
fore easy to understand why a denser mesh becomes more computationally demanding. One
should also be aware that a simulation is based on numerical analysis and is an approxima-
tion of reality. The accuracy of this approximation depends on how well the user managed to
incorporate the most important aspects of the examined part, component or system.

2.10 Objective function

A function describing the changes of max stress due to changes of material property-values
can be used to optimise the stress in the component, i.e. minimise the stress. An optimisation
problem consists of two parts: an objective function and constraints. The objective function
defines what should be minimised or maximised in the form of a function and the constraints
define the allowed interval for the variables and functions to obtain the desired output from
the objective function. An example of an optimisation problem with an objective function (1)
and constraints (2)-(3) can be seen below.

min f(xi) f or i = 1, ..., 4 (1)
g(xi) ď C f or i = 1, ..., 4 (2)
xi ě 0 f or i = 1, ..., 4 (3)
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Chapter 3
Method

A broad overview of the method chapter is given directly below and is followed by sections
describing the method in greater detail.

One of the first steps of the thesis was to create a constitutive model with the FEM software
Abaqus CAE. Material properties for temperatures ranging from 20 to 830 0C obtained from
tests performed by Scania, MAN, LiU and Netzsch were applied to the constitutive FEM
model (Lindemann, Rahner, and Gezgin, 2017) and (Skoglund, Kempe, and Norman, 2018).
The constitutive model, the mathematical representation of a material responding to some
form of loading, was validated against TMF data for both OP and IP loading cases and then
applied to the component model. The material properties for the materials can be seen in
Appendix A.

The component model was used to generate data to compare the materials and to perform a
parameter study. The parameters chosen for the parameter study were thermal conductivity,
thermal expansion, young’s modulus and yield strength. Curves, 3D surfaces and their func-
tions were created from the simulation data and described the material properties’ effect on
the max principal stress, both individually and synergistically. Objective functions to min-
imise the max principal stress in the component were created using two of those functions.

It should be noted that yield strength was not included in any objective function as a de-
creased max principal stress resulting from a decreased yield strength is due to hardening
from a larger plastic deformation. Which might have a negative impact on the component’s
lifetime. However, the lifetime will ultimately depend on fatigue properties. Time increment
settings for the simulations can be seen in Table 1.

Table 1: Time step settings for the simulations, all times are given in seconds.

Model Time step Init. incr. size Min incr. size Max incr. size
Constitutive
FEM model
(hardening)

1 0.1 1¨10-5 0.1

Constitutive
FEM model
(TMF)

1200 (400¨3) 10 3¨10-5 10

Component
model

Step 1: 1
Step 2: 240
Step 3: 170
Step 4: 240

Step 1: 0.1
Step 2-4: 1

Step 1: 0+

Step 2-4: 0+
Step 1: 1
Step 2-4: 24
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3.1. Constitutive FEM model

3.1 Constitutive FEM model

A constitutive model is a mathematical representation of a material responding to some form
of loading. I.e., how the material responds to stress, strain, temperature change etc. This
master thesis used the FEM software Abaqus/CAE to simulate the material’s response to the
thermal loading. The constitutive model was constructed to be applied on the component
model of the exhaust manifold and simulate the material’s response to thermal loading aris-
ing during operation. The FEM model used to develop and validate the constitutive model
is called the constitutive FEM model in this thesis to avoid confusion.

All test data used for material properties were taken from the "Improved TMF/HCF perfor-
mance of ductile irons" report (Skoglund, Kempe, and Norman, 2018) and the tests were per-
formed by Scania, MAN, and Linköping University (Skoglund, Kempe, and Norman, 2018).
The thermal properties were taken from experiments performed by Netzsch (Lindemann,
Rahner, and Gezgin, 2017). Creep data was given for SiMo51 by Scania.

The constitutive FEM model was a 1 m3, solid and homogeneous block consisting of one
element and eight nodes as seen in Figure 7. The step type used was static, general. The
following boundary conditions were applied: displacement on the top side of the block in
positive z-direction, bottom side locked in z-direction, y-direction and locked for rotation
around x- and y-axis. Young’s modulus and yield strength were taken from static tensile

Figure 7: The block used in the constitutive model simulations.

tests for 20, 300, 500, 600, 700, 800, and 830 0C performed by MAN (Skoglund, Kempe, and
Norman, 2018). Poisson’s ratio was assumed to be 0.3 for all materials, a common value for
steels. Simulations for different displacements and temperatures were performed to fit hard-
ening parameters against linearised strain-stress curves from LCF test data. All strains were
small, below 1 %, and test data available for fitting were 20, 300, 600, and 830 0C. Hardening
values for other temperatures were obtained from linear interpolation. The time settings for
the hardening simulations can be seen in Table 1.
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3.2. Component FEM model

The step type of the simulation was changed to viscoelastic after applying hardening values
to the model, enabling simulations with creep. Creep data for stress multiplier coefficient
A and stress order exponent n, see Equation (11), were available for SiMo51. It was the
only creep data available and therefore used on all materials to define the creep behaviour
in Abaqus. The creep data was used for the temperature span of 600 to 800 0C with values
for every 10 0C, the remaining values between 300 to 830 0C were obtained from linearisa-
tion. Stress order exponent n was linearised without any modification, but the power law
multiplier coefficient A showed linear behaviour in logarithmic scale and was therefore first
converted into said scale before it was linearised and converted back.

ε̇c = Aσn (11)

ε̇c = uniaxial equivalent creep strain rate
A = power law multiplier
σ = uniaxial equivalent deviatoric stress
n = equivalent stress order

The constitutive model was validated by comparing TMF hysteresis loops from simulations
with loops from experiments. Time settings for the TMF simulations can be seen in Table 1.
Ramp amplitudes for strain were used to match those of the experiments and temperature
varied from 300 to 830 0C for both OP- and IP-cases for each material. I.e., two simulations
for each material and a total of six simulations were performed to validate the constitutive
model. The validation can be seen in Figure 9 in the validation results section 4.1.

3.2 Component FEM model

A component model of the exhaust manifold with associated files were supplied by Scania
for the simulations, including four input text files to simulate temperature variations and
temperature induced stress during operation. The component model consisted of 233 124
nodes, 144 560 elements and can be seen in Figure 1. Two of the input files contained fluid
temperature data associated with the engine settings 1000 RPM and 1800 RPM respectively.
The third input file generated temperature data for the component model using the two pre-
viously mentioned input files via a simulation divided into three steps, step 2-4 seen in Table
1. Step 1 consisted of a load being applied to the screws in the model and was not applied
when generating temperature data. The fourth input file generated mechanical related data
based on temperature data from the simulation previously mentioned. The mechanical sim-
ulation consisted of the same steps as the temperature simulation with the addition of step 1
seen in Table 1, pre-loading of the screws.

Temperature dependent parameters from the validated constitutive model were imple-
mented into the component model. Thermal material properties in the form of thermal con-
ductivity, specific heat capacity, and thermal expansion from tests performed by Netzsch
were also implemented for 20, 100, 200, 300, 400, 500, 600, 700, and 830 0C (Lindemann, Rah-
ner, and Gezgin, 2017). Density data for each material was obtained from test data measured
at 20 0C for bulk density (Lindemann, Rahner, and Gezgin, 2017). Aside from the newly im-
plemented parameters, the model already had constant values for radiation and convection
that were left unchanged. With all above mentioned material parameters implemented the
model was complete and ready to be used for material comparison and a parameter study.

Under the course of going through simulation results and looking at the results in detail it
was discovered that the given component model had several problems, the workarounds to
resolve these problems are described in the comparison of the materials section 3.3 and in the
parameter study section 3.4.
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3.3. Comparison of SiMo51, SiMo1000, and Ni-resist

3.3 Comparison of SiMo51, SiMo1000, and Ni-resist

Before conducting a comparison of the materials, the hardening parameter for Ni-resist was
fitted against the TMF cycle to obtain a material closer resembling the real material and im-
proving the comparison. Simulations generating data of thermal variations in the model for
each material were performed, followed by simulations using said thermal data to generate
data for thermal stress. The point with highest max principal stress in step 3 (OP) and step 4
(IP) were examined and the results of the comparison can be seen in Section 4.2. For the Ni-
resist simulation the max principal stress was located at an artificial stress concentration for
Step 4, as seen in Figure 8. Both the minimum and maximum stress occupied the same node,
this node was always simultaneously subjected to a large compressive and tensile stress, but
it only sometimes led to an artificial stress concentration. The solution was to replace the
value by comparing nodes with highest max principal stress from all other simulations con-
ducted in the project and choose the one with the highest max principal stress. The highest
stress of those nodes turned out to be the same node as in SiMo51 and SiMo100. Because the
Ni-resist’s max principal stress for the IP case was changed this way it is tagged with a *.

Figure 8: Stress contours at the end of step 4 (IP) for SiMo51 to the left and Ni-resist with an artificial
stress concentration to the right.

3.4 Parameter study

A parameter study is a study performed to identify how different parameters affect a cer-
tain outcome. In this case, several simulations were conducted with varying settings for the
parameters (material properties) to identify how they together affected the outcome (max
principal stress). The goal of the parameter study was to gain a better understanding of how
each parameter individually affects the maximum stress in the component and also how the
material properties synergistically affect the max principal stress. SiMo51 was chosen as the
reference material for the parameter study as it was the material currently used in the ex-
haust manifold. The result of the parameter study is presented both visually and in the form
of functions for OP and IP in section 4.3.

The parameter study was divided into two main parts: An individual parameter study where
the effects of changing the parameters individually were studied and another were the syn-
ergistic effects of changing the parameters together were studied. The number of material
properties and measuring points for each property had to be limited. The broader synergistic
parameter study, the most time consuming of the parameter studies, was limited to four ma-
terial properties and three measuring points for each material property. The three measuring
points were for half of SiMo51’s original value, the original value and double the original
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3.4. Parameter study

value. Simulations were carried out for every material property and measuring point combi-
nation to examine the parameters’ synergistic affect on the maximum stress in the component.
This resulted in 34 = 81 individual simulations.

When deciding which four material properties to study there were ten alternatives to choose
from: creep, radiation, convection, thermal expansion, density, thermal conductivity, spe-
cific heat capacity, yield strength, young’s modulus and a kinematic hardening parameter.
The parameters were chosen based on two factors: how much it was estimated to affect the
maximum stress in the component compared to the other parameters and the parameter’s es-
timated ability to be modified in a real material. These motivations for the chosen properties
can be read in Parameter choice 3.4.1. The four parameters chosen were thermal conductivity,
thermal expansion, yield strength and young’s modulus.

The detailed synergistic parameter studies, where the effect on max principal stress was ex-
amined for two properties at a time, was conducted for λ and σy and for α and E. Each of these
studies were examined at five points for each property, except for σy which was examined
at six points to obtain a 3D surface that adequately described the relations to max principal
stress. Just as for the broader synergistic parameter study every combination was examined,
resulting in 25 simulations for α and E while λ and σy had 30 simulations. The simulations
were used to create 3D surfaces and functions for OP and IP with MATLAB. These functions
can be used as a tool to assist in early steps of the material selection or when deciding how to
treat a material to minimise the maximum stress in the component.

The individual parameter study did not require as many simulations since all other mate-
rial properties except the one studied was locked. To obtain a curve describing the relation
between stress and the material property, five simulations for every material property were
conducted. The curves were created using MATLAB and their functions can be used the same
way as the ones from the detailed synergistic parameter study.

When the simulation results were examined it was discovered that the screws fastening the
exhaust manifold to the engine had an increasing impact on the result with values further
away from the original α-value. The broader synergistic parameter study was conducted with
the original screws, but the detailed synergistic and the individual parameter studies were
conducted using screws with the same thermal expansion coefficient as that of the exhaust
manifold. The original screws were likely chosen largely based on their thermal expansion
coefficient, it was therefore assumed that if the thermal expansion coefficient changed in the
exhaust manifold the screw choice would follow suit and therefore did just that for those two
parameter studies.

It was also discovered that the model supplied by Scania had convergence errors, time in-
crement size dependency and it created artificially high stress concentrations because of a
mesh that was too coarse. Some simulations were more affected than others but the collected
results from the simulations do show general trends that are consistent with theory. Thus,
the overall results presented in the study should still be a good representation of how the
different material properties affect the max principal stress.

3.4.1 Parameter choice motivation

As previously mentioned the component model consisted of ten changeable parameters and
four were chosen (thermal conductivity, thermal expansion, yield strength and young’s mod-
ulus), a brief motivation why the parameters were chosen is written below. The motivation
why the temperature dependence for thermal conductivity was removed for the parameter
study opposed to the material comparison is also included.
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3.4. Parameter study

Thermal conductivity (λ) is the material’s ability to internally transfer heat. Heat is trans-
ferred by two factors: movement of free electrons and lattice vibrations (Askeland, Fulay,
and Wright, 2011). An increased temperature increases the kinetic energy for both factors, but
the lattice vibrations scatters the free electrons and thus decreases the thermal conductivity
(Askeland, Fulay, and Wright, 2011). Because of these two counter-acting factors the thermal
conductivity can differ greatly between different metals and was therefore made tempera-
ture independent (Askeland, Fulay, and Wright, 2011). A material’s thermal conductivity is
influenced by crystal structure, microstructure, and how it is processed (Askeland, Fulay, and
Wright, 2011).

Thermal expansion (α), is just like Young’s modulus related to a high melting temperature,
primarily depend on the atomic bond strength and is microstructure insensitive (Askeland,
Fulay, and Wright, 2011). A strong atomic bond means a lower thermal expansion coefficient.
As the property is microstructure insensitive the property is more relevant when creating
alloys or during material selection than for decreasing it via treatment. Just as for Young’s
modulus it has a large influence on thermal stress, as seen in Equation (10), which should be
taken into consideration.

Yield strength (σy), is the stress level for which exceeding stresses cause permanent defor-
mation (Askeland, Fulay, and Wright, 2011). The property is microstructure sensitive and can
be manipulated by changing grain size, number of grains, solid solution formation, strain
hardening and so on (Askeland, Fulay, and Wright, 2011).

Young’s modulus (E), describes the stress-strain relationship in the elastic deformation range.
It is related to a high melting point and depends on the atom binding energy (Askeland, Fu-
lay, and Wright, 2011). A higher binding energy means that more energy is needed to extend
the bond, i.e. Young’s modulus is higher (Askeland, Fulay, and Wright, 2011). Young’s mod-
ulus is regarded to be a microstructure insensitive property (Askeland, Fulay, and Wright,
2011). Thus, the largest deciding factor for Young’s modulus is the atomic bond stiffness and
as it is microstructure insensitive it is not possible to alter the modulus much for a material
(Askeland, Fulay, and Wright, 2011). The E-modulus is instead usually optimised through al-
loying or material selection. It should also be noted that it is a property with a large influence
on thermal stress, as seen in Equation 10.
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Chapter 4
Results and discussion

The chapter presents and discusses all the results, including: validation of the constitutive
model, comparison of the materials, parameter study and objective functions. This is fol-
lowed by a discussion of the methods used to obtain said results and a discussion about the
thesis’ ethical and societal implications.

4.1 Validation of the constitutive model

In this section, the validation of the constitutive model is demonstrated. The validation of
the model can be seen in Figure 9 for all materials. The temperature varied between 300 and
830 0C for every case, with maximum temperature coinciding with maximum strain in the IP
cases and maximum temperature coinciding with minimum strain in the OP cases. Before the
comparison was conducted, changes were made to the Ni-resist constitutive model regard-
ing its hardening parameter as it percentually differed more than the other material models
compared to the experimental data. This was corrected by fitting the hardening parameters
of Ni-resist against the hysteresis loop to improve the material model’s accuracy and improve
the comparison.

4.2 Comparison of SiMo51, SiMo1000, and Ni-resist

Table 2 presents the results for the max principal stress comparison of SiMo51, SiMo1000,
and Ni-resist at the end of step 3 (OP) and step 4 (IP). The location for these stresses can be
seen in Figure 11. All max principal stresses were located at sudden changes in geometry
where stress concentrations are expected to exist. As described in the Method 3.3, max prin-
cipal stress for Ni-resist IP was changed due to an artificial stress concentration. The stress
and temperature behaviour over the entire cycle for the max principal stress nodes can be
seen in Figure 10 for step 3 (OP) and Figure 12 for step 4 (IP).The low temperature for IP
perhaps does not qualify the stress for TMF but was assumed to still be representative of the
stress behaviour at higher temperature. The stress still follows the same trends when chang-
ing the material property-values for lower temperature as for higher temperatures, but the
stress changes and the stress level will differ. A different method that uses actual TMF IP is
described in the method discussion. 4.4.

Table 2: Comparison of stress in the component for SiMo51, SiMo1000, and Ni-resist.

Max principal
stress

SiMo51 [MPa] SiMo1000 [MPa] Ni-resist [MPa]

@ the end of step 3,
OP

217.9 205.2 260.1

@ the end of step 4,
IP

297.4 293.2 212.1*
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4.2. Comparison of SiMo51, SiMo1000, and Ni-resist

Figure 9: Validation of the constitutive model, the hysteresis loops coloured blue are from
experiments and the other are from simulations. The x-axes show elongation and the y-axes
show stress in MPa

The results seen in Table 2 were consistent with the experimental TMF hysteresis loop seen in
Figure 9 for the validation (Skoglund, Kempe, and Norman, 2018). The reason why Ni-resist
has a higher max principal in OP loading but a lower for IP loading can perhaps be explained
by a similar α for a lower temperature, as is the case for IP with this method, while for higher
temperature the α increases more for Ni-resist than for the two SiMo-materials. Young’s
modulus however also decreases more for Ni-resist with increasing temperature than for
SiMo. σy for Ni-resist is lower for low temperatures but is reversed for higher temperatures.
In OP the σy is higher for Ni-resist than the SiMo materials. A material with lower σy will
begin to harden earlier. All these factors help play a role in these results. The material
properties for the three materials can be seen in Appendix A.

While the location of highest stress concentrations sometimes differed between different sim-
ulations. The overall temperature distribution did not, the exact location of minimum and
maximum temperature could change but did not vary much. The temperature contours of
SiMo51 is used as an example with the minimum and maximum temperature locations high-
lighted for each material and can be seen in Figure 13 for the end of step 3 (OP) and in Figure
14 for step 4 (IP).
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4.2. Comparison of SiMo51, SiMo1000, and Ni-resist

Figure 10: Temperature and stress behaviour for OP max stress nodes. Temperature in Celsius, stress
in MPa and time in seconds.

Figure 11: Max principal stress locations for OP to the left and IP to the right. In OP both SiMo-
materials have the same max principal stress location and in IP they all have the same max principal
stress location. The stress legend and contours belong to SiMo51.

Figure 12: Temperature and stress behaviour for IP max principal stress nodes. Temperature in Cel-
sius, stress in MPa and time in seconds.
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4.2. Comparison of SiMo51, SiMo1000, and Ni-resist

Figure 13: Temperature legend and contours taken from SiMo51 at the end of step 3 (OP), the tem-
perature contours are nearly identical for all simulations.

Figure 14: Temperature legend and contours taken from SiMo51 at the end of step 4 (IP), the temper-
ature contours are nearly identical for all simulations.
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4.3. Parameter study

4.3 Parameter study

The parameter study was divided into two parts: The effect on max principal stress from
changing the parameters individually and the synergistic effect from changing several pa-
rameters. As mentioned in the method section, when viewing the results, it is important to
keep in mind that a decreased yield strength resulting in a lower max principal stress it is due
to hardening from a larger plastic deformation. Which might have a negative impact on the
component’s lifetime but will ultimately depend on fatigue properties.

4.3.1 Individual parameter study

The individual parameter study for λ, α, E and σy are presented below together with a discus-
sion of the results. The OP cases are presented first, followed by the IP cases. All parameters
except for the studied parameter have the original SiMo51 values and remain unchanged.
The dots in the graphs are simulation results and the curves are the curve fitted equations
generated with MATLAB. The OP curves are presented in Figure 15 and the OP curve equa-
tions are presented in Equation (12)-(15) in the order of λ, α, E and σy. The equations can be
used for predicting the effect of changing the material property or for material selection in a
material library software, such as CES edupack. It is important to remember that all proper-
ties were simulated as temperature dependent except for lambda. Before being implemented
into CES the x-variable should therefore be divided by that property’s room temperature
value. The equations should also be used with caution outside of the simulated interval, note
the interval difference for σy.

Figure 15: OP max principal stress response to changes in individual parameters
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4.3. Parameter study

f (x) = ´90.47x3 + 509.7x2 ´ 971.5x + 774.2 (12)

f (x) = ´163x3 + 602.8x2 ´ 408.2x + 183 (13)

f (x) = ´282.1x3 + 1095x2 ´ 1017x + 414.2 (14)

f (x) = ´0.02112x
-5.927

+ 219 (15)

The overall effect on max principal stress from parameter changes in OP were predictable
and intuitive: increased thermal conductivity decreased stress because of smaller tempera-
ture gradients, increased thermal expansion increased stress because of a larger elongation,
increased E increased stress because of a higher stress-strain modulus. The result for σy on
the other hand was not expected, the stress was predicted to increase or stay unchanged with
an increased yield strength since the material plasticises later or not at all. The typical and
expected behaviour for σy can be seen in Figure 16 for the IP case.

λ has an exponentially decreasing relationship to max principal stress and avoiding a low
value is most important. For α, the max principal stress increases with an increased α as
predicted, the trend suggests that that rate of lowered max principal stress decreases when
the coefficient becomes smaller. The same trend can surprisingly be seen with higher co-
efficient values as well. The decrease for higher values can perhaps be explained by an
increased hardening. The same behaviour can be seen for E, but for unknown reasons 0.5
and 0.75 resulted in the same stress. The similar response for α and E can likely be explained
by the equation for thermal stress, see Equation (10). Note the trend of the curve outside
of the end values for E, the equation is completely erroneous outside of the simulated interval.

The results for σy stands out compared to other simulations seen in Figure 17 for the OP syn-
ergistic parameter study and the results are therefore difficult to explain. The max principal
stress location for 0.75σy, 1σy and 2σy were even the same. The expected result based on
other simulation was for the stress to be unchanged from 0.75 or 1 and onward. In almost
all other simulations σy itself did not seem to have any influence on the stress level, only
whether the deformation was plastic or elastic. An increased yield limit would therefore
either increase the max principal stress when stress was above the yield limit or leave it un-
changed when below it. The unexpected behaviours for E and σy can perhaps be explained
by the model problems mentioned in the method, chapter 3.

For IP, the overall effect on max principal stress from parameter changes were predictable
and intuitive for the same reasons as OP, but there were certain differences. For example, E
did not have any unexpected behaviour and neither did σy. The curves for IP are presented
in Figure 15 and their equations in Equation (16)-(19) in the order of λ, α, E and σy. The
equation for σy is just the linear part of the curve, the value stays constant after that since the
max principal stress in the component did not reach the temperature dependent yield limit.

f (x) = 11310 ¨ exp(´10.99x) + 319.8 ¨ exp(´0.08182x) (16)

f (x) = ´29.27x3 + 90.38x2 + 58.66x + 174.2 (17)

f (x) = ´20.63x3 + 49.76x2 + 85.71x + 179.1 (18)

f (x) = 52.85x + 137.43 for 0.25 ď x ď 0.75 (19)
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4.3. Parameter study

Figure 16: IP max principal stress response to changes in individual parameters

4.3.2 Synergistic parameter study

The synergistic parameter study consisted of a broader analysis that includes the results of
simulations with all four parameters and three different values for each parameter: 0.5, 1
and 2 times the parameters’ original value. The result of the broader analysis can be seen
below. The synergistic parameter study also consisted of two more detailed studies, one with
λ’s and σy’s effect on max principal stress and another for α and E. The result from these
simulations are presented after the broader analysis.

A broader synergistic parameter study
The OP result of the broader analysis is presented in Figure 17 and the exact results in table
form can be found in Appendix B, a clarifying description of the figure and a discussion can
be read in the text below said figure. The IP case is presented in Figure 18 and the exact results
in table form can be found in Appendix B, the IP case result is also clarified in text. Various
unexpected results were identified that perhaps can be explained by the problems identified
with the model mentioned in the method, 3. If one wishes to read about these unexpected
results a more detailed text can be found in Appendix C. Overall, there were more unexpected
results going against general trends for OP than IP.
With measuring points as close together as in Figure 17 it can be difficult to see what is going
on, this text will help clarify the findings for OP. First of all, the system for labelling the set-
tings is as follows: the shapes distinguish between different σys and the colours distinguish
between different λs. The general trend was for an increased maximum principal stress
with decreasing λ and increasing σy, α and E. Which is also reflected in the highest stress, it
occurred for 0.5λ, 2α, 2E and 2σy.
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4.3. Parameter study

Figure 17: Synergistic effect on maximum principal stress OP when changing λ, α, E and σy.

A synergistic relation was found between λ, α and E. The impact of thermal conductivity
increased when α and/or E increased and for α = 0.5α the thermal conductivity almost had
no impact at all. When E = 0.5E the same was true for α = 1α. I.e. low λ values create larger
temperature gradients, but when the thermal expansion is lower, the effects of the gradients
are lower. A lower Young’s modulus also results in a lower stress response to strain. The fact
that the impact of lambda was so small for low α and/or E was surprising.

Just as mentioned in the individual parameter study, and increased σy resulted in an in-
creased or unchanged max principal stress. For most simulations the yield strength pa-
rameter lost its influence on max principal stress somewhere between 0.5σy and 1σy. The
combination of E and α had to reach a certain level before σy>1 affected the max principal
stress. Compared to IP it can be seen that the yield limit was generally reached later for
OP. The difference in stress between 0.5σy and 1σy were generally larger even when ∆σ = 0
between 1σ and 2σ.

A synergistic relation was also found between α and E, αs impact increased with an increased
E and vice versa. But for some reason it was not always true, as was the case for IP loading.
When α was the only changed parameter the max principal stress decreased when going
from 0.5α to 1α, which can be explained by the fact that the screws’ α-value « 1α. There were
exceptions to this and some of them can perhaps be explained by the stress locations being
located far away from the screws.
Just as for OP, with several measuring points so close together in Figure 18 it can be difficult
to see what is going on, the following text will help clarify the findings for IP. The labelling
system is the same as for OP with the shapes distinguishing different σys and the colours
distinguishing between different λs. The general trend for the simulations was again an
increased maximum principal stress with decreasing λ and increasing σy, α and E just as for
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Figure 18: Synergistic effect on maximum principal stress IP when changing λ, α, E and σy.

OP and the individual parameter study. The same patterns and synergistic relations found
in OP were also found in IP but with less unexpected results.

A detailed parameter study of λ and σy
As previously mentioned, the synergistic parameter study also consisted of two more de-
tailed parameter studies and one was for λ’s and σy’s effect on max principal stress. The
max principal stress behaviour generally followed the expected trends and decreased with
increasing thermal conductivity and a decreasing yield strength. The 3D surface graph of a
fourth-degree polynomial regression and a linear interpolation of the OP case can be seen in
Figure 19, and the polynomial surface function in Equation (20). IP’s third degree polynomial
multiple linear regression and linear interpolation 3D surface graphs are presented in Figure
20, and the polynomial surface function in Equation (21). For the two surface equations x =
λ and y = σy. The functions for λ and σy should be used with caution when minimising max
principal stress as any decrease in stress due to a lower yield strength increases plastification,
which can negative. The exact stress values of OP’s and IP’s simulations are presented in
appendix C.

In the polynomial surface graphs, the points that are visible either have a very small resid-
ual or a positive residual. The residual is the difference between the actual simulation result
and the surface value. A positive residual means that the function underestimates the stress
and opposite for a negative residual. If they are not visible, using the linear surface graph as
reference, they have a negative residual.
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4.3. Parameter study

Figure 19: OP 3D surface graphs for the synergistic parameter study of λ and σy.

Figure 20: IP 3D surface graphs for the synergistic parameter study of λ and σy.

f (x, y) = ´472.2 + 1365x + 1623y´ 1394x2 ´ 1727x ¨ y´ 928y2 + 657x3 + 818.6x2 ¨ y

+ 370x ¨ y2 + 317.6y3 ´ 117.7x4 ´ 133.2x3 ¨ y´ 80.7x2 ¨ y2 ´ 22.14x ¨ y3 ´ 50.44y4 (20)

f (x, y) = 165.8´ 249.4x + 607y + 215.4x2 ´ 130.6x ¨ y´ 382.4y2 ´ 54.9x3 + 25.25x2 ¨ y

+ 20.79x ¨ y2 + 81.93y3 (21)

A detailed parameter study of α and E
The other detailed parameter study examines the effect on max principal stress from changing
α and E. The fourth-degree polynomial regression 3D surface graphs for OP and IP can be
seen in Figure 21. The graphs for this detailed parameter study was deemed not to need
linear figures to clarify the stress trends. In the OP cases there were some unexpected results,
the detail of which can be read in Appendix C. The IP surface graph has a more expected
behaviour and is almost a linear plane. In both IP and OP, α has a bigger impact than E on
the max principal stress increase. The surface functions can be seen in Equation (22) for OP
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4.4. Discussion of method

and Equation (23) for IP, with x = α and y = E. They can also be used as objective functions to
minimise max principal stress. If they are used in CES the parameters should first be divided
by their room temperature value since this is what CES uses and also to normalise them. α
should be divided with 11.623 µ and E with 167 GPa. The results of OP’s and IP’s simulations
for α and E are presented in appendix C.

Figure 21: 3D surface graphs for the synergistic parameter study of α and E, with OP to the left and
IP to the right

f (x, y) = 1336´ 1931x´ 2774y + 1019x2 + 3052x ¨ y + 1958y2 ´ 226.4x3 ´ 1001x2 ¨ y

´ 1056x ¨ y2 ´ 643.9y3 + 2.678x4 + 197.8x3 ¨ y + 23.72 ¨ y2 + 201.7x ¨ y3 + 73.92y4 (22)

f (x, y) = 318´ 402.1x´ 609.5y + 431x2 + 815.9x ¨ y + 703.4y2 ´ 201.6x3 ´ 294.5x2 ¨ y

´ 377x ¨ y2 ´ 345y3 + 35.97x4 + 46.85x3 ¨ y + 48.86x2 ¨ y2 + 69.58x ¨ y3 + 61.92y4 (23)

It is also interesting to note that the 3D graphs for the two detailed parameter studies take
on the shape of simply adding the 2D curves together. This suggests that a less complex and
still fairly accurate objective functions could be used by adding together functions from the
individual parameter study. Perhaps it is not that surprising considering the same trends
are expected to occur, only with amplified or reduced stress response. If the assumption is
correct, it would mean that more complex parameter studies and objective functions with
more parameters can be made without exponentially increasing simulation time, cost and
complexity for every added parameter. It should also be noted that some of the parameter
combinations are unlikely to exist in real materials as some properties share driving forces
that for example raises the value of one parameter while simultaneously decreasing another.

4.4 Discussion of method

The supplied component model unfortunately was discovered to have convergence problems
and a mesh that easily generated artificial stress concentrations. It should also be mentioned
that the screws were subjected to absurd plastic deformation giving them a cheese doodle
like appearance and stresses of around 2500 MPa.

The thesis used a simplified method to identify the critical nodes, the node with highest
max principal stress were chosen without regard to their relations with their temperature

27



4.5. The work in a wider context

dependent initial yield limit. This method is assumed to capture the general trends of the
parameters’ effect on stresses related to TMF. However, to achieve a more accurate under-
standing of stresses related to TMF, a better method to identify the most critical point should
be used. A possible method would be to export the temperature and stress data for every
node by creating a node set consisting of the component’s nodes (for this model the element
set can be used and then probe the nodes of said element set), create a display group of the
set, create a query to probe desired node values, write to file and prepare data import to
MATLAB by dividing the data into cells in excel.

In MATLAB the critical nodes can be identified using the criteria of highest ratio for stress
divided by the temperature dependent initial yield limit. Another alternative would be to
use ANSYS as it should be possible to write a code inside the software itself and include it
directly in the simulation. The Abaqus method mentioned above is very time-consuming as
it takes around 13 minutes just to create one file of nodal information and each simulation
requires four such files, add to that the time for fix the layout of the files in excel and for
MATLAB to run the analyses of around 3.2 million inputs per simulation. This process of
exporting and importing nodal data would clearly need to be automated in some way.

The method used to create the objective functions was adequate for a 3D problem but would
need to be refined for a 4D+ problem. Using just two parameters makes the function less
accurate as there exist synergistic effects of other properties which are not taken into account.
With more properties included, its accuracy should increase, but so will the computational
costs. Which perhaps can be solved by adding together individual parameter study function
as mentioned in the detailed parameter study.

It should also be noted that the temperature dependent material properties have different
behaviour in different materials, and even if the trends are the same, they are not identical.
Using objective functions from (similar) parameter studies will always suffer in accuracy
when applied to other materials than the one used as a reference. But the objective functions
can still be a helpful tool in the early stages of material selection but should be used with
caution even inside the tested interval. If the functions are used with the material library
software CES it should be noted that the functions are based on temperature dependent
properties while the software only uses material properties for room temperature.

Overall, the methods used in the project have yielded useful results but could be improved.
However, the improved quality would come at the price of more time and/or higher costs.

4.5 The work in a wider context

The world is struggling with climate change, human health problems and indications of an
ongoing sixth mass extinction of species, all linked to human activities and pollution. Even
so, the global greenhouse gas (GHG) emissions are still increasing and the transport sector is
one of the biggest global contributors of GHG. It is responsible for 14 % of the global GHG
emissions and transportation by road make up 72.06 % of that, i.e. about 10.1 % of the global
GHG emissions (IPCC, 2014a) and (IPCC, 2014b). In Europe, these numbers are even higher,
transportation by road is responsible for 19.5 % of GHG emissions (European environment
agency, 2018). Without unexpected and drastic change in human behaviour, the transport
sector needs large technological improvements to bring down those numbers and lessen its
part in the ongoing catastrophe. This thesis is a small part in the efforts to bring down emis-
sions in the transport sector as a response to stricter regulations.
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Chapter 5
Conclusion

The aim of the thesis was to produce information that can be used to reduce the fatigue
damage accumulation in a heavy-vehicle exhaust manifold by reducing the max principal
stress for OP and IP loading.

1. Which of SiMo51, SiMo1000 and Ni-resist produce the lowest maximum principal ten-
sile stresses? For OP, SiMo1000 produced a slightly lower max principal stress than SiMo51,
and Ni-resist produced the highest. For IP, Ni-resist produced the lowest max principal stress
by a large margin and then SiMo1000 with a slightly lower max principal stress compared to
SiMo51.

2. How do different material properties affect the maximum stress during operation of the
given component? The individual parameter study showed that thermal conductivity has
an exponentially decreasing relation to max principal stress. Thermal expansion and Young’s
modulus have an almost identical relation to max principal stress, stress increases for both
properties as they increase. A decreased yield strength decreases the max principal stress for
stresses above the yield limit but has no effect on stress below it, it should be noted that a
decreased yield strength will increase plastic deformation.

In the broader synergistic parameter study, the same general trends as described for the in-
dividual parameter study were true. It could be seen that thermal conductivity have almost
no impact on max principal stress when Young’s modulus and thermal expansion are small.
The impact of E increases with a higher α and vice versa.

In the detailed synergistic parameter study the graphs showed trends similar to those in the
individual parameter study curves, and the results looked similar to simply adding the re-
sults of different parameters from the individual parameter study together. This suggests
that more complex parameter studies and objective functions may be possible without ex-
ponentially increasing simulation time and complexity for every added parameter while still
describing the stress behaviour within an acceptable limit.
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5.1. Future work

3.How should an objective function to minimise max stress in the component with
regard to material properties be expressed?

x = Thermal expansion
11.623 [µm] and y = Young’s modulus

167 [GPa]

OP = 1336´ 1931x´ 2774y + 1019x2 + 3052x ¨ y + 1958y2 ´ 226.4x3 ´ 1001x2 ¨ y

´ 1056x ¨ y2 ´ 643.9y3 + 2.678x4 + 197.8x3 ¨ y + 23.72 ¨ y2 + 201.7x ¨ y3 + 73.92y4

IP = 318´ 402.1x´ 609.5y + 431x2 + 815.9x ¨ y + 703.4y2 ´ 201.6x3 ´ 294.5x2 ¨ y

´ 377x ¨ y2 ´ 345y3 + 35.97x4 + 46.85x3 ¨ y + 48.86x2 ¨ y2 + 69.58x ¨ y3 + 61.92y4

5.1 Future work

It would be interesting to examine the assumption that it is possible to add together individ-
ual parameter study functions to form multi-parameter objective functions with acceptable
accuracy. If proven possible it would greatly reduce the time and cost needed for param-
eter studies. The examination would preferably be conducted with an improved method
for identifying the most critical stress node, a suggested method is described in the method
discussion, section 4.4.
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Appendix A
Material properties

This appendix shows the material properties used in the comparison and parameter
study (SiMo51), with the exception for SiMo51’s thermal conductivity whose temper-
ature dependency was removed and set at the constant value of = ... as motivated in
parameter choice motivation 3.4.1 for the parameter study. The density used for the
materials were as follows: SiMo51 = 7.054 kg/m3, SiMo1000 = 6.819 kg/m3 and Ni-
resist = 7.438 kg/m3. Some values for thermal expansion have been omitted as the table
for every material would be around two pages.

Table: Material properties of SiMo51 for the material comparison and parameter study

Temp.
[0C]

λ(T) α(T)
[m/K]

σy(T)
[MPa]

E(T)
[GPA]

C(T)
[GPA]

Cp(T)
[J/gK]

20 23.958 1.1578¨10-5 437 167.0 45.0 0.45
100 26.755 1.1778¨10-5 - - - 0.506
200 28.416 1.2289¨10-5 - - - 0.548
300 29.107 1.2754¨10-5 380 159.0 50.0 0.588
400 29.312 1.3136¨10-5 - - - 0.629
500 28.932 1.3480¨10-5 281 144.5 18.67 0.697
600 27.079 1.3818¨10-5 136 139.5 3.0 0.778
700 24.636 1.4102¨10-5 62 145.0 1.91 0.963
800 - 1.4366¨10-5 31 71.5 0.825 -
830 27.744 1.4440¨10-5 25 71.5 0.50 0.807

Table: Material properties of SiMo1000 for the material comparison

Temp.
[0C]

λ(T) α(T)
[m/K]

σy(T)
[MPa]

E(T)
[GPA]

C(T)
[GPA]

Cp(T)
[J/gK]

20 20.670 1.1631¨10-5 545 152.0 30.0 0.458
100 23.891 1.1910¨10-5 - - - 0.522
200 25.536 1.2449¨10-5 - - - 0.560
300 26.673 1.2904¨10-5 449 146.5 40.0 0.604
400 27.168 1.3271¨10-5 - - - 0.640
500 28.168 1.3678¨10-5 389 130.0 26.67 0.728
600 26.818 1.4141¨10-5 213 126.0 20.0 0.808
700 26.214 1.4469¨10-5 92 116.0 11.7 0.998
800 - 1.4863¨10-5 41 103.7 3.5 -
830 27.566 1.4988¨10-5 32 100 1.0 0.780

33



Table: Material properties of Ni-resist for the material comparison

Temp.
[0C]

λ(T) α(T)
[m/K]

σy(T)
[MPa]

E(T)
[GPA]

C(T)
[GPA]

Cp(T)
[J/gK]

20 11.656 1.1178¨10-5 212.0 122.0 25.0 0.508
100 13.490 1,2934¨10-5 - - - 0.534
200 15.531 1.4396¨10-5 - - - 0.556
300 17.207 1.5242¨10-5 188.0 112.8 31.0 0.573
400 18.389 1.5843¨10-5 - - - 0.576
500 20.706 1.6455¨10-5 187.0 102.8 37.0 0.612
600 21.770 1.6978¨10-5 170.0 90.3 40.0 0.617
700 22.613 1.7407¨10-5 129.0 80.3 23.5 0.622
800 - 1.7960¨10-5 63.0 67.3 7.0 -
830 25.603 1.8223¨10-5 53.0 58.7 2.0 0.672

34



Appendix B
Results of the broader synergistic
parameter study

The tables below presents all the simulation results for the broader synergistic pa-
rameter study and the text describes different unexpected results that perhaps can be
explained by problems related to the model. When max principal stress was located in
a node showing convergence problems it was replaced as first described in the method
for comparison of the materials, section 3.3, and is marked with a *.

For OP, a large and strange decrease in stress can be seen with an increased yield
strength for 2λ, 2α and 1E, the same thing occurred but to a lesser extent for 1λ, 1α
and 1E. Another unexpected results was the uncharacteristic decrease for max principal
stress when Young’s modulus increased from 1E to 2E for 2λ, 2σy and 2α.

Regarding α, there were several unexpected results, but they had a pattern. When α
was the only changed parameter the max principal stress decreased when going from
0.5α to 1α, which can be explained by the fact that the screws’ α-value « 1α. However,
when E = 1 in OP it only occurred when λ = 1λ or 2λ, and when E = 2 it only occurred
for λ = 2λ. Some of these trend changes can perhaps be explained by the fact that the
max principal stress was not located close to screws and thus not as affected by the
difference in thermal expansion between the component and the screws. The ones that
were close to screws and still showed the unexpected trend are harder to explain, except
if they are related to problems with the model.

For IP, the only unexpected results were three cases of absent stress decreases when α
went from 0.5α to 1α. They occurred for 0.5λ, 0.5σy,0.5E; 0.5σy, 1α, 0.5E and 0.5λ, 0.5σy,
2E.

Table: Results for the broader synergistic parameter study OP
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Table: Results for the broader synergistic parameter study IP
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Appendix C
Results of the detailed synergistic
parameter study

The simulation results for the two detailed parameter studies can be seen below, mea-
surements tagged with a * means that the original max principal stress was located
in a node with an artificial stress concentrations and/or convergence problems. The
value used instead was identified by comparing all other identified max principal
value-nodes.

In the OP case for α and E there were some unexpected results: for 0.5E, stress decreased
between 0.5α and 1α. The same thing happened for 0.75E between 0.5α and 0.75α. All
0.5E-values had unexpectedly low stress compared to other E-values. It was also un-
expected that the stress rate change decreased for larger α and E, but can perhaps be
explained by an increased hardening. For IP, one value stands out: a slight decrease to
the rate of stress change can for increasing α and E can be seen for higher value, with
the exception for 2α, 2E. As it goes against the other trends it can perhaps be explained
by the identified problems in the model.
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Table: Result of the α and E detailed synergistic parameter study

Case (α, E) Simulation
OP

Surface Eq.
OP

Simulation IP Surface Eq. IP

0.50, 0.50 127.2 156.7 164.7 164.7
0.50, 0.75 115.8 94.9 177.5 177.5
0.50, 1.00 108.9 91.6 223.1 223.1
0.50, 1.50 151.2 161.1 247.3 247.3
0.50, 2.00 233.2 235.3 249.3 279.3
0.75, 0.50 135.7 122.5 187.6 187.6
0.75, 0.75 124.6 122.7 232.9 232.9
0.75, 1.00 148.1 163.7 254.6 254.6
0.75, 1.50 277.8 287.0 301.3 301.3
0.75, 2.00 409.7 400.1 343.2 343.2
1.00, 0.50 143.5 119.2 232.7 232.7
1.00, 0.75 144.4 165.1 261.5 261.5
1.00, 1.00 213.7 234.1 295.9 295.9
1.00, 1.50 397.1 380.1 349.6 349.6
1.00, 2.00 502.7 502.6 385.5 385.5
1.50, 0.50 153.5 161.0 273.9 273.9
1.50, 0.75 256.3 267.4 325.4 325.4
1.50, 1.00 377.2 363.1 366.1 366.1
1.50, 1.50 522.8 498.4 416.2 416.2
1.50, 2.00 567.9 588.2 459.2 459.2
2.00, 0.50 193.2 196.7 323.4 323.4
2.00, 0.75 362.4 353.4 383.0 383.0
2.00, 1.00 471.5 467.0 419.0 419.0
2.00, 1.50 555.5 578.9 470.2 470.2
2.00, 2.00 642.4 629.0 563.8 563.8
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Table: Result of the λ and σy detailed synergistic parameter study

Case (λ, σy) Simulation
OP

Surface Eq.
OP

Simulation IP Surface Eq. IP

0.50, 0.25 147.5* 130.7 202.9* 203.2
0.75, 0.25 142.0* 151.8 196.1* 186.0
1.00, 0.25 140.8* 148.4 189.9* 181.0
1.50, 0.25 131.2 136.4 182.1 187.5
2.00, 0.25 123.2 120.9 176.5 181.3
0.50, 0.50 242.7 255.2 257.1 279.4
0.75, 0.50 235.0 234.4 246.2 257.0
1.00, 0.50 215.4 203.5 243.9 247.6
1.50, 0.50 182.6 167.0 243.9 247.6
2.00, 0.50 146.0 146.8 246.4 238.1
0.50, 0.75 303.6 331.9 341.7 324.5
0.75, 0.75 285.1 276.7 304.0 297.5
1.00, 0.75 236.1* 224.4 295.6 284.4
1.50, 0.75 161.1 171.8 282.2 279.2
2.00, 0.75 145.6 150.3 272.3 267.6
0.50, 1.00 401.8 377.8 353.4 346.1
0.75, 1.00 302.8 295.0 303.7 315.2
1.00, 1.00 213.7 226.9 295.4 299.0
1.50, 1.00 161.1 165.3 282.0 289.9
2.00, 1.00 145.6 145.1 272.0 277.6
0.50, 1.50 423.8 421.0 353.3 349.7
0.75, 1.50 292.5 301.5 303.7 313.0
1.00, 1.50 209.0 216.4 295.4 292.4
1.50, 1.50 161.1 155.8 282.0 279.5
2.00, 1.50 145.6 140.3 272.0 269.6
0.50, 2.00 422.8 425.6 353.3 351.7
0.75, 2.00 292.5 290.5 303.7 311.7
1.00, 2.00 209.3 204.7 295.3 289.5
1.50, 2.00 161.1 161.8 282.0 277.8
2.00, 2.00 145.6 148.3 272.0 275.6
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