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Abstract
The main objective of the work presented in this Licentiate thesis is to investigate

and model the cyclic behaviour of an additively manufactured ductile nickel-based
superalloy, with special emphasis on modelling the stabilised material behaviour,
which is of interest for fatigue life predictions. Cyclic fatigue tests at different
temperatures have been performed to investigate the cyclic mechanical behaviour of
the material, where specimens built in different orientations have been used to also
study the anisotropic behaviour of the material. Based on the tests, a constitutive
description has progressively been developed and implemented in a finite element
context that incorporates the anisotropic behaviour under both elastic and inelastic
deformations. In addition, the room temperature crack initiation behaviour has
been studied and modelled.

This thesis is divided into two parts. The first part gives an introduction and
background to the research, while the second part consists of three included papers.
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Sammanfattning

Det huvudsakliga målet med arbetet som presenteras i denna avhandling har
varit att studera och modellera det cykliska beteendet hos en additivt tillverkad
duktil nickelbaserad superlegering, med fokus p̊a att modellera det stabiliserade
materialbeteendet, vilket är av intresse vid livslängdprediktering. Cykliska utmat-
tningsprov vid olika temperaturer har utförts för att studera det cykliska beteendet
hos materialet, där provstavar byggda i olika riktningar har använts för att studera
materialets anisotropi. Baserat p̊a proven har en konstitutiv beskrivning av material
progressivt utvecklats och implementerats i ett finita element-verktyg, där modellen
tar hänsyn till det anisotropa materialbeteendet för b̊ade elastiska och plastiska
deformationer. En modell för prediktering av sprickinitiering vid rumstemperatur
har ocks̊a tagits fram.

Denna avhandling best̊ar av tv̊a delar. Den första delen ger en introduktion
samt bakgrund till forskningen, medan den andra delen best̊ar av tre inkluderade
artiklar.

vii





List of papers

In this thesis, the following papers have been included:

I. T. Lindström, M. Calmunger, R. Eriksson, D. Leidermark (2020). Fatigue be-
haviour of an additively manufactured ductile gas turbine superalloy, Accepted
for publication in Theoretical and Applied Fracture Mechanics

II. T. Lindström, D. Ewest, K. Simonsson, R. Eriksson, J.-E. Lundgren, D.
Leidermark (2020). Constitutive model of an additively manufactured ductile
nickel-based superalloy undergoing cyclic plasticity, Accepted for publication
in International Journal of Plasticity

III. T. Lindström, D. Ewest, K. Simonsson, R. Eriksson, J.-E. Lundgren, D. Lei-
dermark (2020). Constitutive model for thermomechanical fatigue conditions
of an additively manufactured combustor alloy, In manuscript

Note
The appended papers have been formatted to fit the layout of the thesis.

The author’s contribution
In all presented papers, Siemens Industrial Turbomachinery AB has been responsible
to generate and deliver the experimental data. In Paper I, Mattias Calmunger and
Robert Eriksson was responsible for the microstructural investigations, including
writing and generating figures for this part of the paper, while I was responsible for
the modelling part, including writing in that part. Furthermore, in Paper II and
Paper III, I have made all the modelling and the major part of the writing.

ix





Contents

Preface iii

Abstract v

Sammanfattning vii

List of papers ix

Contents xi

Part I – Background and Theory 1

1 Introduction 3
1.1 Aim of the work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Additive manufacturing 5
2.1 Selective laser melting . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Mechanical properties . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3 Fatigue life prediction 7
3.1 Crack initiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3.2 Crack propagation . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

4 Constitutive modelling 11
4.1 Experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
4.2 The adopted model . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

4.2.1 Kinematic hardening . . . . . . . . . . . . . . . . . . . . . . 13
4.2.2 Rate-independent inelasticity . . . . . . . . . . . . . . . . . 14
4.2.3 Rate-dependent inelasticity . . . . . . . . . . . . . . . . . . 16
4.2.4 Cycle jumping . . . . . . . . . . . . . . . . . . . . . . . . . . 17

5 Outlook 19

6 Review of Appended Papers 21

xi



Part II – Appended Papers 29

Paper I: Fatigue behaviour of an additively manufactured ductile gas
turbine superalloy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

Paper II: Constitutive model of an additively manufactured ductile
nickel-based superalloy undergoing cyclic plasticity . . . . . . . . . 53

Paper III: Constitutive model for thermomechanical fatigue conditions
of an additively manufactured combustor alloy . . . . . . . . . . . . 75

xii



Part I

Background and Theory





Introduction
1

Additive manufacturing (AM) is a manufacturing technique where components are
manufactured in a layer-by-layer fashion. The manufacturing technique enables
to create almost arbitrary designs, and the process was in the beginning mainly
used for rapid prototyping using polymer-based materials. However, today the
technology has been developed and is applicable to several different material classes,
for example also ceramics and metals, to be used for real components in e.g. the
aerospace- and turbine industry, cf. Parupelli and Desai [1] and Andersson et al. [2].
Due to the design freedom of components when using AM, new possibilities arise to
optimize components, where for example integrated features can be manufactured
which is not possible using conventional manufacturing techniques. In addition,
the possibilities to optimise components with respect to for instance performance
increase, and AM can also be used to reduce lead-time of components that otherwise
would need costly tooling and many processing steps, and where the use of AM can
reduce the the amount of parts in components remarkably, cf. Hällgren et al. [3]
and Navrotsky [4].

For the gas turbine industry, there is always a strive to increase the operating
temperature to improve the efficiency, see Reed [5]. However, increased temperature
puts more demand on the components, where materials with good high temperature
properties need to be used. With the use of AM, the gas turbine industry now has
more opportunities to optimise the components to decrease the temperature in the
component, with e.g. integrated cooling channels. In addition, in order to reduce
the usage of fossil fuels, gas turbine components can be optimised to allow for usage
of bio-fuels and/or hydrogen.

To reduce CO2 emission, the need for renewable energy sources such as solar
and wind power increases. Hence, stationary gas turbines are more frequently used
to stabilise the power grid when the power output from renewable energy sources
is insufficient, leading to more cyclic usage of the gas turbine. This also leads
to more cyclic loadings on gas turbine components, which is a challenge from a
fatigue perspective, where both cyclic mechanical and thermal loads can be present.
Therefore, thermomechanical fatigue (TMF) is a major concern for gas turbine
components. AM is today used for e.g. burner components in gas turbines, see
Andersson et al. [2] and Navrotsky [4], which are exposed to high strain-driven
mechanical loads, with presence of plastic deformations, as well as high thermal
loads. Such components are therefore advantageously manufactured by ductile
nickel-based superalloys. However, to take full advantage of the AM process for
such components, knowledge about the fatigue behaviour is crucial, with regards to
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CHAPTER 1. INTRODUCTION

both mechanical response and cracking behaviour. This Licentiate of Engineering
thesis mainly focuses on the modelling of the cyclic mechanical response of an AM
ductile nickel-based superalloy for high temperature applications. In addition, a
method to predict the crack initiation life at room temperature is presented.

1.1 Aim of the work

This PhD project is funded by the Swedish Energy Agency and Siemens Industrial
Turbomachinery through the research program Turbines for Future Energy Systems
(Turbiner för framtidens energisystem), with the aim to contribute to strengthen the
capacity of turbines as balance for renewable energy sources on the power grid and
to develop turbines for renewable fuels. The aim of this PhD project is to develop
simulation based fatigue life prediction methods for additively manufactured ductile
nickel-based superalloys for high temperature applications. The models should be
able to predict the mechanical cyclic response, which is the focus of this thesis, and
fatigue life, where the models should account for the material anisotropy. The work
is based on fixed manufacturing parameters. The effect of different manufacturing
parameters is therefore not studied in this work.

1.2 Outline

Part I of this thesis gives an introduction of additive manufacturing and some
background of fatigue life predictions of components. Furthermore, background and
some theory of constitutive modelling with emphasis on inelastic deformations is
given. In Part II, the three papers that have been produces so far in the project are
included.
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Additive manufacturing
2

The manufacturing technique AM is a process which enables to manufacture highly
complex geometries directly from 3D geometry data, where material is successively
added to the component layer-by-layer. The technique was initially mostly used for
creating prototypes using polymer materials. However, due to the design freedom,
AM enables to optimise components in a new way compared to conventional
techniques. AM is therefore now also used for components in commercial products,
using polymer-based materials and ceramics, as well as metals, with application to
e.g. medical-, aerospace- and automotive industry, as well as the turbine industry,
cf. Parupelli and Desai [1] and Andersson et al. [2].

When creating metal parts using AM, typically two different techniques are
used; Powder Bed Fusion (PBF) or Direct Energy Deposition (DED). In PBF, one
layer of the raw material in the form of powder is deposited on a powder bed, and
it uses an energy source, such as laser or electron beam, to melt the powder into
one layer of solid material. Then a new layer is added followed by the melting
procedure, and this process continues until a complete component is achieved. In
similarity, the DED process also involves an energy source to melt the material.
However, in DED the material is deposited with a nozzle simultaneously with the
melting process. In this work, the focus is on the PBF technology selective laser
melting, which is further discussed below.

2.1 Selective laser melting

Selective laser melting (SLM), or also known as powder bed fusion-laser (PBF-L), is
a powder-bed based AM technique using a high power-density laser to melt metallic
powder and form solid parts. With the use of SLM, very dense near net shape
components can be achieved, without the need of further post-processing, cf. Yap
et al. [6], which is why the process is of high interest for engineering applications.
The building chamber is typically filled with nitrogen or argon gas, to prevent
oxidation during the process. In addition, due to the relatively low temperature of
the building platform, high temperature gradients will be present in the material
due to the melting process of each layer.

SLM is today applicable to a number of metallic materials, e.g. titanium Ti-
6Al-4V, cf. Kahlin et al. [7], stainless steel 304, 316L and 17-4 PH, cf. Yu et al. [8],
Blinn et al. [9] and Yadollahi et al. [10], nickel-based superalloy Inconel 625, 718
and 939, cf. Gonzalez et al. [11], Deng et al. [12] and Kanagarajah et al. [13], as
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CHAPTER 2. ADDITIVE MANUFACTURING

well as Haynes 230, cf. Bauer et al. [14], and Hastelloy X, cf. Wang [15].

2.2 Mechanical properties

One major concern about AM materials is the presence of material anisotropy
generated during manufacturing. The degree of anisotropy has been shown to
dependent on several aspects of the manufacturing of the components, such as
scanning strategy, cf. Suryawanshi et al. [16] and Keshavarzkermani et al. [17],
and post heat-treatment, cf. Tomus et al. [18] and Yadollahi et al. [10], and it is
therefore difficult to draw general conclusions of the mechanical properties of AM
materials. The anisotropy of material properties can also be different for different
applications, such as static or dynamic loadings, low-cycle fatigue (LCF) and high-
cycle fatigue (HCF) conditions, where the influence of e.g. surface roughness, defects
and microstructure can be different. However, in as-built conditions, anisotropy
is really an issue to consider for static and cyclic loadings, as well as fatigue
performance, since no post-processing that decreases the anisotropic effect is used.
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Fatigue life prediction
3

The fatigue life of a component is often restricted to the time until a crack initiates
in the component. However, this approach is somewhat conservative, since a crack
in a component might necessarily not lead to immediate failure and the component
can still be usable with the presence of a crack under stable crack propagation.
Fatigue life prediction methods of industrial components can therefore be divided
into two part, namely crack initiation and crack propagation.

3.1 Crack initiation

Crack initiation life is the time until a crack appears in the component, where the
life usually are counted in number of loading cycles. Crack initiation models can be
based on some continuous damage description, where damage is accumulated for
each and every loading cycle, cf. Jiang [19] and Ottosen et al. [20]. The advantage
with such a description is that variable and non-proportional loading conditions
can directly be accounted for in the model.

A more simple way to model crack initiation under more uniform loading
conditions, is to base the model on the stabilised material behaviour, where the
crack initiation life can be determined by a function of some fatigue indicator
parameter (FIP), as

Ni = f(FIP (ε, σ,W, ...)) (1)

where the FIP can be based on measures of e.g. strain (ε), stress (σ) or energy (W ).
For LCF conditions, the crack initiation is often driven by the accumulation

of inelastic strain, and the Coffin-Manson relation can then be used, see Manson
[21] and Coffin [22]. However, other strain based FIPs, and also stress- and energy
based, has been used to determine the crack initiation life of metals, cf. Fatemi and
Socie [23], Findley [24] and Glinka et al. [25].

For AM materials, studies on fatigue characterisation and fatigue life is a
growing topic, where it has been found that a lot of parameters affect the fatigue
life of AM materials. For instance, Yadollahi et al. [10] investigated the effect of
building orientation of SLM 17-4 PH and found that 0° specimens (according to
Fig. 1) show better fatigue performance than 90° specimens for LCF and HCF,
mainly due to defects formed between layers during manufacturing. It was also
found that heat treatment is beneficial for LCF life, but not for HCF life. Blinn
et al. [9] investigated the effect of building orientation of SLM 316L stainless
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CHAPTER 3. FATIGUE LIFE PREDICTION

Figure 1: Illustration of the building orientations with respect to the
building platform in the AM machine, where v is the normal to the
building platform, i.e. the building direction.

steel in the HCF regime, where also the defects from manufacturing resulted in
shorter lives for 90° specimens. Witkin et al. [26] studied the HCF performance of
notched SLM Inconel 718 specimens and found that the as-built surface had major
impact on the fatigue life, while machined specimens showed similar fatigue lives as
wrought material. Anisotropic fatigue behaviour has also been found for the same
material, see Konečna et al. [27], where anisotropy was attributed to the complex
microstructure and different surface roughness, and where 0° specimens experience
longer fatigue lives than 90° specimens. However, Zhou et al. [28] showed that longer
lives was obtained for 90° specimens, due to the presence of columnar grains in the
building direction. Similar conclusions have been drawn for SLM Hastelloy X at
LCF conditions, see Brodin et al. [29], but where heat treatment can be used to
reduce the anisotropy.

The crack initiation model presented in Paper I was developed for a ductile
AM nickel-based superalloy, where the specimens were machined with conventional
techniques to final dimensions, and hence, surface effects do not affect the crack
initiation life significantly. No further processing, such as heat treatment or hot
isostatic pressing, was performed, and hence the influence of residual stresses
in the bulk can be a factor that affects the life, but was not considered in this
study. In addition for this material, the influence of e.g. pores, due to the high
density reported for a similar material, cf. Yap et al. [6] and Yu et al. [30], was
neglected. LCF tests in room temperature were performed for two different building
orientations; 0° and 90° according to Fig. 1. It was found that the crack initiation
life of the 90° specimens is longer compared to 0° specimens for corresponding
applied loads, and that the cyclic response was different, where the stress level for
a given strain was lower for the 90° specimens. A crack initiation model based on
the Smith-Watson-Topper (SWT) parameter, see Smith et al. [31], was suggested,
since it was able to predict the life of both orientations with reasonable accuracy,
which can be seen in Fig. 2, where the experimental SWT parameter is plotted
versus crack initiation life for the two building orientations. The crack initiation
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3.2. CRACK PROPAGATION
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Figure 2: Normalized SWT parameter plotted versus normalized crack
initiation life.

model is defined as

PSWT = σmaxεa = A(Ni)
b (2)

where σmax is the maximum stress in the hysteresis loop, εa is the strain amplitude,
Ni is the crack initiation life and A and b are constants.

However, in order to rely on a crack initiation model for other conditions, more
investigations need to be performed.

3.2 Crack propagation

For crack propagation, an already existing crack is assumed in the structure, and
the crack propagation rate with respect to loading cycles are usually related to some
crack propagation parameter. The most classical approach is based on Paris law,
which is based on linear elastic fracture mechanics, where the crack propagation
rate is modelled as a power law of the stress intensity factor ∆K as

da

dN
= C(∆K)n (3)

where ∆K is the stress intensity factor and is a function of stress. However, this
relation might have low applicability to cyclic loadings when also considering
inelastic deformations, when linear elastic fracture mechanics no more is valid. For
such conditions, other crack propagation parameters might be more appropriate,
such as the ∆J-integral, cf. Ewest et al. [32]. In addition, another relationship can
be needed when considering anisotropic materials, cf. Busse [33]. No matter which
crack propagation parameter to be used, the cyclic stress-strain relationship needs
to be accurately described to predict the fatigue life. This is also the case for crack
initiation prediction.

9



CHAPTER 3. FATIGUE LIFE PREDICTION

In this thesis, crack propagation has not been further studied, but is one of
the aspects that need to be further investigated to accommodate a reliable crack
growth tool for industrial usage.
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Constitutive modelling
4

To be able to predict the fatigue life of components, a reliable constitutive model is
of major importance. The type of constitutive description should be based on the
needs of the life prediction model to be used. For continuous prediction models as in
e.g. Jiang [19] and Ottosen et al. [20], it may be of importance to have an accurate
description of the mechanical response for every cycle in the component life. When
considering inelastic deformations of the material, one then needs to have a reliable
description of e.g. expansion/contraction and translation of the yield surface, and
also stress relaxation/ratchetting for every cycle in the component life. However, for
life predictions of components subjected to less variable loadings, the component life
can be based on the stabilised material response, which dominates the components
life. Also for this approach, one needs to describe the expansion/contraction of the
yield surface and mean stress relaxation/ratchetting that occurs from the initial
cycles to the stabilised state, but as long as the stabilised state can be represented
accurately, the rest of the cyclic response is of less importance. For the translation
of the yield surface, i.e. kinematic hardening, the hardening equations can generally
be composed of three part, cf. Chaboche [34], as

α̇ = h(...)ε̇in − γdyn(...)αλ̇− γstat(...)α (4)

where α is the backstress, describing the center of the yield surface, and h(...),
γdyn(...) and γstat are functions to be determined. The first term in Eq. 4 describes
the hardening with the accumulation of inelastic strain. The second and third term
describe the recovery, where the second term usually is referred to as dynamic
recovery and the third part, referred to as the static recovery, is often used in
viscoplastic analyses to account for time-dependent recovery, cf. Almroth et al. [35],
Kan et al. [36] and Ahmed and Hassan [37].

In this study, the main scope was to develop a constitutive description for life
prediction based on the stabilised material response. Hence, the focus is to be able
to model the stabilised material response in an as simple way as possible. However,
the anisotropic material response of the AM material needs to be included in the
model, for both the elastic and the inelastic part. The constitutive behaviour of AM
materials is today not well documented in the literature, especially considering both
anisotropy and cyclic loadings. Kourousis et al. [38] compared different kinematic
hardening formulation in combination with an isotropic hardening description to
SLM Ti-6Al-4V exposed to cyclic loadings, but without considering the anisotropy
in the modelling framework. Mooney et al. [39] studied and modelled the cyclic
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CHAPTER 4. CONSTITUTIVE MODELLING

Figure 3: Geometry of the test specimen.

behaviour of AM maraging steel, considering anisotropic elastic response and
anisotropic yielding through a Hill [40] yield surface. Bronkhorst et al. [41] and
Ghorbanpour et al. [42] used crystal-plasticity to model the monotonic response of
316L stainless steel and Inconel 718, respectively. In the present research, the cyclic
behaviour of a ductile AM alloy is studied, including the influence of anisotropy. In
order to build up the model, experiments needs to be performed.

4.1 Experiments

To be able to study the influence of anisotropy on the cyclic behaviour, experiments
have been performed on specimens built in three different orientations in the AM
machine, namely 0°, 45° and 90° relative to the building platform, as illustrated in
Fig. 1.

The experiments were performed under strain-control on smooth cylindrical
specimens, where the geometry is given in Fig. 3. The objective of this work is to
investigate the as-manufactured bulk properties of the material, without influence
of the surface. Hence, all specimens were machined with conventional techniques to
final dimensions, and no further treatment was used. The thickness of the printed
layers are limited to be 40 µm in all presented studies, and the specimens were
manufactured with fixed manufacturing parameters. From the LCF experiments,
anisotropy was evident, where the stress response for 0° and 45° specimens are
higher than for 90° specimens for a given strain. For TMF conditions, the anisotropy
was however less evident for smaller loads, while the difference between the building
directions was larger for higher loads. More information about the experiments can
be seen in the appended papers.

12



4.2. THE ADOPTED MODEL

4.2 The adopted model

In the case of AM materials, the anisotropy needs to be accounted for in the
modelling framework. For the elastic part, anisotropy is described through the
elasticity tensor C, cf. Leidermark et al. [43], Mücke and Bernhardi [44] and Vogler
et al. [45]. When considering the plastic response of anisotropic materials, the
classical von Mises yield criterion may not be relevant. However, several yield
criteria exist with the possibility to take the anisotropy into account, cf. Hill [40],
Cazacu and Barlat [46] and Barlat et al. [47]. In the present work, the criteria
proposed by Hill [40] has been used due to its simplicity and ability to account for
anisotropy in yielding based on the performed tests considered in this research.

In this work, small deformation theory is considered, where the total strain
tensor is decomposed into one elastic and one inelastic part, as

εtot = εe + εin (5)

The stresses are calculated based on the elastic part of the strains, as

σ = C : εe (6)

where C is the elastic fourth-order stiffness tensor and εe is the elastic part of
the total strain tensor. Furthermore, it is assumed that plastic flow occurs in the
normal direction to the yield surface. Hence, the inelastic part of the strain obeys
an associated rule as

ε̇in = λ̇
∂f

∂σ
(7)

where λ is the inelastic multiplier, representing the size of the inelastic strain, and
f is the yield function. In the present work, the yield criteria proposed by Hill [40]
has been used, which is written as

f =
√
σ2
o (S−α) : P : (S−α)− σo = 0 (8)

where S is the deviatoric stress tensor, α is the backstress tensor, σo is a positive
constant with the dimension of stress, and P is a fourth-order tensor describing the
anisotropic yield behaviour.

4.2.1 Kinematic hardening

The kinematic hardening rules adopted in this work are multi-linear hardening rules,
without any uniaxial ratchetting/mean stress relaxation behaviour. The advantage
with this is that a stable hysteresis loop is achieved directly, which is of importance
when simulating the stabilised material behaviour. However, another description is
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CHAPTER 4. CONSTITUTIVE MODELLING

then needed to take care of e.g. the mean stress relaxation and expansion/contraction
of the yield surface. This is explained more in Section 4.2.4. In Paper I, a very
simple kinematic hardening rule was used to simulate the uniaxial mid-life behaviour
at room temperature. It is based on a linear backstress evolution equation, only
consisting of the hardening part in Eq. 4, where the function is expressed with a
Heaviside function, that eliminates the backstress evolution at a saturation value,
as

α̇ =
2

3
hε̇inH(αsat −

∂f

∂σ
: α) (9)

where h is the hardening parameter, H is the Heaviside function and αsat is the
saturation value of the backstress. This model has similar features as the first model
by Ohno and Wang [48], but the applicability to general loading paths is restricted.
In Paper II and Paper III, a model based on the first model by Ohno and Wang
[48] was used, as

α̇ =
2

3
h̄ε̇in −H

(
ᾱ2 − ᾱ2

sat

)
h̄
〈
ε̇in :

α

ᾱ

〉 α

ᾱsat
− γ(T )

(
ᾱ

b0

)m
α (10)

where, to compare with Eq. 4, the first part describing the hardening is h(...) = 2/3h̄,

while the dynamic recovery is γdyn(...) = H (ᾱ2 − ᾱ2
sat)

h̄
ᾱsat

〈
∂f
∂σ

:
α

ᾱ

〉
and the static

recovery factor is γstat(...) = γ(T )
(
ᾱ
b0

)m
. In Eq. (10), the hardening and the

dynamic recovery correspond to the first model by Ohno and Wang [48], and
the static recovery term was introduced in Paper III due to the assumption of
rate-independent material behaviour in Paper II. To include anisotropy in the
hardening, Shenoy et al. [49] included the anisotropy in the dynamic recovery
term, while Nouailhas [50] used fourth-order tensors instead of scalar values as
hardening parameters. For isotropic hardening, Stoughton and Yoon [51] modelled
the hardening parameter as a scalar function of stress, yielding different hardening
parameters in different loading directions for a given material direction. In this
work, a similar definition for the hardening parameters as presented by Stoughton
and Yoon [51] was used, where the hardening parameters are represented with scalar
functions dependent on the stress state and the material direction. A description of
how these functions are written is given in Paper II and Paper III.

4.2.2 Rate-independent inelasticity

In the case of rate independent-inelasticity, the inelastic strain consist only of the
plastic strain, which for associated plasticity is defined as

ε̇in = λ̇p
∂f

∂σ
(11)

where λp follows the Karush-Kuhn-Tucker condition, and is found by the iterative
return procedure to fulfill the yield criterion f = 0, starting with an elastic predictor,
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4.2. THE ADOPTED MODEL

Figure 4: Return method for rate-independent inelasticity. The initial
trial stress is iterated back to the yield surface if f > 0.

followed by a plastic corrector if the stress state is located outside the yield surface,
as illustrated in Fig. 4.

In Fig. 5 simulation results for rate-independent LCF conditions are compared
to the experimental mid-life response for 90° specimens at 600°C, where good
prediction capabilities of the model can be observed. More results are shown in
Paper II for other building orientations and temperatures.

Figure 5: Comparison of experimental mid-life response and simulations
for LCF conditions at 600°C for 90° specimens with ∆ε = a) 0.55% b) 0.9%
c) 1.5% and d) 1.9% (BS - Backstress).
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CHAPTER 4. CONSTITUTIVE MODELLING

4.2.3 Rate-dependent inelasticity

For rate-independent inelasticity, the inelastic strain is often modelled as a power
law equation for high temperature applications, cf. Ahmed and Hassan [37] and
Ohno et al. [52]. However, this definition is of less relevance for rate-independent or
nearly rate-independent situations. Therefore, the inelastic strain might instead be
divided into one rate-independent plastic term, and one rate-dependent creep term,
as

ε̇in =
(
λ̇p + λ̇c

) ∂f
∂σ

(12)

where λ̇c is the rate-dependent part. Such partition of the inelastic strain has
previously been used by e.g. Almroth et al. [35] and Leidermark and Segersäll [53],
and also adopted in this work, where the rate-dependent part is modelled by a
Norton equation. The stress is updated using a two step procedure, where first the
elastic predictor is corrected with a creep corrector, and is illustrated in Fig. 6. If
the stress state after the creep corrector is located inside the yield surface, the new
stress state is accepted, while if it is located outside the yield surface, a plastic
corrector is used to iterate back to the yield surface. More details about this can
be found in Paper III.

Figure 6: Return method for rate-dependent inelasticity. The initial trial
stress is followed by a viscous step, and the stress is iterated back to the
yield surface if located outside after the viscous step.

A part of the obtained results are shown in Fig. 7, where the simulated mid-life
response is plotted together with the experimental mid-life hysteresis for in-phase
loading with maximum temperature of 600°C. More results are presented in Paper
III.

16



4.2. THE ADOPTED MODEL

Figure 7: Comparison of experimental mid-life response and simulations
for TMF conditions with maximum temperature of 600°C for a) 0° specimen
with ∆ε = 0.55% b) 0° specimen with ∆ε = 1.0% c) 90° specimen with
∆ε = 0.7% and d) 90° specimen with ∆ε = 0.9%.

4.2.4 Cycle jumping

In order to describe the stabilised mid-life behaviour without excessive computa-
tional cost, a cycle jumping procedure has been used, where the material parameters
are changed from a virgin state to a mid-life state, as proposed by Hasselqvist
[54]. This approach can be used instead of more common cycle jumping proce-
dures based on Taylor expansion, cf. Leidermark and Simonsson [55], but with the
requirement of finding two sets of material parameters. With this approach, the
expansion/contraction of the yield surface is directly accounted for with the change
of yield stress parameters. Hasselqvist [54] proposed to run two cycles with virgin
material parameters, one cycle with parameters half between virgin and mid-life
parameters, and lastly one cycle with mid-life parameters. However, due to the
stable cyclic response of the material model used in this work, and the lack of
significant cyclic hardening/softening, the procedure can be reduced, where virgin
parameters are used only for the first onloading, and then directly shifted to mid-life
parameters. This enables to simulate the mid-life response by just simulating the
onloading followed by two full cycles.
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Outlook
5

The overall goal of this PhD project is to develop simulation based methods for
fatigue life predictions of ductile AM alloys for high temperature applications, such
as combustor components. So far, the main focus has been put on describing the
constitutive behaviour of the studied material, which is of major importance to
be able to establish fatigue life prediction models. The modelling work has been
limited to temperatures up to 600°C, and might need to be extended to higher
temperatures, to be fully applicable to real component conditions, where viscous
effects are expected to be even more evident than in the studied temperatures in
this work.

Due to the large focus on the constitutive modelling, the crack initiation be-
haviour has so far only been studied at room temperature. Although the room
temperature behaviour is of importance for TMF conditions, a lot is left for future
studies of the crack initiation behaviour, which is planned to be the next step in
the project. The crack initiation model in Paper I is based on the stress and strain
components in the loading direction, and might need to be redefined, especially when
considering multiaxial stress states in e.g. components with stress concentration,
where also a critical plane and/or critical distance approach might be more relevant,
especially with the influence of the material anisotropy. Hence, testing on more
complex geometries also need to be performed to also account for these effects and
to further validate the constitutive description.

The crack propagation behaviour has not been covered in this work, but needs
to be studied for a complete fatigue life description. Crack propagation of AM
materials has previously been studied in e.g. Saarimäki et al. [56], Deng et al.
[12], where out-of-plane crack propagation was observed at high temperatures.
This, if also present for the considered material in this work, in combination with
inelastic deformations where linear elastic fracture mechanics is invalid, can be a
real challenge, but might be of relevance for future studies in this area.

To add more depth to the work and be able to explain why we get the observed
behaviour, the underlying mechanisms need to further studied.

With this said, even though a lot have been done, there are always more that
need to be done.
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Review of Appended Papers
6

Paper I

Fatigue behaviour of an additively manufactured ductile gas turbine
superalloy

The fatigue life of an AM ductile superalloy loaded at room temperature was
investigated, where a simple constitutive model with a bilinear kinematic hardening
description was set up to describe the mid-life behaviour of the material. The
anisotropic mechanical behaviour was taken into account in elasticity, yielding and
hardening. The crack initiation lives of the smooth uniaxially loaded specimens
showed an anisotropic behaviour, and was modelled using the Smith-Watson-Topper
parameter which is able to account for the directional dependencies on the crack
initiation lives. In addition, the fracture surfaces of the specimens were studied
using scanning electron microscope, revealing a new crack propagation mechanism
for the studied material.

Paper II

Constitutive modelling of an additively manufactured ductile nickel-
based superalloy undergoing cyclic plasticity

In this study the constitutive behaviour of an AM alloy was investigated and
modelled for specimens undergoing cyclic plasticity at LCF conditions at four
different temperatures; room temperature, 400°C, 500°C and 600°C. To evaluate
the anisotropic effects, the specimens were built in three different directions in
the AM machine. In the modelling, a transversely isotropic model was developed,
accounting for material anisotropy in both elastic and plastic deformations. A
uniaxially bilinear hardening description was adopted in combination with a cycle
jumping procedure, which enables to model the stabilised material behaviour with
good accuracy and low computational cost.
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CHAPTER 6. REVIEW OF APPENDED PAPERS

Paper III

Constitutive model for thermomechanical fatigue conditions of an
additively manufactured combustor alloy

The constitutive model presented in Paper II was extended to account for TMF
conditions, including cyclic temperatures and time-dependent effects. TMF tests
were performed in both in-phase and out-of-phase conditions on specimens built in
two different orientations. The tests were performed in two different temperature
ranges, namely 100-450°C and 100-600°C. In the modelling, a partition of the
inelasic strain into one plastic strain and one creep strain was considered, where
the creep part follows a Norton description, and was assumed to also affect the
hardening. In addition, a static recovery term was added to the backstress evolution
to account for time-dependent recovery. In addition to the TMF tests, the model
was also validated for the LCF tests performed in Paper II.
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