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Abstract

Inconel 718 is a nickel based superalloy well suited for high temperature and corrosive
environments. However, the material properties of Inconel 718 also makes it difficult to
manufacture complex parts using conventional methods, making alternative production
methods a relevant topic. Additive Manufacturing (AM), or 3D printing, is a production
approach whose popularity has increased rapidly in recent years. It allows for the produc-
tion of components with intricate geometries that cannot be produced with conventional
manufacturing methods, effectively giving the designers more freedom in the development
process. The complex geometries produced by AM will often contain notches, which can
lead to a reduction of the structural integrity of the part. The Theory of Critical Distances
(TCD) is a group of methods used for design and assessment of notched components, that
utilizes a material length parameter, L, referred to as the critical distance. With reference
to the critical distance, the linear-elastic stress fields at the vicinity of the stress raising
features are used to predict both brittle and fatigue failure.

In this work, two TCD approaches were evaluated in terms of their applicability for fa-
tigue assessment of notched as-built Inconel 718 specimens produced by Selective Laser
Melting (SLM). This was done based on fatigue data of four different specimen geome-
tries taken from literature. The results revealed promising accuracy when predicting the
fatigue limit, with an absolute error bellow 20 %. One of the TCD approaches was also
used to modify the fatigue data of three notched specimens, giving a resulting combined
fatigue plot with little scatter. This modified fatigue data was discussed in terms of its
applicability for fatigue assessment. In addition, fatigue testing of heat treated specimens
was performed to investigate the effect of heat treatment on the critical distance of the
material. The results showed that the heat treatment had a clear effect at lower number
of cycles to failure, and that this effect decreased with increasing number of cycles to
failure.

After obtaining promising results when applying the two TCD approaches on the AMed
Inconel 718 specimens, an engineering approach based on the TCD was proposed. The
engineering approach was presented as an alternative procedure for acquiring the stresses
at a distance from the stress raising features present in a given component. Some possible
applications of the procedure were also suggested, including fatigue assessment, critical
region identification and design decision making. Finally, some limitations and a possible
improvement of the procedure were presented and discussed.
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Sammendrag

Inconel 718 er et materiale som er velegnet til bruk ved hgye temperaturer og i korrosivt
miljg. Materialet har i tillegg egenskaper som gjor det vanskelig & produsere komponen-
ter med komplekse geometrier ved bruk av konvensjonelle produksjonsmetoder. Dette
gjor det relevant a benytte alternative produksjonsmetoder for a produsere Inconel 718-
komponenter. Additiv tilvirkning, eller 3D-printing, er en fellesbetegnelse pa en gruppe
produksjonsteknikker som har utviklet seg raskt de siste arene. 3D-printing gjer det
mulig a produsere strukturer og komponenter med kompliserte geometrier som ikke kan
produseres med konvensjonelle produksjonsmetoder. Disse komplekse geometriene gir de-
signere stgrre frihet i utviklingsprosessen, men kan ofte inneholde kjerver som reduserer
den strukturelle integriteten til komponenten. Theory of Critical Distances (TCD) er en
guppe med metoder som brukes til & vurdere egenskapene til komponenter som inneholder
kjerver, og baserer seg pa en lengdeparameter, L, som kalles materialets kritiske avstand.
Metodene benytter seg av spenningsfeltene i bunnen av spenningskonsentrasjonene, samt
den kritiske avstanden til materialet, og kan brukes til a predikere sprgbrudd eller ut-
mattingsbrudd.

I denne oppgaven ble to TCD-metoder evaluert med tanke pa deres egnethet til & vur-
dere utmattingsegenskapene til additivt tilvirkede Inconel 718-deler med kjerver, pro-
dusert med selektiv lasersmelting (SLM). Dette ble gjort basert pa utmattingsdata av
fire forskjellige provestykke-geometrier, hentet fra literaturen. Resultatene viste lovende
ngyaktighet med tanke pa & ansla utmattingsgrensen, med en feilmargin under 20 %. En
av TCD-metodene ble ogsa brukt til & modifisere utmattingsdataene til tre av provestykkene
som inneholder kjerver. Dette resulterte i et samlet utmattingsplott med lite spredning.
Muligheten for & bruke dette utmattingsplottet til a vurdere utmattingsegenskapene til
Inconel 718 ble duskutert. I tillegg ble det gjennomfert utmattingstesting av varmebehan-
dlede prgvestykker med den hensikt & studere effekten av varmebehandling pa materialets
kritiske avstand. Resultatene viste at varmebehandlingen hadde stor effekt ved lavt antall
lastsykluser, og at denne effekten avtok med hgyere antall lastsykluser.

Etter & ha oppnadd lovende resultater ved & bruke de to TCD-metodene pa utmattings-
data for 3D-printet Inconel 718, ble det foreslatt en alternativ TCD-basert metode for &
studere spenningene ved en avstand fra spenningskonsentrasjoner i en gitt komponent.
Denne alternative metoden er ment som et ingenigr-verktgy for a gjgre det lettere & bruke
TCD-prinsipper til praktiske formal. Noen mulige bruksomrader for metoden ble presen-
tert og diskutert. Disse bruksomradene innebaerer utmattingsvurdering av komponenter,
identifisering av kritiske regioner i komponenter og som grunnlag for design-avgjgrelser.
Til slutt ble noen begrensninger ved metoden samt en mulig forbedring presentert og
diskutert.
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Abbreviations and Nomenclature

Abbreviations

AM
DED
DMLS
EBM
FCG
FEA
FEM
HCF
HIP
LCF
LED
LEFM
LM
LPBF
NSIF
PBF
PM
SEM
SIF
SLM
TCD
VED

Additive Manufacturing
Direct Energy Deposition
Direct Laser Metal Sintering
Electron Beam Melting
Fatigue Crack Growth

Finite Element Analysis
Finite Element Method

High Cycle Fatigue

Hot Isostatic Pressing

Low Cycle Fatigue

Linear Energy Density
Linear Elastic Fracture Mechanics
Line Method

Laser Powder Bed Fusion
Notch Stress Intensity Factor
Powder Bed Fusion

Point Method

Scanning Electron Microscope
Stress Intensity Factor
Selective Laser Melting
Theory of Critical Distances
Volume Energy Density



Nomenclature

Delta Phase

Stress Range

Critical Stress Range
Effective Stress Range
Stress Intensity Range
Fatigue Crack Growth Threshold
Gamma Phase

Gamma Prime Phase
Gamma Double Prime Phase
Strain

Angle

Stress

Critical Stress

Stress Amplitude

Effective Stress

Maximum Stress

Minimum Stress

Mean Stress

Ultimate Tensile Strength
Yield Strength

Young’s Modulus

Stress Intensity Factor
Fatigue Notch Factor
Fracture Toughness

Stress Concentration Factor
Critical Distance Value
Number of Cycles to Failure
Load Ratio

Polar Coordinate Distance
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1 Introduction

1.1 Background

Inconel 718 is a nickel based superalloy with properties that makes it an attractive ma-
terial for applications prone to high temperatures and corrosion [1]. The material has
high strength and good corrosion resistance at both elevated and room temperature, and
it is the preferred material for certain components in the aerospace, nuclear, and petro-
chemical industry. However, Inconel 718 also exhibits properties which makes it difficult
to manufacture parts of complex geometries using conventional machining methods. For
this reason, additive manufacturing (AM) of Inconel 718 is a relevant topic. Additive
manufacturing is a production approach that has advanced rapidly in the recent years.
AM gives the designers freedom to manufacture complex parts that cannot be produced
by conventional production methods. However, additively manufactured (AMed) compo-
nents have certain drawbacks in terms of mechanical properties when compared to those
manufactured by conventional methods. This especially applies for components subjected
to repeated loads, where fatigue strength is the deciding factor. Poor surface finish and
the presence of defects stemming from the AM process, serve as initiation sites for fatigue
failure. The production of complex geometries enabled by AM technology are also likely
to introduce geometric features such as notches, whose behavior have to be determined.
Having suitable fatigue assessment approaches for determining the fatigue life of AMed
components is important.

The Theory of Critical Distances (TCD) [2] is a set of approaches used for design and
assessment of notched components subjected to static or fatigue loading. In terms of
accuracy, the TCD has been shown to yield promising results. The approaches are based
on the linear elastic stress fields at the vicinity of the stress raiser, and uses a material
length parameter, L, referred to as the critical distance, for determining the severity of
the stress situation. With today’s availability of commercial FE software, the stress fields
can be easily obtained by creating node paths in the critical regions of the component
to be assessed. However, identification of the critical regions can in some cases be a
challenging task, leading to potential difficulties when determining the locations of the
node paths. For this reason, investigating alternative approaches for obtaining these
stresses is a relevant topic.

1.2 Problem Description / Project Scope

The main goal of this thesis is to determine the applicability of the TCD for fatigue
assessment of notched AMed Inconel 718 specimens, as well as proposing an alternative
engineering approach based on the TCD. The alternative approach should serve as a
convenient engineering tool that can be used for design and assessment purposes.



1.3 Approach

In order to evaluate the applicability of the TCD for fatigue assessment, two slightly
different TCD approaches will be used based on experimentally obtained fatigue data of
AMed Inconel 718 specimens. The specimens include four different geometries produced
in the same batch, where some of them were heat treated and some were kept as-built from
the AM process. The fatigue results of the as-built specimens were taken from literature,
while the fatigue results of the heat treated specimens were obtained by tests conducted
in this work. In addition, the difference in post-processing of the test-specimens allows
for an investigation of the effect of heat treatment on the critical distance.

1.4 Literature

In this thesis, the literature used is mainly based on three different types of sources.
These sources include scientific papers, text books, and the specialization project [3|
conducted in the fall of 2018. Parts of the specialization project are included because
the thesis is a continuation of the specialization project, and some of the content is still
relevant for the thesis. In addition, some sections in the thesis are based entirely on one
particular reference. For these cases, the respective reference is cited at the beginning of
the section.

1.5 Structure of the Thesis

The rest of the thesis is divided into the following chapters:

Chapter 2 presents the basic concepts of additive manufacturing, with main focus on
metals.

Chapter 3 consists of the fundamental theory considered most relevant for this thesis.
The theory includes an overview of static and fatigue properties of materials, as well as
some concepts related to fracture mechanics. A short introduction to the finite element
method is also provided, before the TCD is explained. A brief literature review of the
TCD is also included.

Chapter 4 includes an explanation of the properties and microstructure of Inconel 718.
The most common heat treatment processes for Inconel 718 are also explained.

Chapter 5 contains a literature review of the static and fatigue properties of AMed
Inconel 718. This chapter is included primarily to provide a better understanding of the
properties and behavior of the material in question.

Chapter 6 presents the specimens used for the experimental testing, as well as an ex-
planation of how the fatigue tests were carried out. Static tests are included in addition
to the fatigue tests, in order to get an understanding of the static properties of the
material.

Chapter 7 presents the results from the tests described in chapter 6.



Chapter 8 includes the TCD calculations based on the fatigue data of as-built and heat
treated Inconel 718. The chapter contains both an explanation of the procedures, as well
the obtained results. First, the fatigue data taken from literature is presented together
with the numerical calculations. Then, two TCD approaches are used to determine the
critical distance of the material. The critical distance-determination is then used to
make fatigue limit predictions, as well as modifying the fatigue data as a basis for fatigue
assessment based on the TCD. Finally the two TCD approaches are used to investigate
the effect of heat treatment on the critical distance of Inconel 718.

Chapter 9 presents a proposed engineering approach based on the TCD. The approach
is explained in detail and the steps are visualized and described in Appendix A.

Chapter 10 includes a discussion of the procedures and findings from chapter 8, as well
as a discussion of some possible applications and the limitations of the approach described
in chapter 9.

Chapter 11 contains the conclusion of the thesis together with recommendations for
further work.



2 Additive Manufacturing

This chapter includes an overview of AM as a manufacturing method, as well as a more
detailed description of some specific AM methods relevant for this work.

2.1 Introduction to Additive Manufacturing

Additive manufacturing is a manufacturing approach highly applicable when creating
complex three-dimensional parts. Due to the significant nature of the process, it does
not have the geometry limitations of the conventional manufacturing methods, such as
those for casting or extruding. The AM process benefits from the advantages related
to building parts layer-by-layer, and it does not require setting up machines or creating
tools or molds for production of different parts. This makes AM suitable for a just-in-time
production approach, or for producing prototypes and mock-ups. All parts produced by
AM are based on digital models that are designed using a software, and then uploaded
to the AM production system.

Additive manufacturing can be used for a wide range of materials, and there are several
different AM methods available. Some methods are based on fusing solid materials, while
others solidify parts from inside of a liquid.

2.2 Additive Manufacturing of Metals

For additive manufacturing of metals, there are mainly four categories of methods avail-
able; Powder Bed Fusion (PBF), Direct Energy Deposition (DED), Binder Jetting, and
Sheet Lamination [4]. Both PBF and DED have several sub-categories of the manufactur-
ing methods available, while binder jetting and sheet lamination are exclusive methods.
Binder jetting uses a liquid binding agent to join the powder-based material together.
The binding agent fuses one layer of material, and a new layer of powder is added for the
next fusing step to take place. In figure 2.1, a typical setup for the Binder Jetting process
is shown. Powder is fed layer-by-layer into the powder bed, from the powder stock, by
means of the powder roller. Once the new layer of powder is added to the powder bed,
the liquid binder fuses the desired parts of the new layer. Sheet lamination uses different
techniques in order to join sheets of material in a layer-by-layer manner. The layers can
be given the desired shape before joining or they can be machined once they are added
to the build. Figure 2.2 shows a typical setup for the sheet lamination process. In this
case, sheets are fed into the build by means of spools and cut into shape using a laser,
and the fusing mechanism is ultrasonic welding. Other fusing methods, such as heating
or the use of fusing agents, can also be employed.
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The difference between PBF and DED essentially lies in the method of material supply.
In PBF, the powder is placed in a container, while a heat source fuses together the powder
at the desired locations inside the powder-bed, as illustrated in figure 2.3. For DED, the
material can be in both powder and wire form, and is continuously fed through a nozzle
and joined as it leaves the feeding mechanism, as illustrated in figure 2.4. Both PBF
and DED come with a set of possible configurations and process parameters, with some
of them being; type of heat source, material type and form, pre-heating temperature,
printing environment, and heat input.

<
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3 S
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Figure 2.4: Illustration of a DED setup
Figure 2.3: Illustration of a PBF setup utilizing a laser [8]. The raw material can
utilizing a laser |7]. be either wire or powder, as illustrated.

Three common PBF methods for additive manufacturing of Inconel 718 are selective laser
melting (SLM), direct laser metal sintering (DMLS) and electron beam melting (EBM)
[9]. Both SLM and DMLS utilizes a laser in order to fuse the metal powder, and uses a
similar setup as the one in figure 2.3. Since both SLM and DMLS uses a laser to fuse
the powder, they are often referred to as laser powber bed fusion (LPBF) methods. The
main difference between the two methods is the fusing-mechanism. For SLM, the laser
completely melts the powder in order to fuse it, while DMLS only sinters the particles to
complete the part. The main advantage of DMLS is that it creates parts with no residual



stress, while SLMed parts has the advantage of being very dense and strong [10]. Electron
beam melting does not use a laser in order to fuse the powder. Instead, an electron beam
is used to melt the metal powder. This is done inside a vacuum chamber and with metal
powder heated to high temperatures [11]. Vacuum is used in order to avoid energy loss
from collisions between electrons and gas molecules.

2.3 Printing Pattern and Parameters
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Figure 2.5: Scanning pattern for AM [12]. (a) unidirectional hatching, (b) bi-directional
hatching, (c) island scanning, (d) spot melting, (e) spot melting contours with bi-directional
hatching, and (f) line contouring with bi-directional hatching.

When printing a component, there are several ways of adding a new layer to the build.
Figure 2.5 shows some common patterns for how a new layer can be added to the part.
The outer lines are called contours, while hatching patterns are used inside the contours.
Hatching patterns come in a large variety of configurations.
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Figure 2.6: Hatching lines [13].

For laser powder bed fusion (LPBF), there are several parameters to be decided when
adding a new layer to the build. The thickness of the layers (t), distance between the
hatching-lines (h), laser power (P), and scanning speed (v) are all important parameters
to be determined. Figure 2.6 illustrate these parameters. Volume energy density (VED) is
a variable that includes the parameters, and describes the energy input from the scanning.



VED is defined in equation 2.1 [14]. Only considering laser power and scanning speed
gives the linear energy density (LED), that is defined in equation 2.2.

P
VED = 2.1
v-h-t (2.1)
LED = E (2.2)

v

2.4 Additive Manufacturing Defects and Limitations

Defects stemming from the additive manufacturing process can be detrimental to the
performance and quality of the printed part. The defects can reduce the density of
the part and at the same time act as stress raisers. For this reason, it is crucial that
the correct parameters for the printing process are selected. The most common defects
include [15]:

e Gas Pores
Spherical gas pores can be found inside the printed part, and occurs as a consequence
of trapped gases

e Keyhole Pores
Keyhole pores are steep and deep melt pools that occurs at the start and end points
of the scan tracks, or if the LED is too high

¢ Lack-of-fusion
Lack-of-fusion defects appear as elongated pores between the printed layers, and the
length of the pores is perpendicular to the build direction. Lack-of-fusion defects
are caused by insufficient energy input unable to melt all the powder

e Unstable Melt Pool
An unstable melt pool leads to the formation of irregular pores. This occurs at low
scanning speeds with high energy density and at high scanning speeds. These two
situations lead to hydrodynamic instability of the melt pool and instability of melt
flow, respectively

e Lack of Overlap
In order to obtain a high density of the printed part, the overlap between the
hatching lines must be sufficiently large. Too large hatch space will cause porosity
between the hatching lines

Overhang Surface

Additive manufacturing of components with overhang surfaces can be challenging and
effectively reduce the design freedom of the component to be produced. Referring to figure
2.7, printing of surfaces with small overhang angles, a, can lead to high surface roughness
[16, 17]. A high surface roughness can be crucial to the performance of the component,
and can lead to the need for machining of the surface in order to obtain a sufficiently
good surface finish. In some cases, supporting structures that have to be removed after
the manufacturing process may be necessary for printing large overhangs.
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Figure 2.7: Overhang angle, .

Residual Stresses
The significant nature of the AM process of metals can introduce residual stresses in the

printed component, leading to inferior performance. If the printing operation involves
complete melting of the material, residual stress can form as a result of the thermal cycle
of the process [18]. The thermal cycle involves rapid heating, rapid solidification and
re-melting of underlying layers in addition to the melting of the top layer. As for the
EBM and SLM processes, components produced by EBM has significantly lower residual
stresses than those produced by SLM [18|. This is due to the high preheating temperature
of the powder in the EBM process, which causes lower cooling rates in the solidification

step.



3 Theoretical Background

In this chapter, some of the fundamental theory relevant for this work is presented. In
some sections, the included theory is entirely based on one text book. In these cases, the
reference is given at the start of the section. Otherwise, references are included in the
text.

3.1 Tensile Properties

The theory in this section is based on Norman E. Dowling’s book Mechanical behavior
of materials: Engineering methods for deformation, fracture, and fatigue [19].

When a material is subjected to a given stress, the material’s response is strain. This
strain is a measure of deformation and can be both elastic and plastic, depending on
material properties and the amount of stress applied. The relationship between applied
stress and resulting strain is often plotted as a stress-strain curve, revealing the behavior
of the material.

For elastic deformation, the deformation is recovered upon unloading, and stress and
strain are often proportional, resulting in a linear stress-strain curve. The proportional
relationship of stress and strain is described by Hooke’s law o = Fe, and introduces the
modulus of elasticity, or Young’s Modulus, E, which is a material constant that represents
the slope of the linear region. The Young’s Modulus is thus a measure of the material’s
resistance to elastic deformation. After the linear response of the material, when the
yield strength, oy g, of the material is reached, the material will deform plastically. The
plastic deformation of the material is not recoverable upon reloading and the relationship
between stress and strain is no longer linear. The plastic region of the stress-strain curve
is usually characterized by a decreasing slope, meaning that less stress is needed to further
deform the material.

ultimate stress

vield stress

A J
L 4

€ €

Figure 3.1: Engineering stress-strain (left) and true stress-strain (right) [20].

Figure 3.1 shows two different stress-strain curves. The left curve in shows the engineering



stress-strain response, where material behavior is calculated based on the assumption of
a constant cross section throughout the loading process. The ultimate tensile strength
of the material, oyrg, is the point of highest stress on the engineering stress strain
curve, whereas the yield strength indicates the transition between elastic and plastic
deformation. On the right is the true stress-true strain curve, where material behavior is
calculated accurately, considering the reduction of the cross section. When the material
reaches the true fracture strength, oy, final fracture will occur.

3.2 Fatigue Properties

The theory in this section is based on Norman E. Dowling’s book Mechanical behavior
of materials: Engineering methods for deformation, fracture, and fatigue [19].

When a component is subjected to a cyclic load, the possibility of failure due to fatigue
occurs. The repeated load can be harmful even if the stress caused by it is well below the
ultimate strength of the material. Accumulation of the microscopic damages caused by
the repeated load can develop into a crack or macroscopic damage that leads to failure of
the component. The fatigue strength of a material describes how many cycles to failure
the material can withstand before failure, at a given stress amplitude.

In figure 3.2, a representation of two different loading conditions is provided. The curves
indicate how the applied stress changes with time, and maximum stress (0,4 ), minimum
stress (Oumin), and mean stress o, , are indicated. Stress range is given as Aoc=0,4z -
Omin, and stress-amplitude is 0,=0,,4: - 0.,. The load ratio, R, is defined as the ratio
between minimum stress and maximum stress: R=0,,i,/0mae. For the load situation on
the left, the load is symmetrical to the time-axis, hence, the load ratio is R=-1 and ¢,,=0.
With an increasing tension mean stress, the load ratio will increase, such as in the load
situation to the right in figure 3.2.

c 1 1 Smax c FT Omax
Oy %m Oa
0 A -ime . . _% A
Oa 0 Ca
‘ GOmin by Omin
one cycle

Figure 3.2: Cyclic loading.

Low Cycle Fatigue

Low cycle fatigue describes the situation where relatively few cycles leads to failure of a
component. The number of cycles is in the order of tens, hundreds, or thousands, and
the load is often large enough to cause a significant amount of plastic deformation. Due
to the presence of plastic deformations, the strain-based approach for fatigue assessment
is often applied for LCF. Strain-based approach establishes a relationship between strain
amplitude and cycles to failure, presented as strain-life curves, as seen in figure 3.3. By
cyclically loading between constant strain limits and measuring stress, a more detailed
study of local yielding is obtained, giving an improved estimation of intermediate and
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especially short fatigue lives. The approach also applies for long lives with little plastic-
ity. A boundary value, called transition fatigue life Nt, defines the boundary between a
situation involving a significant amount of plasticity (plastic curve), and a situation of
little plasticity (elastic curve).

Strain Amplitude (log scale)

Cycles to Failure (log scale)

Figure 3.3: Curves for elastic, plastic, and total strain versus life [19].

High Cycle Fatigue

High cycle fatigue is one of the main failure modes in practical industry applications [21].
For components experiencing relatively small deformations that are primarily elastic,
High Cycle Fatigue properties are used to determine the life of the component. The
previously mentioned strain-based approach can be used to describe high cycle fatigue
behavior, but the stress-based approach is more commonly used. Stress-based approach is
based on the nominal stress at the affected region of the component. In order to identify
the nominal stress a component can withstand, the effect of mean stress and stress raisers
must be considered. By controlling the applied stress-amplitude and measuring number
of cycles to failure for the component, a stress-life relationship can be established. This
relationship is presented in a stress versus life curve, or S-N curve, showing the amount
of cycles to failure at a given stress amplitude. Two typical S-N curves are illustrated
in figure 3.4, with both linear- and log-scales. When plotting the S-N curves in log-
scale, a linear trend is often seen, and the curve can be fitted with the Basquin-equation:
aa:AN’}, where Ny is the number of cycles to failure at a given stress amplitude, and
A and b are fitting constants. The log-plots are useful due to the high number of cycles
usually involved.

1000
1000
— [=18]
] 2 o o
[4h] —
o c 500
10
130
100 500 1000 10 100 1000
Number of Cycles Mumber of Cycles
linear log

Figure 3.4: S-N curves [22].
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If the component subjected to cyclic loading contains a notch, the fatigue notch factor, k¢,
is introduced. The fatigue notch factor is defined as the fatigue strength of the notched
member divided by the fatigue strength of the smooth member, as seen in equation
3.1.

kf _ O a,notched (31)

O a,smooth

The influence of a notch can also be described by the stress concentration factor, k;, which
is defined as the local maximum stress at the notch divided by the nominal (average)
stress, as seen in equation 3.2.

oy = —Jmar (3.2)

O nominal
The relationship between the fatigue notch factor and the stress concentration factor
is given by equation 3.3, and introduces the notch sensitivity, g. The definition of ¢
presented in equation 3.3 is an empirical formulation proposed by R.E. Peterson, and

includes a material constant o and the notch radius p. Other empirical formulations of ¢
also exist.

k-1 1
ki1 1+2

q (3.3)

3.3 Linear Elastic Fracture Mechanics

The theory in this section, except from the theory of the notch stress intensity factor, is
based on Ted L. Anderson’s book Fracture Mechanics: Fundamentals and Applications

23],

The presence of cracks, or crack-like features, can have detrimental effects on the per-
formance of an engineering component. When a crack is present, failure by fracture can
occur even at loads well below the material’s yield strength, making failure difficult to
predict with conventional methods. A crack can be subjected to one, or a combination
of the three load-modes illustrated in figure 3.5. The modes I, IT and II are referred to
as opening, in-plane shear and out-of-plane shear, respectively.

12



Mode I Mode 11 Mode 111
(Opening) (In-Plane Shear) (Out-of-Plane Shear)

T
— 4
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Figure 3.5: Loading modes I, IT and III, from [23].

There are multiple examples of features that act like cracks. Cracks and other flaws can
for example be introduced to the component during the manufacturing process in the
form of porosities and inclusions, or they can form during operation in the form of deep
scratches. In many situations it is difficult to avoid the presence of cracks, meaning that
it is important to find a way to assess components containing cracks. This leads to the
introduction of the fracture mechanics approach to failure.

In linear elastic fracture mechanics (LEFM), the stress intensity factor (SIF) K, is a value
used to determine how critical the presence of a crack is. The SIF considers the crack
size, geometry and stress, and it assumes a linear elastic material behavior described by
Hooke’s law. In the case of mode I loading of an infinite plate with W » a, where W is
the plate-width and a is half of the crack length, a simple closed form solution for the SIF
is given by equation 3.4. This loading situation is illustrated in figure 3.6, where o is the
applied stress and the crack is a through crack. If K reaches the critical SIF value K¢,
which is the fracture toughness of the material, then fracture will occur. In the case of
other specimen geometries and loading modes, the correction factor Y can be introduced
to account for these changes. Equation 3.5 shows how this factor can be applied to the
original K-solution, also including all three modes.

K;=ov/ma (3.4)
Krrr =Yoyma (3.5)
LA ==

5
o
R ——

Figure 3.6: Wide plate with through crack, from [23].
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Referring to the polar coordinate system illustrated in figure 3.7, the complete stress
distribution at the vicinity of the notch can be calculated by knowing the SIF. In the
case of mode I loading, as seen to the left in figure 3.5, the stress fields are given by
equations 3.6, 3.7 and 3.8.

Crack

Figure 3.7: Stresses at the crack tip, from [23].

Opz = %cos(%) _1 — sm(%) sin (%)_ (3.6)
K 0\ [ AN EAY
- V1 z > .
Tyy \/2_7Wcos<2> _ —i—szn(z)sm(z)_ (3.7)
K o\ . [0 30
Toy = \/%COS (5) sm<§> cos (?) (3.8)
Notches

When working with notches, a different type of SIF is introduced, namely the notch
stress intensity factor (NSIF). A method for calculating the NSIF that applies for both
blunt and sharp notches, as well as cracks, was proposed by Lazzarin and Filippi [24].
The method is based on the K-formulation in equation 3.4, but it is designed to consider
the geometric features of notches, such as notch radius and opening angle. For mode I
loading, the NSIF is given by equation 3.9 and refers to the coordinate system in figure
3.8. The origin of the coordinate system is located at a distance ry from the notch tip,
and r is defined as the distance from the coordinate system origin. A\, w; and p; depend
on the notch opening angle, while oy is the stress along the notch bisector line at the

distance r from the coordinate system origin. The stress can easily be obtained using a
FEA software.

KY, = MTHM (3.9)
p.I ~ o \H—A
1 + W(E)M 2
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Figure 3.8: Coordinate system and parameters, from [24].

3.4 Fatigue Crack Growth

The theory in this section is based on Ted L. Anderson’s book Fracture Mechanics:
Fundamentals and Applications [23].

Fatigue crack growth can be considered as the fracture mechanics approach to fatigue.
The method uses the stress intensity factor K given by equation 3.10, as introduced in
section 3.3, and focuses on the growth of an initial flaw in the material, caused by cyclic
loading. The initial flaw is small in size but can grow into a crack and then propagate
until it reaches a critical size where brittle fracture will occur. By going from stress
to stress range, as seen in equation 3.10, an expression for the stress intensity range is
obtained.

K =Yoyma — AK =Y Ao/ma (3.10)

The behavior of the crack growth can be described as the relationship between the stress
intensity range AK, and crack growth rate da/dN. Figure 3.9 shows a typical log-log plot
of the crack growth rate with respect to the stress intensity range. In the intermediate
region, a linear trend is observed. This linear region can be described by the Paris’ Law
given in equation 3.11, where m is the slope of the curve and C is a constant. The fatigue
crack growth threshold A Ky, along with the fracture toughness K, is also indicated in
figure 3.9. AKjy, is a limit value for AK, indicating the threshold of which crack growth
is expected to start, while Ko is the value where failure occurs.

da/dN = C(AK)" (3.11)
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Figure 3.9: Fatigue crack growth, from [23].

3.5 The Finite Element Method

The majority of problems in engineering and physics cannot be solved using analytical
methods. When the complexity is high and large amounts of partial differential equations
must be solved, the Finite Element Method (FEM) can be used to discretize the problem
by introducing numerical methods. The discretization divides the problem into simpler
and smaller parts and serves as an approximation of the original problem.

When using the FEM in structural analysis, the structure is divided into a finite number of
elements containing nodes. These nodes can be placed at the corners, along the edges, or
inside of the elements. The external nodes connect the different elements and have degrees
of freedom (DOF) that can be rotations or translations. When the nodes are displaced,
the displacements within the element are interpolated from the nodal displacements.
Depending on the element type, the interpolation is either first or second order. For
linear elements, nodes are placed at the corners and the interpolation is first order, while
quadratic elements have nodes on both corners and on the midsides, and use a second
order interpolation between the nodes. When a component is meshed, a certain amount
of elements are assigned to the component. The density of the mesh dictates the number
of elements, hence the accuracy of the results, as well as the computational time of the
calculations. The elements can be 1D, 2D and 3D. Figure 3.10 shows two variants of 2D
triangle and quadrilateral elements.

Figure 3.10: Quadrilateral (left) and triangle (right) elements.
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Today, computers are often used when solving problems using the FEM. In this work,
the Abaqus CAE software is used for numerical calculations. Abaqus is a finite element
analysis (FEA) software that can be used in engineering tasks, including modelling, anal-
ysis and results visualization. The software is divided into modules, where each module
contains specific tools for setting up the FEA task [25]. There are a total number of ten
modules.

Shape Optimization in Abaqus

The Tosca Structure software can be implemented in the optimization module in Abaqus
to perform different optimization tasks of a given geometry. Tosca Structure can be
used to perform topology optimization, shape optimization, size optimization and bead
optimization. These optimization modules are used to find the optimal solution to a
given problem, and serve as powerful tools when designing or improving components in
engineering tasks.

In this work, the shape optimization module is the most relevant [26]. Shape optimization
is used to make final design improvements with respect to stress, strain and durability,
without drastically changing the shape of the component. When setting up the shape
optimization task, design area, design responses, objective function and constraints must
be defined. Design area is the region to be optimized, while the design responses are the
variables to include in the optimization task, typically volume and maximum stress or
strain for shape optimization. The objective function and constraints are both defined
based on the design responses. For example, the objective function can be to minimize
a stress design response, while the constraint can be to keep a volume design response
constant. By slightly changing the positions of the surface nodes in the design area, the
aim is to minimize the design response defined by the objective function, and at the same
time stay within the constraint.

3.6 The Theory of Critical Distances

This section includes an introduction to the Theory of Critical Distances (TCD), starting
with the general concept of the theory. Then, some approaches of the TCD are presented,
followed by a brief literature review of the TCD.

3.6.1 Basics of the Theory of Critical Distances

Performing a failure analysis of a component can be a challenging task and several factors
have to be taken into account. Factors that are commonly highly influential on the cause
of failure can originate from the manufacturing process, or they can be related to poor
design. Causes of failure stemming from the manufacturing process are often cracks or
pores, while failure due to poor design is mostly related to stress raising features, such as
sharp edges and corners. All the aforementioned causes of failure create high local stresses,
with the stress decreasing with the distance from the stress raising feature.

The TCD [27] is a group of methods, some of which were introduced as early as the
mid-twentieth century, used predict brittle failure and fatigue of components containing
stress raisers. With the basis of a material length parameter L, the material’s critical
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distance, the TCD methods postulate that failure occurs not only due to an excessive
stress at the notch root, but rather due to the stress situation at a distance from the
maximum stress. As shall be seen later in this chapter, some TCD methods also use the
stress intensity factor by introducing LEFM principles. An important aspect of the TCD
methods is that L only depends on the material of a given component and not on its
geometric features.

In order to predict failure of a component using the TCD methods, a failure criterion
must be established. For brittle fracture, this leads to the introduction of two additional
material constants, namely the material’s critical stress oy and the fracture toughness K¢.
In the case of fatigue failure, the critical stress can simply be changed to the cyclic critical
stress Aoy, while the fatigue crack propagation AKjy, is used instead of the critical stress
intensity. For metallic materials, Aoy is equal to the plain specimen fatigue strength,
while ¢ is larger than the ultimate tensile strength oprg of the material [27]. The
relationship between the critical distance, the critical stress and stress intensity will be
further discussed below.

3.6.2 The Critical Distance Approaches

The TCD methods can roughly be divided into two main categories [28|; stress based
methods and methods based on fracture mechanics, both of which can be used to predict
either brittle fracture or fatigue. The stress-based methods can again be divided into
three separate methods that consider the linear elastic stress field at the vicinity of the
notch, aiming to determine the effective stress, oy as a function of L. After the o.ss-
determination, the effective stress is compared to the material’s critical stress og. As
previously mentioned, the stresses can be described as cyclic values in case of fatigue.
The three stress-based TCD methods for fatigue are listed below [29], followed by a short
explanation of the fracture mechanics approaches.

AG"EI
Point Methodl Line Method Area Methoq
i |

Figure 3.11: Local coordinate system for the notch and visualization of the three stress based
TCD approaches, from [29].

The Point Method

The simplest of the four stress-based TCD methods is referred to as the point method
(PM). The PM defines o.¢¢ as the stress at a distance L/2 from the notch root, as
illustrated in figure 3.11 (b). According to the PM, the effective stress can be described
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by equation 3.12, where Ao, is the stress range perpendicular to the notch bisector
line.

L
Aopp = Aoy, («9 =0,r= 5) (3.12)
The Line Method

In the line method (LM), the effective stress is calculated by averaging the stress field over
a distance 2L, starting from the notch root. Figure 3.11 (c) illustrates how o, is obtained
according to the LM, and equation 3.13 shows the mathematical formulation.

2L

Ao.ip = L Aoy (0 =0,r)dr (3.13)
2L J,

The Area Method

The area method describes the effective stress as the average of the maximum principal

stress over a given area at the vicinity of the notch. This area is shown in figure 3.11 (d)

and defined as a semicircular area with its center at the notch tip, and a radius of 1.32L.

Equation 3.14 shows the mathematical formulation of the effective stress according to the

area method, where Aoy is the maximum principal stress range.

4 w/2 pL
Aoy = ), /0 Aoy (0,r) -r-dr-df (3.14)
Fracture Mechanics Approaches
By introducing LEFM principles into the TCD formulations, a relationship between the
critical distance, the critical stress and the stress intensity factor can be established. This
relationship is described by equation 3.15 and equation 3.16, used for brittle fracture and
fatigue respectively. As can be seen from the equations, and as previously mentioned, Aoy
is used instead of og and AKy, is used instead of K¢, when going from brittle fracture to
fatigue. These formulas are valid for central through cracks in infinitely large plates, but
the geometry factor Y can be introduced to take into account other types of cracks.

=1 (E)z (3.15)

™ o))

=1 (AK“”‘)2 (3.16)

7\ Aoy

The TCD methods based on fracture mechanics can be divided into two slightly different
approaches, where both of them uses the stress intensity factor as the critical parameter
[30]. The first approach is referred to as the "introduced crack method" and assumes
the presence of an actual crack at the notch root. However, this method is not well
suited when predicting the behavior of a notch if the length of the crack is equal to or
smaller than L. This leads to the introduction of the second method, the "imaginary crack
method" (ICM), where an imaginary crack is introduced to the notch root and the crack
is assumed to obey the laws of LEFM. Taylor [30] has summarized how the predictions
based ICM gives similar results to that of the PM and LM.
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3.6.3 Literature Review of the Theory of Critical Distances

This section includes some information found in the literature in order to get a better
understanding of the mechanisms and applicability of the TCD.

Finding L

In order to make predictions based on the TCD, the material’s critical distance must be
determined. This can be a challenging task and requires experimental data as well as
numerical or analytical calculations. Several procedures for obtaining L are reported in
the literature, covering a wide range of complexity.

With today’s availability of FE software, obtaining the stress fields of different notch
geometries is often a straightforward task. This provides a solid foundation for the
application of the stress-based TCD methods outlined above, considering that the stress
field at the vicinity of the notch is an essential part of these methods. Taylor et al. [31]
and Louks and Susmel [29] have applied FE software to determine the critical distance
by means of the PM when solving fatigue problems. With the basis of fatigue tests
of specimens with different notch geometries, including one unnotched specimen, both
studies create combined plots of the stress fields of the different geometries. This is done
by constructing linear elastic stress fields that represent the stress situation at the fatigue
limit of the specimens. Figure 3.12 and figure 3.13, taken from [31]| and [29] respectively,
show the resulting stress field plots and reveal how the curves intersect at approximately
the same point.

—+—kKi=25 d=6mm N o
—®—Ki=18 d=5mm 1200

700 =—Plain specimen fatigue limit | R=0.1, T=250 °C, N;=5-10% cycles to failure |
— — = Critical distance o 1000 A
7 ! K=26.5
£ 500 1 800 1 K=6.9 AGy, ps=s0%=129.2 MPa

Error = +20%

Error = -20% |
|

0 o iLJ'2=0.126 mm K=10.0
0 0.1 02 03 04 05 06 07 08 0.9 0 0.1 0.2 0.3 0.4 0.5
Distance, r (mm) Distance, r [mm]
Figure 3.12: Stress fields for different spec- Figure 3.13: Stress fields for different spec-
imens at the fatigue limit, from Taylor et al. imens at fatigue limit, from Louks and Sus-
[31]. mel [29].

Recalling that the PM postulates that the critical stress range equals the plain specimen
fatigue strength at the half of the critical distance for metals, the intersection between the
unnotched and notched specimens can be considered as L/2. Taylor et al. [31] defined
L/2 as the midpoint between the intersection of the two notched specimens and the
unnotched specimen, while Louks and Susmel [29] defined L/2 as the intersection between
the unnotched specimen and the notched specimen with the highest stress concentration
factor.

A more sophisticated approach to determine the critical distance has been proposed by
Benedetti and Santus [32]. In their approach, the fatigue critical distance is found by
means of both the PM and LM, using the inverse search procedure illustrated in figure
3.14. The resulting critical distances are denoted L and L’, based on the LM and PM
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respectively. A cylindrical V-notched specimen with a notch root radius of 0.2 mm and
an unnotched specimen are used for the calculations. The procedure involves a stepwise
process where the initial dimensionless critical distances, [y and l(/), are found in the first
step by assuming the stress as the singular term ahead of an ideally sharp V-notch. This
is done by introducing the dimensionless notch-stress intensity factor (N-SIF) Ky, the
Williams power law singularity exponent s, and the fatigue stress concentration factor
K. The N-SIF is obtained through a numerical analysis using FE software, while Ky
is found by performing fatigue tests on the two specimens. K is the only experimental
input needed and is defined as the fatigue strength of the unnotched specimen divided
by the fatigue strength of the notched specimen.

In the second step of the inverse search procedure, correction functions are introduced in
order to take into account the effect of the notch radius. This correction effectively gives
the dimensionless critical distances, [ and [’, calculated for the LM and PM respectively.
After finding the dimensionless values, the real critical distance values, L and L', can
simply be found by multiplying the dimensionless values with the radius of the specimen.
A more in-depth description of the entire procedure is provided in [33].
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Figure 3.14: Visualization of the TCD approach proposed by Benedetti and Santus [32].

In the same study [32], the critical distance is also determined by using the fracture
mechanics approach given by equation 3.16. This procedure requires information about
the full range of the unnotched specimen fatigue limit Aoy, and the threshold stress
intensity factor range AKjy,, obtained through fatigue crack growth (FCG) rate tests.
As pointed out by the authors, AK,, can be challenging to measure, introducing high
uncertainty when calculating the critical distance. This problem is confirmed by the
results in the study, where the inverse procedure summarized above gives better results
than those of the fracture mechanics approach.

Critical Distance Values for Metallic Materials

Atzori et al. [34] has summarized the critical distance values for a wide range of materials.
The values are calculated based on fatigue testing and show that the critical distance can
vary with orders of magnitude between different metals. The lowest reported value is
0.004 mm for 16F steel tested at a load ratio of R=0.1, while the largest value is 4.410
mm for grey cast iron tested at R=0.5. For steels, the L values ranges from 0.004 mm to
0.782 mm, while the L values for aluminum alloys ranges from 0.011 mm to 0.396 mm.
Cast irons have the largest critical distance values, spanning from 0.105 mm to 4.410
mim.
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As for Inconel 718, Louks and Susmel [29] determined the critical distance based on data
from Chen et al. [35]. The fatigue testing was performed by means of rotating bending
at elevated temperatures on both notched and unnotched specimens, and the critical
distance was calculated to be 0.154 mm.

Influencing factors on the Critical Distance

Taylor [36] reported the relationship between the material’s critical distance and its grain
size. Based on data from Yokobori and Konosu [37|, where the material was heat treated
to obtain different grain sizes, he calculated the critical distance based on brittle fracture
and compared it to the grain size. The results are reported in figure 3.15 and shows
a clear relationship between critical distance and grain size, where the critical distance
increases with grain size.
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Figure 3.15: Relationship between L and grain size, from [36].

The notch effect on PUR, which is a polymer material, was investigated by Negru et al.
[38]. By performing tests on notched samples with different densities, the static properties
were determined by means of the TCD, based on two notch geometries. Figure 3.16 shows
the stress fields of U-notched and V-notched specimens and reveals a relationship between
the critical distance and the density of the material. The results are summarized in table
3.1. It is evident that the critical distance decreases with increasing density, indicating
that the microstructural features of the PUR material related to density influences the
material’s critical distance. A possible explanation for this is that a high density gives
smaller cell diameters for the cellular structure of PUR, which in turn leads to a shorter
critical distance.
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Figure 3.16: Stress fields for PUR-specimens with different density and L/2 indicated. Data
from [38].

PUR density |kg/m® 100 145 300 708 1218
Length, L [mm)| 0.854 0.676 0.624 0.570 0.296

Table 3.1: Relationship between the density and critical distance of PUR. Data from [38].

Another influencing factor on the critical distance is the load ratio R. It is well known
that R affects both Aoy and A Ky, and referring to the relationship described by equation
3.16, it is to be expected that also the critical distance should change with R. Figure 3.17
shows typical values for how the fatigue limit and threshold changes with R for steel. By
calculating L for different R ratios using equation 3.16, a relationship between L and R
can be established. This relationship is plotted in figure 3.18 and shows that L. decreases
linearly with increasing R until R reaches a limit value. This limit value is determined
by the relationship between the threshold stress intensity range and R ratio, which is set
to R=0.5 in this case. After the limit value, the critical distance increases rapidly.
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Figure 3.17: Graphs showing the dependency of fatigue limit (left) and threshold (right) on
load ratio, R. Data for steel from [39].
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Figure 3.18: Relationship between critical distance, L, and load ratio, R, from [39].

It should be mentioned that the change in Aoy and AKy, with respect to R, illustrated
in figure 3.17, are simplistic and these trends do not apply for all materials. Taylor [40]
investigated the relationship between R and L for cast iron and found little variation in
L for R-values between 0.1 and 0.7. This result is shown in figure 3.19.
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Figure 3.19: Relationship between L and R for iron, from [39].
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The fact that L changes with different load ratios may seem as a problem when applying
the TCD to data where R is not constant. However, Taylor [39] investigated the ability of
the PM to predict the fatigue limit of a steel material loaded with different R ratios, using
a constant L-value. These results are presented in figure 3.20 and shows that a constant
value for L can be used to assess the fatigue limit over a large span of R ratios.
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Figure 3.20: PM prediction of fatigue limit for steel for different R, from [39].

Accuracy of the Theory of Critical Distances

Using the inverse search procedure previously described, Benedetti and Santus [32] pre-
dicted the high cycle fatigue strength of blunt-notched specimens produced by SLM.
First, the critical distance of two different sharp-notched specimens were obtained using
the inverse procedure for both the PM and LM. The sharp-notched specimens were dif-
ferent in that the notches were either built directly from the printer or machined from a
plain surface. Second, the critical distances were used to assess the fatigue limit of blunt-
notched specimens whose notches were created in the same way as for the sharp-notched
specimens. Table 3.2 lists the prediction results and distinguishes between as-built notch
and machined notch. The results show that the predicted values are all below a 10%
error of the experimental fatigue limit results, both for the PM and LM. As for the differ-
ence in accuracy between the PM and LM, the PM yields slightly more accurate results.
However, it must be stressed that the results are generally satisfactory.

LM PM
Experimental [MPa] Predicted [MPa] Error [%)] Predicted [MPa] Error [%)]
Turned blunt notch 116.6 126.0 8.0 120.0 2.9
SLM blunt notch 144.8 145.9 0.8 142.1 -1.9

Table 3.2: Results of prediction of the fatigue strength of blunt notched specimens at 5x10°
cycles to failure [32], based on L values obtained through the PM and LM. The predicted fatigue
strength is compared with the experimentally obtained fatigue strength.

In the same study [32], the critical distance was also obtained by performing fatigue
crack growth tests and applying the fracture mechanics approach described in section
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3.6.2, using equation 3.16. This critical distance was then used to assess the fatigue limit
of the blunt-notched specimens, using both the PM and LM, giving the results presented
in table 3.3. These results reveal a slightly inferior prediction accuracy with respect to
the results obtained by using the PM and LM inverse procedure, but the error is well
below 20%.

LM PM
Experimental [MPa] Predicted [MPa] Error [%)] Predicted [MPa] Error [%)]
Turned blunt notch 116.6 101.0 -13.4 98.0 -15.9
SLM blunt notch 144.8 125.9 -13.0 123.6 -14.7

Table 3.3: Results of prediction of the fatigue strength of blunt notched specimens at 5x10°
cycles to failure [32], based on L value obtained through the fracture mechanics approach. The
predicted fatigue strength is compared with the experimentally obtained fatigue strength.

Louks and Susmel [29] investigated the accuracy of the stress based critical distance
approach described in section 3.6.2. By means of the PM, the critical distance was
determined based on axially loaded unnotched and sharp V-notched specimens at elevated
temperature, using their stress fields and fatigue limits. This critical distance value was
then applied to the PM, LM and area method in order to find the effective stress Aoy,
which was compared to the plain specimen fatigue limit. The error was then calculated
as shown in equation 3.17, and all results are presented in table 3.4. The results reveal
that the TCD is able to predict the fatigue limits with an absolute error below 15%, and
that the PM yields slightly superior prediction results.

Error = 27e1f = A%, (3.17)
AUO
PM LM Area Method
Specimen Aoy [MPa] Ao [MPa| Error [%] Aoy [MPa]  Error |%] Aoy [MPa|  Error [%]

Plain 429.2 - - - - - -
Blunt U-notch - 471.0 9.7 436.4 1.7 476.6 11.1
Sharp U-notch - 439.8 2.5 380.0 -11.5 449.1 4.6
Sharp V-notch - 429.2 0.0 369.9 -13.8 439.5 2.4

Table 3.4: Results from [29] showing the accuracy of the stress based TCD methods when
predicting the fatigue limit of different specimens.

In the same study [29], the same TCD approach was adopted in order to predict the
fatigue limits of specimens found in the literature. The results confirm the good prediction
accuracy of the TCD methods, with an absolute error generally well below 20%. Only
one estimated value had an error above 20%. For the sake of brevity, the results are not
included here.
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4 Inconel 718

Inconel 718 is a high strength corrosion-resistant nickel chromium superalloy, and is the
most commonly used among the Ni based superalloys [41]. Due to its excellent properties
in high temperatures and resistance to corrosive environments, it has a wide range of
applications. It is used in temperatures ranging from -250°C to 700°C [1| and has low
price/performance ratio, good formability and weldability properties [42]. Conventionally
manufactured Inconel 718 is mostly adopted by industries such as aerospace, nuclear and
petrochemical, with more specific applications being; gas-turbines, jet engines and high-
speed airframe parts, exhaust manifolds or turbochargers [43|. One issue with Inconel
718 is that the low thermal conductivity, high hardness, high strength at high temper-
ature, and tendency to react with tool materials, make it challenging to produce parts
using conventional machining methods [44]. This especially applies for parts of complex
geometries, and makes it relevant to introduce an alternative manufacturing method that
does not rely on conventional machining methods, such as additive manufacturing. The
composition ranges of Inconel 718 is given in table 4.1.

Element  Chemical Composition, %

Ni (+Co) 50.00-55.00
Cr 17.00-21.00
Fe Balance
Nb (+Ta) 4.75-5.50
Mo 2.80-3.30
Ti 0.65-1.15
Al 0.20-0.80
Co 1.00 max.
C 0.08 max.
Mn 0.35 max.
Si 0.35 max.
P 0.015 max.
S 0.015 max.
B 0.006 max.
Cu 0.30 max.

Table 4.1: Typical composition limits for Inconel 718. Data from [1].

4.1 Microstructure of Inconel 718

Inconel 718 is a precipitation strengthened alloy, which in essence means that the strength
of the material increases by precipitation of secondary phases. These phases strengthen
the material by acting as obstacles to dislocation movement [45]. Inconel 718 generally
consist of three phases; 7/ (Ni3(Al, Ti) with face-centered cubic (L1s) ordered structure,
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7" (NigNb) with body centered tetragonal (D0qy) structure, and -y phase with face cen-
tered cubic structure. 7" and 7" act as the hardening precipitation phases, with 7" serving
as the major hardening phase due to its larger volume fraction [46]. The volume fractions
of 4/ and " in commercial Inconel 718 are approximately 0.13 and 0.04, respectively [47].
Both 4/ and 7" precipitate between 600°C and 900°C and are uniformly distributed [48|.
~" is a metastable phase, and its stability is limited to the temperature range between
650°C and 700°C [49]. For operation temperatures above this, " phases coarsen fast
and transforms into either 4’ or ¢ phases, leading to reduction of strength thus limiting
application temperature [43].

0 is the third precipitation phase for wrought Inconel 718 and has the same composition as
~", namely NizNb, but with a different crystal structure; orthorhombic crystal structure
[50]. It grows with a corresponding loss of v phase, because both phases are Nb-based. As
opposed to 7" and ~” precipitates that are uniformly distributed, the § phase precipitate
at the grain boundaries [43, 48], and it precipitates between temperatures if 700°C and
1000°C. With increasing temperature, the size and amount of ¢ phase increases [46]. In
conventional Inconel 718, the precipitation of § phase is found to be proportional to
the aging time [51]. As previously indicated, precipitation of 0 phase related to inferior
mechanical properties [49]. This is mainly due to the transformation from the 4" phase
to 0 phase at grain boundaries, leading to lower strength particularly in grain boundary
regions [51]. In case a fine grain structure is required, § phase can be used to control the
grain growth [52|. For fatigue properties, the influence of 4 phase has been researched in
several studies, but no agreement has been established on whether it has a positive or
negative impact [53].

Intermetallic phases, known as topologically close-packed (TCP) phases, can be unfa-
vorable with respect to the mechanical properties of the superalloy [54]. One of these
TCP phases is Laves phase, which segregates during solidification of Inconel 718. During
the additive manufacturing process, Laves phases form at the end of the solidification
process due to microsegregation of the alloying elements. B. P. Bewlay et al., [55] reports
that Laves phase have exceptional mechanical properties at high temperatures. Laves
phases are hard and brittle with irregular shape and S. Sui et al., [53| claim that they
are generally detrimental to physical properties of Inconel 718 (tensile, stress rupture,
and low-cycle fatigue properties). The same authors also report that microscopic holes
often start at Laves during persistent and tensile testing, and that they aid in easy crack
initiation and propagation during LCF tests. In addition, the authors inform that a post-
process heat treatment is used in order to eliminate the Laves phases in laser additively
manufactured parts. High cooling rate and low heat input has also shown to be beneficial
in avoiding segregation of Laves phase [56].

4.2 Heat Treatment of Inconel 718

This section, except from the part about HIP, is based on Matthew J. Donachie and
Stephen J Donachie’s book Superalloys: A Technical Guide, 2nd Edition [57].

By definition, heat treatment is any procedure where a sufficiently high temperature is
affecting a material for a given time. In order to obtain the desired properties and at-
tributes of a metallic material, a specific heat treatment process is often needed. The
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process serves to accomplish one of the following: reduce stresses; promote grain growth;
allow atom movements to redistribute existing alloy elements; promote new recrystallized
grain formation; produce new phases, owing to precipitation from solid solution; dissolve
phases; cause alloys surface chemistry to change by introduction of foreign atoms; cause
new phases to form by introduction of foreign atoms. For additive manufactured compo-
nents, additional heat treatment methods are often executed to make up for the charac-
teristic attributes specifically related to this manufacturing process. For Inconel 718, the
most common heat treatment processes are as follows:

e Solution annealing

The solution treatment process has the purpose of dissolving secondary phases and
is normally the first step of the heat treatment of precipitation hardened alloys.
The dissolution of secondary phases is done in order to obtain maximum corrosion
resistance, or to prepare the alloy for subsequent aging. In order to achieve the
desired properties of an alloy, the solution treatment temperature is an important
factor. A high temperature results in optimal creep-rupture properties; a lower
temperature leads to optimal short-time tensile properties at elevated temperature,
improved fatigue resistance due to the finer grain size, and improved resistance to
notch rupture sensitivity.

e Full annealing
Full annealing is conducted in order to obtain complete recrystallization and at-
tainment of maximum softness of the material. The main purpose of the annealing
process is increase in ductility and reduction of hardness.

e Precipitation (age) hardening

The precipitation treatment is performed in order to strengthen precipitation strength-
ened alloys. This is done through the precipitation of secondary phases that has
been developed by the solution treatment process and retained by cooling from
the solution treatment temperature. In the case of Inconel 718, the strengthening
phases are called 7" and +”. Another purpose of precipitation treatment is con-
trolling detrimental secondary phases, such as carbides and TCP phases [54]. By
changing the temperature of the precipitation process, the type and size distribu-
tion of precipitates can be controlled. A higher aging-temperature leads to more
rapid coarsening of 7" and v” phases [58]. It is common to perform multiple precipi-
tation processes for wrought alloys, and a double-aging can be employed to produce
different sizes and types of precipitates.

e Hot isostatic pressing (HIP)

Due to the porosity often present in additively manufactured components, hot iso-
static pressing, or HIP, is usually performed after the printing process. With a
pressure between 100 and 200MPa and temperatures from 900°C to 1250°C for
steels and superalloys, the HIP-process serves to provide isotropic properties and
100% densification [59], as well as preventing lack-of-fusion defects between layers.
HIP is also applied in other powder metallurgy processes, such as metal injection
molding or pressing and sintering. It has been suggested that the high temperature
involved in HIP leads to a homogenous phase structure with a fine grain structure,
as well as precipitation of 4/ and " phases if followed by the aging procedure,
leading to improvement in oyg and oyrgs and lower ductility [43].
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5 Literature Review of Additively Manufac-
tured Inconel 718

In this chapter, a literature review is carried out on both the static and fatigue properties
of AMed Inconel 718. This is done to get a better understanding of the properties and
mechanisms of the material.

5.1 Static Properties

This section includes a selection of papers and experiments where the static properties
of AMed Inconel 718 are investigated. Only what is considered to be relevant figures
and information is included here, and it is suggested to review each article for further
understanding and investigation. Each subsection is given the title of the relevant article
or experiment.

5.1.1 On the microstructural and mechanical properties of post-
treated additively manufactured Inconel 718 superalloy un-
der quasi-static and cyclic loading

By performing different post-treatment processes on SLM Inconel 718, the mechanical
properties of the material have been determined [51|. Tensile tests were performed on
dogbone-specimens using a servo-hydraulic testing machine at room temperature. The
specimens were printed in the direction vertical to the building platform and subjected to
several conventional heat treatment methods; solution annealing (S) 1000°C/1h AC, HIP
(H) 1150°C/4h 100MPa FC, and double aging (A) 720°C/8h — FC at 50°C/h to 620°C/8h
AC. The combination of the different heat treatments is done in order to study the effect
of post process heat treatments on mechanical properties. A coating treatment was also
conducted on the HIPed specimens, but it did not improve the mechanical properties of
the specimens. Thus, the effect of the this procedure will not be discussed further in this
project.

From the micrographs in figure 5.1, a relationship between grain structure and heat
treatment method can be seen. The solution annealed and the as built specimens exhibit
similar microstructure, while HIPed specimens have a different condition. The solution
annealed, and as built specimens have elongated columnar grains parallel to building
direction, whereas specimens subjected to HIP have a microstructure of coarser grains
without columnar morphology, indicating that the HIP-temperature is high enough to
start recrystallization.
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Figure 5.1: Microstructure of the material for (a) as-built, (b) solution annealed, and (c) HIP.
Similar oriented grains have similar colors [51].

The results show that the HIP process is able to close most of the internal pores, while
surface pores still are present after HIP. Additionally, both solution annealing and HIP
caused complete dissolution of the Laves phase. The Laves phases in the as-built spec-
imens are illustrated in figure 5.2, and can be seen as white particles and secondary
reflections. It also seems that solution annealing removed most of the sub-micron cell
structures and secondary phases present in the as-built condition, while HIP treatment
dissolved all of them. The nature of the sub-micron cell structures is not defined in the
article, but the author suggests further research to be done to understand these struc-
tures.

Figure 5.2: Laves phases in the microstructure. Shown as white particles (left) and secondary
reflections (right) [51].

After being subjected to either solution annealing or HIP, some specimens also under-
went aging. As previously mentioned, this is done in order to promote the precipitation of
strengthening phases. The results show that aging upon solution annealing leads to pre-
cipitation of coherent " phase throughout the matrix, but there is no sign of  phase. The
~" precipitates were also observed in the HIPed + aged specimens, but in this case also
0 phase is present, even though the specimens underwent the same aging process.

A clear relationship between the heat-treatment methods and mechanical properties is
revealed. From the stress-strain curves in figure 5.3 it can be seen that aging, as expected,
leads to superior strength for aged specimens than that of those not subjected to aging.
It can also be seen that the superior strength comes at the cost of lower ductility.
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Figure 5.3: Stress-strain curves for different heat treatments. Data from [51].

5.1.2 Technical report from NASA

The NASA tests [60] were performed at room temperature on SLMed tensile specimens
subjected to post processing heat treatment. This heat treatment included four different
steps; stress relief 1165°C/1.5h FC, HIP 1165°C/100MPa/1h AC, solution 1066°C/1h AC,
and double aging 760°C/10h — FC to 650°C/20h.

From the micrographs in figure 5.4, it becomes clear that the post process heat treatment
has a big impact on the microstructure of the specimens. The as-built specimens ex-
hibit a microstructure where the layer-by-layer characteristics are clearly visible. For the
heat treated micrographs, the microstructure seems to be recrystallized with no typical
orientation of the grains.

Figure 5.5: The arrows indicate the lack of fusion defects in the microstructure [60].

The metallographic examination also uncovers defects in the material identified as lack
of fusion defects, and illustrated in 5.5. The effect of these effects is clearly visible in the
stress-strain curves seen in 5.6, where the defects in essence lead to a shorter elongation
at failure.
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Figure 5.6: Stress-Strain curve with defect and non-defect specimens. Data from [60].

5.1.3 Low cycle fatigue behavior of direct metal laser sintered
Inconel alloy 718

Using the direct metal laser sintering method, tensile specimens were produced in two
different orientations with respect to the build direction as seen in figure 5.7 [41]. One set
of specimens was produced parallel to the building platform, while the other specimens
were printed 45°with respect to the platform. In addition, all specimens were machined to
their final shape. A set of wrought heat treated specimens are also included in the test for
comparison reasons. After the DMLS process, all specimens underwent heat treatment,
while only a few specimens were subjected to HIP as well. The heat treatment was
performed in the following steps; solution 954°C/1h argon cooling, and double aging
718°C/8h — FC at 50°C/h to 621°C/8h AC. The HIP process was conducted at 1163°C

for 4 hours under a pressure of 100 MPa.

~

Build direction

Horizontal (H)

-*

Build platform

Figure 5.7: The two specimen-types with indicated build direction [41].

Evaluation of the microstructure in figure 5.8 reveals an elongated microstructure in the
build direction for DMLS heat treated specimens, which leads to different microstructure
for the specimens produced in different directions. Both heat-treated and as-built speci-
mens show a fairly low content of porosity. For the HIPed specimens the microstructure
is evaluated to have an equiaxed structure with no typical orientation, and the level of
porosity is classified as negligible. The grain structure for HIPed specimens is also sub-
stantially coarser compared to grain size of the heat treated specimens. For wrought
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specimens the grains are smaller than for HIP and their structure is also equiaxed. The
porosity level for wrought is also considered to be zero.

Figure 5.8: Microstructure of DMLS heat treated (left), DMLS HIP (center), and wrought
(right). Build direction (BD) and orientation of diagonal specimen (D) is indicated. Similar
oriented grains have similar colors [41].

The true stress-true strain curves in figure 5.9 show that the specimens subjected only
to heat treatment have the highest strength. At the same time, the difference between
building direction for heat treated specimens is obvious. Specimens with building di-
rection parallel to the building platform show a longer elongation at failure than its
45°-counterpart. Even though the HIPed specimens exhibit a lower strength, the elonga-
tion at failure is superior to that of the heat treated specimens. In addition, it can be
seen that wrought and HIPed specimens have comparable properties, with HIP having a
higher elongation at failure.
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Figure 5.9: True stress-Strain curves for different directions and HIP, with wrought as reference.
Data from [41].

5.1.4 Bending fatigue life characterisation of direct metal laser
sintering nickel alloy 718

Two different types of plates, one with heat treatment and one without, were produced
by means of DMLS [61]. The first plate is denoted V1, and was heat treated with the
following process; stress relieving 1065°C/1.5h argon cooling, HIP 1177°C 103 MPa, so-
lution treatment 968°C/1.5h, double aging 718°C/8h — to 612°C/8h and cooling. The
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second plate, V2, did not undergo any post process heat treatment. Tensile test dog-
bone specimens were machined from each plate, both parallel and perpendicular to the
build platform, in order to investigate the influence of build direction on the mechanical
properties. The directions of machining is shown in figure 5.10.

DMLS Build Direction

9480
a
€180
a

-~ | 2pm 2um
(A) T (B) Lot Figure 5.11: Microstructure of V1 (left)
Figure 5.10: Plates with build direction and V2 (right), with arrow indicating
and specimen orientations [61]. build direction [61].

Micrographs in figure 5.11 show that the heat treated material, V1, has relatively coarse
equiaxed grains, while the as-built material, V2, contain columnar elongated grains in the
building direction. The results presented in table 5.1, indicate that there is a difference
in mechanical properties between materials V1 and V2. Generally, it can be seen V1
exhibits a higher ultimate strength than V2. At the same time, elongation to failure is
higher for V2 materials. The results also show that the material properties partly rely
on the building direction. For both V1 and V2, the ultimate strength is higher for the
vertical specimens, but the strength-difference between horizontal and vertical specimens
is more outspoken for material V1.

Plate-type oyrs (MPa) Elongation % Col3

Vi-H 1316 18 787
Vi-V 1331 20 5415
V1-V 1322 20 7507
V1-H 1293 17 7560
V2-H 1059 31 7560
V2-V 1162 26 7560
V2 -H 1034 31 7560
V2-V 1148 26 6344

Table 5.1: Ultimate strength and elongation at failure for the two plate-types. Direction with
respect to build platform is indicated as H (horizontal) and V (vertical). Data from [61].

5.1.5 On the Tensile Properties of Inconel 718 Fabricated by
EBM for As-Built and Heat-Treated Components

The production of dogbone tensile specimens was done by using electron beam manu-
facturing, EBM, to print blocks measuring 15mm x 15mm x 35mm, with build direction
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along the 35mm length and a preheat temperature of 1050°C [62|. Three different types
of blocks were produced by employing three different sets of process parameters. These
changes in parameters included changing of beam power and scan velocity, while keeping
hatch distance and layer thickness constant. The different process parameters in essence
led to a change in the Volume Energy Density (VED). The three types of specimens
with their associated VED are reported in table 5.2. Before machining out the tensile
specimens from the blocks, one block from each block-type was subjected to the follow-
ing heat treatment: annealing 1000°C/1h, and double aging 720°C/8h — FC at 50°C/h
to 621°C/8h AC. The specimens were machined from the blocks in such a way that the
loading direction was parallel to the build direction.

Material VED (J mm™3)

1 120
2 40
3 36

Table 5.2: Ultimate strength and elongation at failure for the two plate-types. Direction with
respect to build platform is indicated as H (horizontal) and V (vertical). Data from [62].

The micrographs in figure 5.12 of the as-built specimens show elongated columnar grains
in the build direction for all, but the amount of porosities depend on the energy input.
The specimens with highest and lowest volume energy density show the highest amount
of porosity.

Figure 5.12: Micrographs of as-built specimens (a) 1, (b) 2, and (3). Illustrations (d), (e), and
(f) showing orientation of microstructure of specimens 1, 2, and 3, respectively [62].

The tensile tests were conducted at room temperature, and the stress-strain curves in
figure 5.13 show that the processing parameters have little influence on the as-built spec-
imens. Both strength and ductility seem to be fairly similar for all three specimen-types.
For the heat treated specimens, the strength is increased compared to as-built, but this
does not come at the cost of lower ductility. The heat treated specimens have almost the
same elongation at failure as the as-built specimens. It can also be observed that the
heat treated specimens with highest and lowest volume energy density exhibit an inferior
strength compared to the specimens with intermediate energy density.
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Figure 5.13: Stress-Strain curves for different as built and heat treated specimens. Data from
[62].

5.1.6 Microstructure Development in Electron Beam-Melted In-
conel 718 and Associated Tensile Properties

The tensile test specimens were machined out of 100 x 100 x 20 mm blocks, transversal to
the build direction [63]. In order to investigate the effect of distance from build platform
on mechanical properties, five specimens were machined from different heights in the
block. The blocks were produced using EBM with a pre-heat temperature of 975°C.
Tensile testing was conducted both at room temperature and at 650°C, and no heat
treatment was performed on the specimens.

The micrographs reveal a microstructure which in essence is divided into three regions;
region 1 reaches 0.6-0.75 mm from top of build, region 2 spans over the next 3.5 mmm, and
region 3 that starts 5 mm from the top of the build and continues through the remaining
length of the build. The locations of the regions are illustrated in 5.14. In region 1,
Laves phase together with the 4" precipitates have been observed in the microstructure.
In region 2, the Laves phase has transitioned into ¢ needles along the grain boundaries.
Region 3 has a columnar grain structure with 0 precipitating at the grain boundaries,
and the amount of § phase increasing with distance from top of build.
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Figure 5.14: Illustration of the observed regions of the microstructure [63].
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Figure 5.15: Microstructure in region 2 Figure 5.16: Microstructure in region 3
with 0 phase along grain boundaries. (a) with § phase seen as white networks. (a)
x2500 magnification, (b) x20 000 magnifi- x500 magnification , (b) x2000 magnifica-
cation [63]. tion, (c) x10 000 magnification [63].

The tensile test results in figure 5.17 show an increase in strength and elongation at failure,
for the room-temperature tested specimens, as the distance from the build platform
increases.

Stress-Strain Curve

1800
—— 90 mm 20°C
1600 —— 70 mm 20°C
— 50 mm 20°C
1400 — 30mm 20°C
—— 10 mm 20°C
1200 ~~ 90 mm 650°C
—= 70 mm 650°C
—— 50 mm 650°C
—— 30 mm 650°C
—~— 10 mm 650°C

Stress, o [MPa]
=
1
=3
o

@
<}
o

600

[ 5 10 15 20 25 30 35 40
Strain, €[]

Figure 5.17: Stress-Strain curves with test-temperature and distance from build platform
indicated. Data from [63].

5.1.7 Discussion

Based on the above articles, this section includes a discussion of the relevant find-
ings.

Heat treatment

As can be seen from several of the articles above, heat treatment has an impact on
monotonic properties of Inconel 718. In reference [51], presented in section 5.1.1, the HIP
treatment leads to recrystallization of the SLMed Inconel 718 specimens, removing the
grain-orientation found in as-built and solution annealed. It seems as if the temperature
of solution annealing, 1000°C, is not high enough to promote recrystallization in the
material, thus leaving the material more brittle than the HIPed specimens. The lower
ductility can be seen by comparing the elongation at failure values for the two cases.

It can be observed that the S+ A specimens did not contain § phase, while H+A did, even
though they were subjected to the same aging procedure. This is an interesting finding,
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considering that the amount d phase precipitation depends on aging time, as described in
4.1. The absence of § phase in S+A can possibly be explained by the different temperature
and time exposure of the treatment, with respect to HIP-treatment.

When considering the stress-strain results, having in mind the microstructure charac-
teristics, the anisotropy of the microstructure seems to be of minor importance. This
is because S and as-built demonstrate different mechanical properties while having the
same degree of anisotropy as seen in figure 5.1, leaving the presence of sub-micron cell
structures and secondary phases to be the most likely deciding factors. For the solution
annealed specimens, the slightly lower oyg and significantly higher ductility can be re-
lated to the dissolution of Laves phase and decrease of dislocation density compared to
as-built. The slightly lower oyg for HIP compared to solution annealed, can again be
related to sub-micron cell structures. These cell structures act as barriers for dislocations
under monotonic loading.

HIP specimens exhibit the highest ductility and the lowest oyg. This is due to the full
recrystallization, eliminating all microstructural features from SLM process. After aging,
the HIPed specimens exhibit an increase in oy and opyrg and decrease in ductility due
to precipitation of 4" phase. For aged condition, the lower strength and higher ductility
for HIPed specimens (H+A), compared to solution annealed specimens (S+A), can be
explained by the presence of sub-micron cell structures in S+ A specimens (they act as
barriers for dislocations). In addition, the lower strength and higher ductility for HIPed
specimens can be related to the presence of § phases, which are present at the cost of 4"
phase. These findings are similar to what S. Gribbin et. al. [41]| found; when including
HIP in the heat treatment process, the specimens exhibit lower strength and higher
ductility than solution treated and aged specimens, as illustrated in figure 5.9.

When comparing the results from Aydinéz et. al. [51] with the results for SLMed speci-
mens from NASA [60] in figure 5.18, it can be seen that the stress-strain characteristics
are different between the two experiments. Having in mind that of lack of fusion defects
led to inferior monotonic properties within the NASA-experiment, it is interesting to see
that the defect specimens compare quite well with S+A and H+A specimens in [51]. It
can also be seen that the defect-free specimens from NASA are superior in terms of both
strength and ductility. An in-depth explanation of this observation is difficult, consid-
ering the lack of information regarding the presence of sub-micron cell structures in the
NASA experiments. Information about the amount of § phases present in the NASA
specimens is also lacking. Aydinéz et. al. [51| found sub-micron cell structures in the
S+A specimens and § phases in the H+A specimens, and their impact on monotonic
properties has already been addressed. It is possible that the more comprehensive heat
treatment process at NASA has led to the superior properties, considering that this is
the most outspoken difference between the two experiments. However, it is difficult to
say exactly what this heat treatment has led to in terms of precipitate phases and other
microstructural characteristics, other than eliminating grain orientation, as seen in figure
5.4.
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Figure 5.18: Combination of the curves from figure 5.3 and 5.6 (In red).

Al-Juboori et. al. [62], found that the heat treated specimens exhibit higher strength
than the as-built specimens, but the elongation at failure is almost the same as for as-
built. The increase in strength is in line with the observations made by Aydinoz et. al.
[51], but the unaffected elongation at failure is not comparable. The observations in
5.1.5 can be explained by the presence of Laves phase in the as-built specimens, which
is known to cause high brittleness. The presence of Laves phase in this case will be
discussed further bellow. As heat treatment is carried out, the Laves phase will dissolve
and cause an increase in ductility. However, upon heat treatment, the precipitation of
~" and +" strengthening phases will also take place, leading to a decrease in ductility.
These two phenomena will in essence neutralize each other with respect to the ductility
of the material. The higher heat input and lower cooling rates associated with the SLM
process, is the most likely explanation to why the material response to heat treatment is
different between SLMed and EBMed material.

Build-height dependent properties of EBMed specimens
From the articles involving EBM, mechanical properties of the printed material seems to
depend on distance from the build platform.

Al-Juboori et. al. [62] has established a relationship between time, temperature, and
build height. From figure 5.19, it can be seen that the temperature of the build platform
decreases throughout the building process. The figure also illustrates that the different
material layers are held at temperatures close to the building temperature for a different
amount of time, with the layer closest to the platform having the longest dwell time.
Total building time is not given in the article, but the author indicates that it amounts
to several hours [62]. From the time-temperature-transformation diagram in figure 5.20,
it can seen that material held at high temperatures for longer time will contain more Laves
phase, leaving the layers closest to the building platform with higher content of Laves
phase. The building temperature is also high enough (1050°) to expect high content
of Laves phase. The author suggests that the building time is long enough to expect
formation of " and +” as well as Laves phase in the intermediate layers of the build,
which means that the total building time most likely amounts to tens of hours ,based on
the TTT-diagram in figure 5.20.
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From the tensile test results in reference [63], it is clear that strength and ductility
decreases as distance from top of build increases. This is an expected finding, considering
that the amount of § phase increases closer to the build platform. The increasing amount
of 0 phase closer to the build platform can be attributed to the fact that the lower parts
of the build is held at high temperature for a longer time. Consequently, as mentioned in
4.1, 0 precipitation increases as aging time increases. It should also be mentioned that the
microstructural characteristics in region 1 and 2 have little impact on the results. This
is mainly because the two regions span over such a short distance, and thus they will
control the mechanical behavior of any of the specimens. The two regions also contain a
relatively low amount of § phase.

With respect to the results in reference [62], it is interesting that no segregation of Laves
phase is found in the intermediate areas of the build height in reference [63]. Regard-
ing reference [62|, it was discussed that the Laves phase had a substantial impact on
the mechanical properties of the material, and that it had segregated due to the time-
temperature characteristics of the process. The build-temperature in [63] is 975°C, which
may not be high enough to promote segregation of Laves phase, considering the TTT-
diagram in figure 5.20. This will of course depend on the building time, and the ability to
keep a high temperature throughout the process. Due to the fact that no Laves phases are
present, it is likely that the building time is relatively short, and the build-temperature
decreases throughout the build.
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Figure 5.21: Stress-strain curves from figure 5.13 together with room temperature-tested
center-specimen from figure 5.17 (yellow).

With respect to elongation to failure, the results in reference [62] are in accordance with
the room-temperature tested specimens machined from the center of the plate in reference
[63], as seen in figure 5.21. Since the specimens in reference [62] are machined out parallel
to the build direction and are almost as long as the total build height, the gauge length
of the specimen should have similar characteristics as that of the center-specimens in
reference [63]. But these characteristics probably originate from different phenomena,
because of the microstructural differences in the two situations. The relatively brittle
results in reference [63] are due to the presence of ¢ phase, while the lack of ductility in
reference [62] is due to the presence of Laves phase. It is an interesting observation that
two different phenomena lead to almost the same elongation at failure.

Comparing the strength characteristics of the specimens in reference [62] and the center
specimens in reference [63], certain differences can be seen. Only considering the room
temperature tested specimens, the center specimens in the latter reference generally have
a lower strength than the reference [62]-specimens, as seen in figure 5.21. This is most
likely due to the absence of heat treatment in reference [63], as the difference is more pro-
nounced when comparing with the heat treated specimens of reference [62]. The increase
of strength after heat treatment has been seen in both reference [51] and [63].

The fact that the as-built specimens in reference [62] also exhibit higher strength than the
reference [63]-specimens, can possibly be explained by difference in process parameters
or other factors influencing the quality of the final build. Taking into account the build
direction with respect to load direction, the transversal specimens in reference [63] should
in theory exhibit a higher strength than the longitudinal specimens in reference [62|. This
difference in strength due to build direction can be seen in reference [65], [66], and [61],
where specimens machined perpendicular to the build direction exhibit a higher strength
than those machined parallel. This is not observed when comparing reference [63| and
[62]. The strength difference of the as-built specimens however is rather small, thus it
will not be discussed any further.

An interesting topic for further research would be to heat treat EBMed material that
does not contain Laves phase after production, such as the material in reference [63].
This would probably lead to an improvement of properties for the EBMed Inconel 718,
considering the findings in reference [62]. Here it was discussed that the Laves phase
had such a detrimental effect on mechanical properties and that heat treatment would
only neutralize the negative effect of Laves phase. It is therefore suggested to carry out
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a similar study as in reference [63] with heat treatment included in the process.

Effect of porostities

Since AMed components often contain porosities in the as-built state, it is important
to address the effect of these porosities. In section 4.1, it was stated that hot isostatic
pressing (HIP) could be performed in order to remove pores stemming from the AM
process. Al-Juboori [62] found that the EBMed specimens contained porosities after
printing, and that the amount of porosities depended on the volume energy density
(VED). It was observed that high and low VED led to the highest amount of pores.
This is in good agreement with the available theory saying that too low energy density
leads to lack of fusion pores, and too high energy density leads to keyhole pores [15]. Since
the HIP was not conducted as part of the heat treatment, it is reason to believe that the
porosities are still present in the heat treated specimens. For the as-built specimens in
figure 5.13, the pores doesn’t seem to have an impact, but for the heat treated specimens,
the specimens with the lowest amount of pores has the highest strength. This can be
explained by the fact that heat treatment leads to precipitation of strengthening ~', 7",
and 0 phase, thus increasing the strength. These phases are strong and brittle, and it is
possible that their presence makes the material more sensitive to the stress-raising pores.
This observation underlines the importance of HIP, especially if the amount of pores is
high. The effect of lack of fusion pores was also seen in the NASA experiments [60],
where these pores led to lower elongation at failure.

Comparison with wrought

In order to evaluate the overall static properties of the specimens included in this review,
tensile properties of conventional wrought IN 718 is included. The reference material
is taken from Special Metals Corporation [1], and the data for the wrought material is
presented in table 5.3.

Material Heat treatment ours [MPa] oyg [MPa] Elongation |%)]
1 954°C/1h | double aging 1385 1206 20
2 1065°C/1h + double aging 1296 1048 21

Table 5.3: Tensile properties for hot-rolled Inconel 718 bar with diameter of 1 in., tested at
room temperature. Data from [1], and converted from [ksi| to [MPal.

Based on the data in table 5.3, the following observations can be made;

e The solution annealed and aged (S+A) SLMed material in figure 5.3 has a slightly
higher strength than wrought material 1, but shorter elongation at failure

e The SLMed material from NASA in figure 5.6, has slightly higher strength and
longer elongation at failure compared to wrought material 1

e The heat treated DMLSed material in table 5.1, have slightly lower strength and
similar elongation at failure compared to wrought material 1

e The heat treated EBMed material in figure 5.13 have higher strength than wrought
material 1, but elongation at failure is considerably lower

e The EBMed material in figure 5.17 has lower strength and similar elongation at
failure, compared to wrought material 1
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From these findings, its seems as if AMed Inconel 718 can reach similar tensile properties
to that of wrought Inconel 718, with the right process parameters and post-process heat
treatment.

Main findings:
e HIP removes columnar grain structure
e HIP without aging leads to a ductile material

e Aging upon heat treatment for SLMed Inconel 718 leads to higher strength and
lower ductility

e Heat treatment of EBMed Inconel 718 leads to higher strength, but not necessarily
a more brittle material

e The monotonic properties of EBMed Inconel 718 depend on distance from build
platform

e Lack of fusion defects leads to lower elongation at failure
e Effect of porosities have greater impact after heat treatment
e VED influences the amount of porosities present in the material

e § phase has a detrimental effect on monotonic properties (decreasing the amount
of 7")
e For EBM, build temperature is important with respect to segregation of Laves phase

e AMed Inconel 718 can achieve similar tensile properties to those of wrought Inconel
718

5.2 Fatigue Properties

This section includes a selection of papers and experiments where the fatigue properties
of AM Inconel 718 are investigated. Only what is considered to be relevant figures
and information is included here, and it is suggested to review each article for further
understanding and investigation. Each subsection is given the title of the relevant article
or experiment.

5.2.1 The influence of Laves phases on the high-cycle fatigue be-
havior of laser additive manufactured Inconel 718

S. Sui et al., [53] investigated the effect of Laves phase on the high cycle fatigue properties
of Inconel 718. The HCF tests were conducted on fatigue specimens produced by a Powder
DED system, where the powder is fed through a nozzle and fused by means of a laser. For
comparison reasons, a selection of wrought samples was also fatigue tested. The AMed
specimens were printed to their final shape, with a notch geometry of k£, = 1, and the
building direction with respect to the load direction is not indicated in the paper. After
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production, the AMed specimens were subjected to a heat treatment only consisting of
double aging; 720°C/8h — FC to 620°C/8h AC. The wrought specimens were subjected to
the following heat treatment; 1050°C/1h AC, 980°C/1h AC, 720°C/8h — FC to 620°C/8h
AC. HCF tests were conducted at elevated temperature (650°C) and with a load ratio of
R=0.1.

Figure 5.22: Precipitations in (a) AMed Inconel 718, and (b) Wrought Inconel 718 [53].

The results of the micrographs in figure 5.22 show that AMed and wrought specimens
contain different combinations of precipitates. The AMed specimens mainly contain
Laves phase in addition to 4" and ~” precipitates, while wrought specimens contain §
phase together with 4/ and +" precipitates. The difference between +" and " precipitates
in AMed and wrought, is that " and 4" tend to precipitate close to the Laves phase in
AMed, while the precipitation is more uniform in the wrought specimens.
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Figure 5.23: S-N curves for AMed and wrought Inconel 718 [53].

The resulting S-N curves in figure 5.23 of the fatigue testing, display an interesting re-
lationship between the fatigue properties of AMed and wrought specimens. The curves
indicate different fatigue resistance at high and low stress amplitudes for the two produc-
tion methods. At low stress amplitudes, the fatigue resistance of the AMed specimens
is inferior to that of the wrought specimens, but the AMed specimens have better fa-
tigue properties at lower stress amplitudes. AMed and wrought specimens seems to have
the same fatigue resistance at 647 MPa, which can be denoted the transformation stress
amplitude.
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5.2.2 Technical report from NASA

The high cycle fatigue tests carried out by NASA [60] were done on SLMed specimens
with a stress concentration factor of k;=1. The tests were performed at room tempera-
ture, employing a load ratio of R=0.1. A reference curve for wrought specimens is also
included in the tests. The SLMed specimens were loaded both parallel and perpendicular
to build direction, and different surface treatments were carried out on the specimens.
Some specimens had a layer of their surface machined away, while others were tested
with as-built surface. Surface treatments such as low stress grinding and tumbling +
electropolishing were also executed on some of the specimens. Common for all specimens
was the post-process heat treatment, which included: stress relief 1165°C/1.5h FC, HIP
1165°C/100MPa/1h AC, solution 1066°C/1h AC, and double aging 760°C/10h — FC to
650°C /20h.
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Figure 5.25: Low stress ground specimens

Figure 5.24: S-N curves for SLMed speci-
mens with different post process treatments
and wrought as reference, from [60].

loaded parallel (z) and perpendicular (xy)
to build direction, with wrought as reference
[60].

The S-N curves in figure 5.24 show a clear relationship between surface treatment and
fatigue life, with a distinct improvement of fatigue life for surface-treated. The machined
and low stress ground and machined specimens exhibited the greatest fatigue strength,
while tumbling + electropolishing slightly improved the fatigue resistance compared to
as-built. From the curves in figure 5.25, it can also be seen that the low stress ground
specimens loaded bot parallel and perpendicular to build direction exhibit the same fa-
tigue strength.

5.2.3 Microstructure and directional fatigue behavior of Inconel
718 produced by selective laser melting

Bending fatigue tests were conducted at room temperature on SLMed specimens with
a load ratio of R=0 [67]. In order to study the effect of anisotropic microstructure on
HCF properties, the fatigue specimens were built in different directions with respect to
the intended loading direction, as seen in figure 5.26. The different build directions are
indicated in figure, with the specimen-configurations denoted A, B, and C. After the
SLM process, all specimens heat treated with the following steps: stress relief 970°C/1h
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argon cooling, double aging 710°C/8h — FC to 610°C/8h argon cooling. The surface of
the specimens is not treated after production, i.e. it is kept as-built.

A B C

R.um] 649 10.67 15.56
R um] 758 1297 19.63
R.[pm] 29.67 56.96 84.43

Build[mctiun

Figure 5.26: Build orientation of the different Table 5.4: Surface roughness of the specimens.
specimens [67]. Data from [67].

The micrographs show a build direction-dependent microstructure in figure 5.27, with
grains elongated along the build direction, and equiaxed grain structure seen perpen-
dicular to the build direction. For all specimens, Laves phases, 7 precipitates and gas
pores were found to be present in the material, as seen in figure 5.28. The evaluation
of the surface roughness shows a substantial difference between specimens A, B, and C.
C-specimens have the highest surface roughness, while A-specimens have the lowest, as
seen in table 5.4.

Figure 5.28: Gas pores (indicated with
Figure 5.27: Microstructure with arrow indi- arrows) and precipitations (grey) along
cating build direction [67]. and inside grains [67].

In the paper, micrographs showing that the fatigue cracks initiated from defects nearby
or on the surface are provided. For the sake of brevity, they are not included here. As
can be seen from the S-N curves, A-specimens exhibit the highest fatigue strength, while
C-specimens exhibits the lowest.
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Figure 5.29: S-N curves for AMed and wrought Inconel 718 [53].

5.2.4 Defect analysis and fatigue design basis for Ni-based su-
peralloy 718 manufactured by selective laser melting

The SLMed fatigue specimens in this study [68] were produced by two different SLM-
systems, denoted A and B. The micrographs reveal that a larger powder size is used
for production of material A compared to B. All specimens were machined from SLMed
plates, either parallel (L direction) or perpendicular (T direction) with respect to the
build direction. After production, the specimens underwent a heat treatment consisting
of stress relief, solution heat treatment, and aging, according with the AMS5663 standard.
The fatigue tests were conducted at room temperature with a load ratio of R=-1, using
a high frequency tension-compression testing machine.

From the micrographs of both materials, it was observed that fatigue cracks originated
from defects in contact with the surface. These defects were mainly gas porosities devel-
oped due to lack of fusion in the SLM process. Micrographs also showed that material B
contained a higher number of defects than material A. The S-N curves display no depen-
dency on build direction with respect to HCF life. Direction L. and T exhibit the same
fatigue strength, and this applies for both material A and B. In addition, material B had
a slightly lower fatigue strength than material A.
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rection for material A [68]. (The size mea- rection for material B [68]. (The size mea-
sures indicate size of the defect related to sures indicate size of the defect related to
fracture). fracture).

5.2.5 Notched fatigue testing of Inconel 718 prepared by selective
laser melting

Notched specimens were produced by SLM and fatigue tested at room temperature with
high frequency, using a load ratio of R=0.1 [69]. Three different notch geometries, and
thus three different kt values, were used for the tests; V1, V2, and U, where all specimens
were built both vertically and horizontally with respect to the build platform, as seen in
figure 5.32. When printed vertically, supports were used inside of the notches. This is
done because SLM has limitations when it comes to building surfaces with an incline less
than 45° to horizontal. A number of V2 geometries were also produced by printing rect-
angular specimens and machining them into final shape. Similar to the other specimens,
these rectangular specimens were also printed in both vertical and horizontal direction.
Wrought specimens are also included in the tests. After production, all specimens under-
went the following heat treatment: HIP 1163°C/3h 100MPa, solution annealing 954°C
with quenching, double aging 718°C/8h — FC to 621°C/10h. Wrought specimens did not
undergo HIP.
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Figure 5.32: Orientation of specimens with respect to build platform [69]. Build direction is
along z-axis.

After printing the specimens, the actual kt values were measured for all specimens by
studying the notch root. The results gave values close to the intended k; values, with some
exceptions; horizontal specimens with the highest intended k; had a lower actual k;, and
all vertical specimens generally had a higher actual k; than the intended one. With respect
to the surface roughness of the specimens, it was observed that the downward facing notch
in the horizontal specimens had a significantly rougher surface. The S-N curves generally
illustrate little difference in fatigue life for horizontal and vertical specimens with same
notch geometry, even though vertical specimens have kt values higher than intended k£,
as can be seen for V1 and V2 specimens in figure 5.33. The machined specimens exhibit
a higher fatigue strength than all the other specimens, regardless of geometry. This is
illustrated in figure 5.34.
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5.2.6 Discussion

Effect of surface roughness

In reference [67], the effect of load direction with respect to build direction on HCF was
determined for SLMed Inconel 718. A clear relationship between building direction and
fatigue strength was established, with specimens built perpendicular to build direction
exhibiting the highest fatigue strength. However, this result should be discussed with
respect to both surface quality and grain structure, since these aspects are the main
differences between the samples built in different directions. Considering that the cor-
relation between surface finish and fatigue strength is so pronounced, its influence on
HCF must be addressed. Recalling the results in reference [60], where surface treated
specimens exhibited higher fatigue strength compared to as-built surface, it is reason to
believe that the influence of surface roughness is decisive. The negative effect of rough
surface finish on HCF has also been reported elsewhere [70]. Lewandowski et al. [71] re-
ported a comparison between HCF properties for as-built and machined surfaces of AMed
components, as seen in figure 5.35. From the figure it can be seen that the machining
procedure has positive effects with respect to HCF properties.
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=== MMPDS 2000: 3-inch casting, machined surface, B = 0.1
------- MMPDS 2010: wrought, annealed, machined surface, R = 0.1
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® E-bearm: optimized, surface treated, B = 0.1
* E-beam: no treatment, machined surface, = 0.1

Figure 5.35: S-N curves for AMed and wrought specimens with different surface treatments
and heat treatments [71].

The results from reference [69], seen in section 5.2.5, also indicate a relationship between
fatigue strength and surface roughness. It can be observed that specimens with the
same notch geometry exhibit the same fatigue strength, regardless of whether they are
built vertical or horizontal. This may sound contradictory, having in mind that vertical
specimens had higher measured k; values than the intended k;. However, it was also
observed that the downward facing notches in the horizontal specimens had a rougher
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surface. Consequently, it seems as if the higher k; in the vertical specimens, and the
rougher surface in the horizontal specimens have a similar detrimental effect on fatigue
strength on a given specimen. In effect, the resulting fatigue strength is the same for
the two orientations. This assumption can be further justified by studying the specific
U-notched specimens. The U-notched specimens were the only specimens where a slightly
different fatigue life could be observed for horizontal and vertical specimens, with vertical
specimens having the highest fatigue strength. Horizontal U-notches contained the same
rough-surfaced bottom notch as the other specimens. However, the U-notched specimens
had the smallest difference in k; values between horizontal and vertical specimens, leaving
the effect of the surface roughness more decisive than the k;, leading to a slightly higher
fatigue strength for the vertical specimens. Of all the tested specimens, the machined
specimens exhibited the highest fatigue strength, further demonstrating the effect of
surface roughness on fatigue life.

Effect of Laves phase

S. Sui et al., [53] studied the relationship between the presence of Laves phases and the
HCF properties was studied. From the results it was observed that Laves phases had
a detrimental effect on fatigue properties during high stress amplitudes, while it led to
better fatigue properties at lower stress amplitudes. High and low stress amplitudes
are defined as stresses above and below the transformation stress amplitude (647 MPa),
respectively. Due to the different mechanical properties of the Laves phases compared to
the rest of the material, the Laves phases is expected to lead to local stress concentrations.
The irregular distribution of 4" will further promote this localization of stress. In the crack
initiation stage, the stress concentration seemed to be of little importance, independent
on the applied stress, but it had major impact on the crack propagation stage.

During the stage of crack propagation, the structure of the Laves phases changed with
changing stress amplitude. The low stress amplitudes did not result in stress concentra-
tions high enough for changing the original morphologies of the Laves phases. However,
higher stress amplitudes caused the Laves phases to fragment, creating microscopic cracks
and holes. These cracks and holes made it easier for cracks to propagate, leading to infe-
rior HCF resistance for AMed Inconel 718 specimens at high stress amplitudes, compared
to that of wrought. For the low stress amplitudes during crack propagation, the Laves
phases acted as barriers for the fatigue cracks. The low stress concentrations associated
with low stress amplitudes were not able to break up the Laves phases, thus leaving the
fatigue cracks to stop at the Laves phases and detour around them. This phenomenon is
what causes the AMed specimens to have superior fatigue resistance than that of wrought
specimens for lower stress amplitudes. It should be mentioned that the § phase present in
the wrought specimens also has the ability to hinder crack propagation. However, based
on the results in this present study, it seems as if the Laves phases holds this ability to a
higher extent when the stress amplitude is small.

Effect of porosities

In reference 68| porosities, such as those crated by lack of fusion, were observed in
the material, and the cracks seemed to initiate from the porosities that were located
at the specimen surface. The S-N curves showed no difference in fatigue strength for
the two specimen orientations, T and L. However, the specimens produced by machine
B exhibited a lower fatigue strength than A-specimens, which can be related to the
number of defects in the two materials. Material B did in fact contain more defects than
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material A. Considering that this is the only substantial difference between A and B, it the
most reasonable explanation for the difference in fatigue strength. These porosities could
probably have been removed by a proper HIP treatment. This may sound paradoxical,
considering that it was discussed in section 5.1.1 that HIP only removed internal pores,
and not those close to the surface. However, in this study, specimens were machined from
SLMed blocks and not printed directly into final shape. This implies that the surface
pores found on the specimens, are corresponding to the internal porosities of the blocks.
Therefore, HIP could have been done before machining the specimens in order to remove
these defects, and thus increase the fatigue strength of the material.

Considering that most pores are located close to the surface of the AMed specimens [51], it
is reason to believe that the improvement of fatigue properties after machining is somehow
related to the removal of pores. Meaning that the improvement of surface roughness is
not the only factor to be considered after a machining procedure. In references [60] and
[69], as well as in figure 5.35, it is observed that machining has a positive impact on the
fatigue properties.

Effect of build direction

In reference [68] the specimens underwent heat treatment including HIP, and it is reason
to believe that the grain structure is equiaxed, recalling the results from section 5.1.1.
This leaves the material to be without an anisotropic behavior. From the S-N curves in
both figure 5.30 and 5.31, it is clear that the fatigue behavior does not depend on the
build direction of the specimens. The same observation is done in reference [60], where
the heat treated specimens exhibit similar fatigue strength regardless of build direction.
In this case, the heat treatment also included HIP, leading to an isotropic material. For
the specimens in reference [69], fatigue properties with respect to build direction was
also investigated. These specimens were also subjected to HIP, leading to an isotropic
material, and the fatigue properties were previously discussed to be governed by surface
roughness and notch geometry.

In reference [67] the specimens were built in different directions with respect to the applied
load. After heat treatment, which did not include HIP, the grain structure exhibited a
clear anisotropic orientation with elongated grains in the build direction. This will in
effect lead to different load situations for the specimens with respect to grain orientation.
For specimens A and B, the load direction is parallel with the material layers, which means
the load is perpendicular to the columnar grains. For specimen C, the direction of the
load is parallel with the columnar grains. It was previously discussed that the difference
in fatigue strength for the specimens is related to the surface roughness, since the surface
roughness of the specimens is different. In addition, the specimens with the finest surface
exhibit the best fatigue life, while the specimens with the roughest surface had inferior
fatigue life. In order to determine the effect of the anisotropic microstructure, it is
reasonable to compare the specimens with similar grain orientations, namely specimen A
and B. Recalling the data from table 5.4, the B specimens exhibit a rougher surface than
the A specimens. Since the A specimens exhibit superior fatigue properties to that of B,
and the grain structure is fairly similar, it is reason to believe that the surface roughness
has a larger impact on the fatigue properties than the anisotropic microstructure.

For a more in-depth study of the effect of anisotropic material on HCF properties, a study
including specimens with clear material anisotropy and same surface roughness should be
carried out. M.M Kirka et al., [49] has investigated the effect of anisotropy on the LCF
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properties, and found that anisotropy impacts the LCF properties of the specimens.

Main findings:

Laves phase can improve fatigue properties at low stress amplitudes
Laves phase is detrimental to fatigue properties at high stress amplitudes
Porositites have a detrimental effect on fatigue properties

Surface roughness is a deciding factor in determining the fatigue strength of a
specimen, with rough surface leading to inferior fatigue strength

Surface treatment and machining can improve the fatigue strength of a component

By performing heat treatment at sufficient temperatures, the grains become equiaxed,
and the fatigue properties are not affected by build direction

The effect of build direction needs further investigation in terms of the effect of
grain orientation and anisotropic material
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6 Experimental Details

In this chapter, the setup for the physical tests of the additively manufactured Inconel
718 specimens is presented. The test geometries as well as material properties will be
presented, together with a description of the test-parameters.

6.1 Specimens

During the course of this work, two specimen geometries were fatigue tested. The speci-
mens were produced at an external company by means of SLM, using the same process
parameters. The two given parameters are VED = 60.J/mm? and a layer thickness equal
to 50 um. The geometry of the specimens is illustrated in figure 6.1. The specimen to the
left is referred to as the unnotched, or plain specimen, while the specimen to the right is
referred to as blunt V-notched. Table 6.1 shows the dimensions of the geometries.

l 20 < @’/

Wy

Figure 6.1: Unnotched (left) and blunt V-notched specimen (right).

Specimen t [mm| w; [mm] we [mm| I |mm| p[mm| 2«
Unnotched 5t 15 7.000 80 30.31 -
Blunt V-notched 5 15 5.828 80 1.000 90

Table 6.1: Dimensions of the unnotched and V-notched specimens.

All specimens were printed perpendicular to the building platform, along the specimens’
length axis, and they were printed directly to their final shape without being machined.
All surfaces were also kept as-built, without any form of surface treatment. Figure 6.2
shows the specimens with building direction indicated.
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Build direction

Figure 6.2: The blunt V-notched (left) and unnotched (right) AMed Inconel 718 specimens.

Heat Treatment

After production, the specimens underwent heat treatment consisting of an annealing step
followed by a double aging process. Between the two aging steps, the temperature in the
oven was reduced at a constant rate of 50°C'/h. The heat treatment process is summarized
by the following steps: 1095°C/1h/AC + 720°C/8h/FC — (50°C/h) — 620°C/8h/AC. In
this context, AC is air cooling and FC is furnace cooling. The schematic representation
of the heat treatment steps is represented in figure 6.3.

1095°C
° :
b=t ! 720°C
8 ! 620°C
& :
g i
[} |
3 |

1h : 8h o 8h
Time [h]

Figure 6.3: Schematic representation of the heat treatment process.

Surface Roughness

In order to investigate the surface roughness of the specimens at different regions, the
Alicona Infinite Focus Microscope was used. The surface was measured on three different
regions of one heat treated blunt V-notched specimen, along lines of approximately 2
mm. For each region, the roughness was measured in two different directions and along
three lines for each direction. The three measured values were averaged and are reported
in table 6.2. The regions and measuring lines are shown in figure 6.4, where the local
directions are also indicated. From the results it can be seen that the overhang surface,
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which has a 45° angle facing towards the building platform, has the highest surface
roughness values.

Front Downward Upward
Direction t [ t l t l
Average roughness, Ra [pm] 1.29 1.81 3.99 3.98 1.61 1.86

Table 6.2: Dimensions of the unnotched and V-notched specimens.

Build direction

-
<

e

I
Downward

Figure 6.4: The three regions; Overhang, Front and Upward, where the surface roughness was
measured in both the longitudinal (/) and transversal (t) direction. The dotted lines indicate
the measuring lines. Building direction is also indicated.

Microstructure

The microstructure of one heat treated and one as-built specimen were analyzed using
the Olympus BX53M optical microscope. This was done by first cutting the specimens
with the Struers Accutom-50 cutting machine, and then polishing with SiC paper and
diamond paste down to a final grit size of 1 um. After polishing, etching of the surfaces
was performed according to the ASTM standard |72] using a mixture of Cu2Cl, ethanol
and HCl. The microstructure in three planes of the as-built specimen is shown in figure
6.5
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Figure 6.5: As-built microstructure shown in three planes. Z is build direction, and the xy-
plane is the cross-section of the specimen.

200 ym

(a) zx-plane (b) xy-plane

Figure 6.6: Microstructure of the as-built specimen seen in two planes. Z is build direction,
and the xy-plane is the cross-section of the specimen.

The micrographs in figures 6.6a and 6.6b show the microstructure of the as-built specimen
in two planes, and visualize both grain orientation and characteristic features stemming
from the printing process. Figure 6.6a shows the zx-plane of the specimens and visualizes
how the layers are added layer-by-layer in the z-direction, or building direction of the
specimen, with the melting pools also visible. In terms of the grain orientation, the
micrograph reveals that the grains are columnar with an elongation in the build-direction,
perpendicular to the material layers. Lack of fusion porosities stemming from the printing
process, such as the ones found in reference [60], are highlighted with red circles.

The microstructure in the cross section of the as-built specimen is illustrated in figure
6.6b, and show the hatching lines from the AM process. The use of hatching lines was
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described in section 2.3. The grains in the cross section of the specimen are not elongated
in any particular direction, as was seen in figure 6.6a, but are equiaxed without any
specific orientation.

Figure 6.7: Heat treated microstructure shown in three planes. Z is build direction, and the
xy-plane is the cross-section of the specimen.

(a) zx-plane (b) xy-plane

Figure 6.8: Microstructure of the heat treated specimen seen in two planes. 7 is build direction,
and the xy-plane is the cross-section of the specimen.

The microstructure in the three planes of the heat treated specimen is shown in figure
6.7. Figure 6.8a and 6.8b show the microstructure of the heat treated specimen in the
zx- and xy-plane, and reveal that the microstructural features differs compared to the
as-built specimen. Both micrographs show that the microstructural features stemming
from the AM process, such as building layers, melt pools and hatching lines are almost
removed by the heat treatment. In figure 6.8a, the building layers are not visible, but
some of the melting pools can still be seen. In the cross section of the specimen, shown
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in figure 6.8b, the hatching lines are still visible, but they are less distinct compared to
the as-built microstructure in figure 6.6b.

In terms of the grains, it seems as if the grain size has generally increased after heat
treatment, but it should be pointed out that no accurate measure was carried out. The
orientation of the grains seems to be fairly similar to what was seen for the as-built
specimen. In figure 6.8a the grains are still elongated in the build-direction, as was seen
for the as-built specimen in figure 6.6a. The micrograph of the cross section in figure
6.8b reveals that the grains are still equiaxed after heat treatment.

Figure 6.9 show that porosities are still present after the heat treatment process.

Magpification: 40/

Figure 6.9: Defects in the heat treated specimens.

6.2 Static Testing

In order to investigate the static properties of Inconel 718, two tensile specimens were
tested by means of static tensile tests. These specimens were delivered in the same batch
a the ones used for fatigue testing, and has identical printing parameters. The geometry
of the specimens are designed with reference to standard specimens defined by ASTM-
E8 standard 73], and they underwent a similar heat treatment to the one described in
section 6.1. The only difference is the temperature of the annealing step, which was set
to 1200 °C for the tensile specimens. The specimen geometry is illustrated in figure 6.10,
and the dimensions are shown in table 6.3. Figure 6.11 shows the microstructure of one
of the heat treated tensile specimens. It can be seen that the grains are equiaxed in
both planes, and it seems as if the grain size has increased even more with respect to the
heat treated fatigue specimen, whose annealing temperature was 1095 °C'. Pores are still
present after the heat treatment, and are indicated with red circles.
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Figure 6.10: Geometry of tensile specimen.

Specimen t [mm| w; [mm| wy [mm| 1[mm] p [mm]
Tensile Specimen 3 10 6 100 6.000

Table 6.3: Dimensions of the unnotched and V-notched specimens.

s

555,

(a) zx-plane (b) xy-plane

Figure 6.11: Microstructure of the heat treated tensile specimen seen in two planes. Z is build
direction, and the xy-plane is the cross-section of the specimen.

The two specimens were tensile tested at room temperature with identical test parameters
in the MTS 370.10 50kN Load System, using a displacement rate of 10 mm/s. The tests
were performed without an extensiometer, meaning that the yield strength and Young’s
Modulus are not measured accurately.

6.3 Fatigue Testing

The high cycle fatigue properties of the unnotched and blunt V-notched specimen were
determined by means of uniaxial fatigue testing. This was done at room temperature and
with a force controlled load, using an MTS Landmark Servohydraulic Test System. The
loading amplitude was kept constant for all tests and was applied in a sinusoidal manner
with a frequency of 10 Hz. At the beginning of the tests, the load was increased to mean
load before the cyclic loading started.
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For each test, the maximum and minimum load were applied in such a way that the
load ratio R = Flue/Fmin, 0r R = Omaz/Omin, Was equal to zero. This means that
the minimum force had a value of 0 for all tests, avoiding compression stresses in the
specimens.
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7 Results

In this chapter, the results from the physical tests of the AMed Inconel 718 specimens
are presented. Both the static and fatigue results are included.

7.1 Static

The resulting stress-strain curves from the tensile tests of the two heat treated specimens
are shown in figure 7.1. The results reveal that the ductility of the two specimens are
slightly different, as one specimen has shorter elongation at failure, whereas the strength
is very similar. The fracture locations of the two specimens are visualized in figure 7.2
and reveal that the fracture location is not the same for the two specimens.

Stress-Strain Curve

1800
— Test1l
1600 — Test 2
1400
1200
g
= 1000
b
"3
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&
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400
200
0
[¢] 5 10 15 20 25 30 35 40
Strain, £[]
Figure 7.2: Fracture loca-
Figure 7.1: Stress-strain curves for the two tensile spec- tion of the two tensile speci-
imens. mens.

7.2 Fatigue

The results from the fatigue testing of the heat treated unnotched and blunt V-notched
specimens, described in section 6.3, are shown in figure 7.3. The scatter data is plotted
in log-log scales in an SN-diagram, with nominal stress range on the y-axis and number
of cycles to failure on the x-axis. 2 x 10° cycles to failure is set as the fatigue limit, and
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specimens with higher number of cycles to failure than the fatigue limit are considered
as run-out. These specimens are indicated with an arrow in the SN-diagram.

® Unnotched
A Blunt V-notch
108 1
,-E . .
a [} .
<]b A A . o
. M . [
%ﬂ
E A A
o
&
A A
102 ! !
10! 10° 108 107

Number of cycles to failure, N¢

Figure 7.3: Fatigue data of the heat treated unnotched and blunt V-notched specimens.

In figure 7.4, the fatigue data of the unnotched and blunt V-notched specimens are
plotted together with their 10%, 50% and 90% confidence bands. These confidence bands
represent the probability of survival, and does not include the run-out specimens. From
the 10% and 90% confidence bands, the scatter parameter, Ta,, can be defined. The
scatter parameter describes the amount of scatter in the data, and is defined by equation
7.1. The inverse slope, k, is also included, and defines the slope of the confidence bands.
The values for the confidence bands at 2 x 10° cycles to failure are shown in table 7.1.
The results show that the unnotched specimens have higher fatigue strength, and that
the scatter in the fatigue data is higher than that of the blunt V-notched. In addition,
the slope of the confidence bands of the unnotched specimens is lower than that of the
blunt V-notched.

Ty, = Ad10% (7.1)

A090%
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Figure 7.4: Fatigue data for the unnotched (left) and blunt V-notched (right) including the
10%, 50% and 90% confidence bands.

Specimen Ao —90% Ao —50% Ac—10%
Unnotched 350.83 420.54 504.10
Blunt V-notched 180.16 203.22 229.24

Table 7.1: Values for confidence bands at 2 x 10° cycles to failure.
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8 The Theory of Critical Distances

In this chapter, the PM and LM stress based approaches of the TCD will be applied
on the fatigue data of AMed Inconel 718. First, the approaches will be used on as-built
AMed Inconel 718 specimens that where fatigue tested by Solberg and Berto [17|. These
specimens were delivered in the same batch as the heat treated specimens presented in
section 6.1, and include two additional geometries. The PM and LM will first be used to
determine the critical distance values of the as-built specimens. Then, the accuracy of
the PM and LM in terms of fatigue limit predictions will be evaluated. Thirdly, the PM
is applied to create a modified set of fatigue data.

After applying the TCD approaches on the as-built specimens, the PM and LM will be
applied on the heat treated specimens from section 6.1, in order to determine the effect
of heat treatment on the critical distance values of the AMed Inconel 718 specimens.
The next section will briefly summarize the geometric features and fatigue properties of
the as-built specimens tested by Solberg and Berto, as well as the numerical calculations
needed for the TCD calculations.

8.1 Background

In this section, the necessary information needed for applying the PM and LM is intro-
duced. This includes fatigue data from physical tests, as well as numerical calculations
for determining the stress fields of the specimens.

8.1.1 Data From Literature

As previously mentioned, the as-built specimens tested by Solberg and Berto [17] includes
two geometries in addition to the heat treated geometries introduced in section 6.1. These
specimens are referred to as sharp V-notched and semicircular and they are illustrated in
figure 8.1, together with the blunt V-notched and unnotched specimens. The dimensions
of the specimens are given in table 8.1.
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Figure 8.1: Unnotched, blunt V-notched, sharp V-notched and semicircular specimens, from

left to right.

Specimen t [mm| w; [mm] wy [mm| 1 [mm| p[mm| 2«
Unnotched 5 15 7.000 80 30.31 -
Blunt V-notched 5 15 5.828 80 1.000 90
Sharp V-notched 5 15 5.083 80 0.100 90
Semicircular ) 15 5.000 80 5.000 -

Table 8.1: Dimensions of the four as-built specimens.

The fatigue tests performed by Solberg and Berto are identical to the uniaxial fatigue
testing procedure for the heat treated specimens, described in section 6.3, with a load
ratio of R=0 and load frequency of 10 Hz. In addition, the tests were also performed
using the same fatigue testing machine, namely, the MTS 370.10 50kN Load System.
The fatigue data for the as-built specimens, taken from [17|, are shown in figure 8.2. The
values for the 90%, 50% and 10% confidence bands at 2 x 10° cycles to failure are shown

in table 8.2.
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Figure 8.2: Fatigue data, including confidence bands, for unnotched (top left), semicircular
(top right), blunt V-notched (bottom left) and sharp V-notched (bottom right) specimens. Data
is taken from [17].

Specimen Ao —90% Ac—50% Ac—10%

Unnotched 187.45 250.00 333.32
Semicircular 157.10 175.4 195.84
Blunt V-notched 108.73 121.33 135.02
Sharp V-notched 94.53 100.44 106.60

Table 8.2: Data for confidence bands at 2 x 105 cycles to failure, based on the fatigue data
data from [17].

8.1.2 Numerical Setup

In this work, the FE software Abaqus CAE is used to determine the stress fields of the
different specimens.

All specimens are modelled according to their geometry and simplified by utilizing the
specimen symmetry, allowing for the modelling of only one fourth of the specimen. This
reduces the number of elements needed for the simulation and effectively reduces the
required computational power. It is important that the boundary conditions and loads
are applied in such a way that they satisfactorily represent the geometry of the entire
models. A simplified representation of one quarter of a specimen with its boundary
conditions and applied load is shown in figure 8.3.
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Figure 8.3: Load and boundary conditions for one fourth of the geometry.

A 2D mesh with plane stress thickness 5 mm is used, and the Young’s Modulus and
Poisson’s ratio are set to 200 GPa and 0.3, respectively. The element type is CPSS,
which is an 8-node bigadratic plane stress quadrilateral. For the notched specimens,
and the sharp-notched in particular, the mesh in the notched region has to be dense in
order to accurately calculate the stresses. The meshing strategy for the sharp V-notched
specimen, illustrating the partitioning of the surface, is shown in figure 8.4, and the mesh
is shown in figure 8.5.

Figure 8.5: Mesh near the notch
Figure 8.4: Partition of surface near the notch tip of the sharp V-notched speci-
tip of the sharp V-notched specimen. men.

In order to determine the stress fields of the different specimens, a path is created along
the cross section of the notched region. Recalling the definition of the PM and LM, it
is important that the path starts at the notch tip and advances in the radial direction,
along the notch bisector line. By subjecting all specimens to a unit load, the stress field
along their respective path is obtained. The stress field plots of the different specimens

69



are presented in figure 8.6. The stress is given as the maximum principal stress, which is
equal to the stress perpendicular to the notch bisector line, in y-direction (length direction
of the specimens). The k;-values, defined as maximum stress at the notch tip divided by
the nominal stress, are also included.
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Figure 8.6: Stress fields of the unnotched (top left), semicircular (top right), blunt V-notched
(bottom left) and sharp V-notched (bottom right) specimens.

8.2 Determining the Critical Distance

In this section, the critical distance of the as-built AMed specimens will be determined
based on both the PM and LM.

8.2.1 The Point Method

In order to determine the critical distance of the as-built AMed Inconel 718 from Solberg
and Berto [17], the PM is applied using data from the unnotched and sharp V-notched
specimens. As previously mentioned, this procedure requires information about the stress
fields and fatigue strength of the specimens. Applying a unit load, the stress fields were
plotted in section 8.1.2, referring to figure 8.6. The fatigue data needed for the procedure
is taken from the physical tests presented in figure 8.2 in section 8.1.1. The sharp V-
notched specimens are used because they have the highest k; value, similar to what was
done by Louks and Susmel [29].

Using the 50% confidence bands of the physical tests, the nominal stress range values
at different number of cycles are obtained. These values represent the nominal stress
range which give a 50% chance of survival at a given number of cycles. Combining the
stress fields at the unit load with the nominal stress range values, stress fields at different
number of cycles to failure can be created. This is done by finding the corresponding
applied stress on the gross cross-section for each nominal stress range value, and then
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multiplying the applied stress value with the stress field at unit load. This is possible
because these stress fields were obtained by applying a unit load on the gross cross-section,
and the material behavior is assumed to be linear elastic.

Figure 8.7 shows parts of the stress fields of the unnotched and sharp V-notched specimens
at 10°, 5 x 10°, 10% and 2 x 10° cycles to failure. The intersection between the stress
fields of the unnotched and sharp V-notched specimens, at the same number of cycles to
failure, gives the L/2 value and the effective stress range Ao,y at that particular cycle
count. The effective stress range, Aoy, is obviously equal to the critical stress range
Aoy because the intersection point represents a failure condition.
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Figure 8.7: Sections of the stress fields of the unnotched and sharp V-notched specimens at
10%, 5 x 10°, 10% and 2 x 10° cycles to failure. Effective stress range and L/2 values indicated
for each number of cycles to failure.

From the stress fields in figure 8.7, it can be observed that the half of the critical distance,
L/2, decreases slightly with increasing number of cycles to failure. The critical distance
values at different number of cycles to failure are reported in table 8.3. The average
values are also reported, and show that the average L/2- and L-values between 10° and
2 x 10% cycles to failure are equal to 0.085 mm and 0.17 mm, respectively. The critical
distance at the fatigue limit, which is set to 2 x 10° cycles to failure, is equal to 0.152 mm.
The relationship between the critical distance and number of cycles to failure is plotted
in figure 8.8.
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Number of cycles to failure, Ny L/2 [mm| L [mm| Acgy [MPa]

10° 0.097 0.194 604.5
5 x 10° 0.086 0.172 390.6
108 0.081 0.162 323.2
2 x 109 0.076 0.152 267.7
Average 0.085 0.170

Table 8.3: Critical distance values versus number of cycles to failure calculated according to
the PM. Critical stress ranges are also included.
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Figure 8.8: Critical distance determined by the PM, versus number of cycles to failure.

8.2.2 The Line Method

The determination of the critical distance based on the LM is performed based on the
same stress fields as for the PM, i.e. the stress fields at 10°, 5 x 10°, 10% and 2 x 10° cycles
to failure for the 50% confidence bands for the unnotched and sharp V-notched specimens,
plotted in figure 8.7. As was presented in section 3.6.2, the LM is based on averaging
the stress field over a distance of two times the critical distance, 2L. This is done by
integrating the stress field and dividing the integral by 2L, which gives the effective stress
range, Aoy, referring to equation 3.13. The principle of the L-determination for the LM
is similar to that of the PM in the previous section; the critical distance is determined by
finding the distance that gives the same effective stress range for the two specimens. For
the PM, this was determined by the intersection between the two stress fields, while the
LM uses the average stress over a distance. The procedure for determining the critical
distance based on the LM is illustrated in figure 8.9.
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Figure 8.9: Procedure for determining the critical distance based on the sharp V-notched and
unnotched specimens, using the LM approach.

In order to determine the critical distance, the stress fields of the two specimens are
integrated separately with the same integration limits, using the trapezoidal rule. The
lower limit of the integration starts at the notch root and is equal to zero, while the upper
limit is located at a point along the notch bisector line. For each number of cycles to
failure, the stress fields are integrated, and the upper limit of the integration is changed
until the two integrals are equal. Referring to figure 8.9, this is the same as changing the
x-value until A; equals A,. This procedure effectively determines the distance along the
notch bisector line which gives an equal effective stress range for the unnotched and sharp
V-notched specimen. Recalling the definition of the LM from section 3.6.2 and equation
3.13, this distance is defined as 2L, which is the material’s critical distance multiplied by a
factor 2. The effective stress range is found by dividing the integral by 2L. Similar to the
PM, the effective stress ranges found for each number of cycles to failure are considered
as the critical stress ranges, Aoy.

The resulting critical distance values obtained through the LM are shown in table 8.4,
and the trend is plotted in figure 8.10. It can be seen that the critical distance decreases
with increasing number of cycles to failure, similar to what was observed for the PM. The

critical stress range values reported in table 8.4 are almost identical to the values found
for the PM.

Number of cycles to failure, Ny L [mm| 2L [mm| Aoy [MPa)

10° 0.150 0.300 601.4
5 x 10° 0.125 0.250 390.0
106 0.115 0.230 324.2
2 x 10° 0.110 0.220 266.7
Average 0.125 0.250

Table 8.4: Critical distance values versus number of cycles to failure calculated according to
the LM. Critical stress ranges are also included.

73



0.25

= 0.20 |
g
3
g 015 |
=
a
o
E 0.10
0.05
0 v -
104 10° 108 107

Number of cycles to failure, N;

Figure 8.10: Critical distance determined by the LM, versus number of cycles to failure.

8.2.3 Comparison of L-values determined by the Point and Line
Method

The critical distances determined by the PM and LM approaches are not the same. Table
8.5 summarizes the critical distance values obtained through the two methods, and it can
be seen that the critical distance values found by the point method are generally higher
than those of the line method. This applies for all number of cycles to failure, and the
difference is visualized in figure 8.11, where critical distance is plotted versus number of
cycles to failure.

Critical distance, L [mm|

Number of cycles to failure, Ny PM LM

10° 0.194 0.150

5 x 10° 0.172 0.125

106 0.162 0.115

2 x 10° 0.152 0.110

Average 0.170 0.125

Table 8.5: Summary of the critical distance values obtained according to the PM and LM.
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Figure 8.11: Critical distance values determined according to the PM and LM, versus number
of cycles to failure.

8.3 Fatigue Limit Prediction

Having obtained the critical distance values for the as-built Inconel 718 specimens by
means of both the PM and LM, these values can be used to predict the fatigue limit of
the as-built blunt V-notched and semicircular specimens. This is done by considering the
stress fields of the blunt V-notched and semicircular specimens at the fatigue limit given
by the 50% confidence bands, and using the critical distance values at the fatigue limit
to modify the stress fields. As previously mentioned, the fatigue limit is set to 2 x 10°
cycles to failure. In section 8.1.1, the stress range at 2 x 10° cycles to failure for the
50% confidence bands were reported. Specifically, these values were reported in table
8.2.

Point Method

In section 8.2.1, the critical distance at the fatigue limit was found to be 0.152 mm,
which corresponds to L/2 = 0.076mm. This value, combined with its corresponding
critical stress range, Aoy = 267.7M Pa, can be used to modify the stress fields of the
blunt V-notched and semicircular specimens. This procedure is illustrated in figure 8.12.
The basis of the procedure is the postulation of the PM, which states that the stress fields
of all specimens should intersect in the same point, namely the point at a distance L/2,
which means that the effective stress range is equal for all specimens in that particular
point. In reality, the effective stress ranges are however not the same at L/2 = 0.076mm,
referring to figure 8.13 which shows the stress fields of all specimens at the fatigue limit.
The figure includes the L/2 value found in section 8.2.1, based on the unnotched and
sharp V-notched specimens at 2 x 10° cycles to failure.
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Figure 8.12: Procedure for predicting the fatigue limit of the blunt V-notched and semicircular
specimens. Aoc,—q, is the real maximum stress at the notch root at 2 x 106 cycles to failure,
while Ao,—g ) is the predicted maximum stress found by shifting the stress fields in y-direction.

First, the stress fields of the blunt V-notched and semicircular specimens are moved in
y-direction, so that their stress fields intersect with the point given by L/2 = 0.076 and
its corresponding critical stress range, equal to 267.7 MPa. This will effectively give
a new intersection point between the individual stress fields and the y-axis. The new
intersection with the y-axis represents the predicted maximum stress at the notch-tip,
from here referred to as Ao,—y,, and can be used to reverse calculate its corresponding
predicted nominal stress range, Acyom . This nominal stress range is then considered the
predicted fatigue limit of the specimens, and can be compared with the experimentally

obtained fatigue limit.
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Figure 8.13: Stress fields of all specimens at 2 x 10% cycles to failure from the 50% confidence
bands.
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Table 8.6 shows the results of the prediction procedure for both specimens and indicates
the error of the prediction, given by equation 8.1. From the results it can be seen that the
estimated value for the semicircular specimen is less accurate than the estimated value
for the blunt V-notched specimen, and that the PM slightly overestimates the fatigue
limits.

Predicted — Experimental

E = 8.1
o Experimental %] (8.1)
Fatigue limit, Ao [MPa|
Specimen Experimental Predicted Error |%]
Blunt V-notched 121.3 126.3 4.1
Semicircular 175.4 208.6 18.9

Table 8.6: Predicted fatigue limit of blunt V-notched and semicircular specimens at 2 x 10°
cycles to failure, according to the PM.

Line Method

The same principles of the prediction procedure based on the PM, also applies for the
LM. Instead of considering the intersection point, the LM postulates that the effective
stress range for the specimens are equal when the stress fields are averaged over a distance
2L. In section 8.2.2, the critical distance and the corresponding critical stress range was
calculated according with the LM. At the fatigue limit, 2x 10° cycles to failure, the critical
distance was found to be 0.11 mm, giving a 2L value of 0.22 mm. Its corresponding critical
stress range was equal to 266.7 MPa. In order to predict the fatigue limit of the blunt
V-notched and semicircular specimens, their stress fields are integrated between constant
integration limits of zero and 2L = 0.22mm. Following the same procedure as that of
the PM fatigue limit prediction, the stress fields are moved in the y-direction until the
effective stress range equals the critical stress range corresponding to the critical distance
of L = 0.11mm. The procedure for moving the stress fields in y-direction with fixed
limits, zero and 2L = 0.22mm, is illustrated in figure 8.14.
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Figure 8.14: Procedure for shifting the stress fields in y-direction with fixed limits. Ao,—,
is the real maximum stress at the notch root at 2 x 10% cycles to failure, while Ao,—g,, is the
predicted maximum stress.

Having moved the stress fields the correct amount in y-direction, the new intersections
with the y-axis are used to reverse calculate the corresponding nominal stress range,
identical to what was done for the PM. This stress range is the predicted fatigue limit
and can be compared with the actual fatigue limit. The results are given in table 8.7,
and shows that the semicircular specimens are more difficult to predict, similar to what
was seen for the PM.

Fatigue limit, Ao [MPa|

Specimen Experimental Predicted Error |%]
Blunt V-notched 121.3 131.3 8.2
Semicircular 1754 210.2 19.8

Table 8.7: Predicted fatigue limit of blunt V-notched and semicircular specimens at 2 x 10°
cycles to failure, according to the LM.

Table 8.8 summarizes the predicted values for both the PM and LM, and reveals that the
predictions based on the LM is slightly less accurate than those of the PM. Both the PM
and LM overestimates the fatigue limit of the specimens, however, the overall accuracy
is promising, with an absolute error below 20 %. The accuracy of the two approaches is
also illustrated in figure 8.15.

PM LM
Specimen Experimental Predicted [MPa| Error |%)] Predicted [MPa| Error [%]
Blunt V-notched 121.3 126.3 4.1 131.3 8.2
Semicircular 175.4 208.6 18.9 210.2 19.8

Table 8.8: Predicted fatigue limits of blunt V-notched and semicircular specimens at 2 x 10°
cycles to failure, according to the PM and LM.
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Figure 8.15: Experimentally obtained versus predicted fatigue limits, for PM and LM.

8.4 Modification of the Fatigue Data Based on the Point
Method

The SN-curves that was presented in section 8.1.1 represents the number of cycles to
failure versus the stress range in the net section of the specimens. Using the stress range
or stress amplitude in the net section is the common way of representing the fatigue
properties of a material or component. However, with the basis of the critical distance
obtained according to the PM, the fatigue data can be modified to represent another
stress situation.

Recalling that the PM postulates that the critical stress range for all specimens of the
same material is equal at L /2, the fatigue data for the different specimens can be re-
designed to represent the stress range at L/2 instead of the nominal stress range. Figure
8.16 shows the modified fatigue data for the blunt and sharp V-notched, and the semi-
circular specimens; including their 10%, 50% and 90% confidence bands. These plots are
created by considering the average L/2-value found in section 8.2.1, which is equal to
0.085 mm, because this value better represents the critical distance values for the entire
span in number of cycles to failure. With the basis of L./2 = 0.085, the fatigue data
for all specimens are modified in such a way that they represent the stress range at a
distance 0.085 from the notch tip, instead of the nominal stress range. This modification
is done for each specimen separately, considering the stress fields of the individual speci-
mens. The scatter parameters and inverse slopes of the curves in figure 8.16 are obviously
equal to the ones reported in figure 8.2 in section 8.1.1, because the data points for each
specimen have been "shifted” by the same amount.
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Figure 8.16: Fatigue data of the blunt V-notched (top left), sharp V-notched (top right) and
semicircular (bottom) specimens, presented as stress range at r=0.085 mm versus number of
cycles to failure.

In figure 8.17, the modified fatigue data for all three specimens are included in the same
diagram. The 10%, 50% and 90% confidence bands are also included, and they are
created based on the combined data of all specimens. The resulting plot shows that the
modified fatigue data for the three specimens give relatively low scatter, with a scatter
parameter of Th, = 1.289. This means that the modification of the fatigue data, based
on L./2 = 0.085, is able to "gather” the fatigue data in such a way that they come together
approximately along one line and with little scatter.
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Figure 8.17: Combined fatigue data of the semicircular, sharp and blunt V-notched specimens,
presented as stress range at r=0.085 mm versus number of cycles to failure.

8.5 Effect of Heat Treatment

In this section, the heat treated specimens from section 6.1 are introduced and investi-
gated by means of the PM and the LM. For a valid comparison between heat treated and
as-built specimens, the critical distance must be determined based on the same specimen
geometries. This means that the blunt V-notched specimens will be used, since these
specimens are the only heat treated notched specimens included in this work.

Point Method

Following the same procedure as the one in section 8.2.1, the critical distance of the
heat treated and as-built specimens are determined based on the blunt V-notched and
unnotched specimens. For this purpose, the stress fields of the specimens are plotted
for 10°, 5 x 10°, 10° and 2 x 10° cycles to failure, both for the heat treated and as-
built specimens, using the 50% confidence bands. The confidence bands for the heat
treated specimens are taken from section 7.2, while the confidence bands for the as-built
specimens are taken from section 8.1.1. The stress field plots of the heat treated and
as-built specimens are shown figure 8.18.
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Figure 8.18: Sections of the stress fields of as-built (left) and heat treated (right) blunt V-
notched and unnotched specimens at 105, 5 x 10, 10% and 2 x 10° cycles to failure. The L/2
values are indicated for each intersection point.

The intersections of the stress fields give the L/2 value at that particular number of cycles
to failure. These values are reported in table 8.9, together with the L values, and the
critical distance versus number of cycles to failure is plotted in figure 8.19. These curves
reveal that the difference in critical distance between heat treated and as-built specimens
is larger for lower number of cycles to failure, with the heat treated specimens having
higher critical distance than the as-built specimens. As the number of cycles to failure
increases, the critical distance values for heat treated and as-built specimens seems to
converge against a common value.

As-built Heat Treated
Number of cycles to failure , Ny L/2 [mm| L [mm] L/2 [mm| L [mm)]
10° 0.132 0.264 0.165 0.330
5 x 10° 0.083 0.166 0.096 0.192
10° 0.064 0.128 0.069 0.138
2 x 106 0.051 0.102 0.049 0.098

Table 8.9: Critical distances for the as-built and heat treated specimens at different number
of cycles to failure, determined by the PM.
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Figure 8.19: Critical distance of heat treated and as-built specimens versus number of cycles
to failure, determined by the PM.

Line Method

Using the stress fields introduced in figure 8.18, and following the same procedure as in
section 8.2.2, the critical distance of the heat treated and as-built specimens are deter-
mined based on the LM. The resulting critical distance values are reported in table 8.10,
and the critical distance versus number of cycles to failure is plotted in figure 8.20. The
same trend is seen here as it was for the PM; the critical distance values for the heat
treated specimens are higher than those of the as-built specimens for lower number of
cycles to failure, and the values seems to converge against a common value for higher
number of cycles to failure. It can also be observed that the LM yields lower critical
distance values than the PM, similar to what was seen in section 8.2.3.

As-built Heat Treated
Number of cycles to failure , Ny L |mm| 2L [mm)] L [mm)| 2L [mm|
10° 0.145 0.29 0.185 0.370
5x 10° 0.088 0.175 0.100 0.200
106 0.063 0.125 0.068 0.135
2 x 106 0.050 0.100 0.050 0.100

Table 8.10: Critical distances for the as-built and heat treated specimens at different number
of cycles to failure, determined by the LM.
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Figure 8.20: Critical distance of heat treated and as-built specimens versus number of cycles
to failure, determined by the LM.
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9 Engineering Approach to the TCD

Having seen that the TCD yields good prediction results in section 3.6.3 and 8.3, and
the possibility of modifying the fatigue data for assessing fatigue performance based on
the PM, this section introduces a proposed method for applying the TCD in engineering
tasks.

9.1 Using FEA and CAD Software

Since the TCD relies on the stress situation at a distance from the surface of a component,
it is desirable to have information about this stress in order to apply the TCD criterion
in engineering tasks. When performing stress-analyses in Abaqus, the output results are
given as stresses on the surface of the model. It is also possible to create node-paths to
obtain the stress fields at different locations of interest, as was done in section 8.1.2. These
stress fields can easily be used to make failure predictions based on the TCD, but they
have to be created individually and at specific locations of the engineering component.
If the component in question contains several stress raisers and it is difficult to predict
where the highest critical distance stress is located, the node path approach requires that
node paths are created at each stress raiser. In addition, it can be a time consuming
and challenging task to create node paths that follows the most critical direction of the
stress distribution for each stress raising feature. In this section, an alternative approach
to obtain information about the stress at a distance from the surface is proposed. The
approach includes modelling a component in a CAD software, before analysis is performed
in an FE software. The steps of the entire procedure are summarized in Appendix A,
where a simple notched cylinder with an arbitrary geometry is used as an example.
Appendix A also includes a short verification of the procedure, where an arbitrary load
is applied and the node path approach is carried out for comparison purposes.

The Offset Procedure

The procedure for setting up a simulation that allows for a convenient investigation of
the stresses at a distance from the model surface, starts with creating the model in a
CAD software. In this work, Inventor is used for modelling, while Abaqus is used for the
FE simulations. In the explanation that follows, the notched cylinder from appendix A
will be used for visualization purposes.

First, the original part is created and saved. Then, a modified solid part is created
by offsetting the surfaces of the original model. In inventor, this is done by using the
Thicken/Offset command and specifying the offset direction in such a way that the new
surface is located on the inside of the original part. Performing a cut will effectively
remove the volume located between the outer surface of the original part and the offset
surface, and a new part is created. The surface of this offset part now represents the
material located at a specified distance from the surface of the original part, specified by
the offset distance, and can be saved as an individual part.
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Having created two individual parts — the original part and the offset part — the parts can
be imported and assembled in Abaqus. In Abaqus, the parts are first assigned sections
individually and then assembled in order to create a combined part. It is important that
a new set is created for each part when assigning sections. Since the parts were created
based on the same coordinate system in Inventor, they will automatically be placed on
top of each other when assembled in Abaqus. This means that the offset part will be
located inside the original part with its surface positioned at a constant distance from
the surface of the original part. In the assembly-module, the parts must be merged, and
the intersecting boundaries must be retained. This step effectively creates a new part,
identical to the original part, but with a partitioning surface located at an offset distance
from its outer surface, as shown in figure 9.1. The offset-distance is determined by the
distance specified when creating the offset part in Inventor.

Figure 9.1: Partition surface inside the original part.

After creating the assembled part with an offset partition-surface, the part can be meshed
and analyzed. When the part is meshed, two element sets are created; one element set
will be located outside the partition surface, while the other element set is located inside
the partition surface. Figure 9.2 shows how the original part consists of one external and
one internal element set. The two element sets are divided by the partition surface, and
share this surface as a common face. The elements will always align with the partition,
or offset, surface.

Figure 9.2: Internal and external element set of the part.
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After running the analysis, the resulting stresses can be studied in the viewport of the
visualization module in Abaqus. These stresses are by default displayed on the surface of
the model. However, having performed the offset procedure described above, the stresses
at an offset distance from the surface can be obtained. These stresses are visualized by
removing the element set located outside the partition surface, leaving only the internal
element set visual. The surface stresses on the internal element set represents the stresses
at an offset distance from the surface of the original part. Figure 9.3 shows the stresses
on both the original part surface and at an offset distance. As expected, the stresses are
lower at a distance from the surface.

Figure 9.3: Stresses on the internal and external element set of the part.

In section 10.5.1, some possible applications of the offset procedure will be presented and
discussed. These applications include fatigue assessment based on the PM, identification
of the critical region of a component based on the PM and shape optimization.
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10 Discussion

10.1 Critical Distance of As-Built Inconel 718

In section 8.2, the critical distance of as-built Inconel 718 was determined based on both
the PM and LM for different number of cycles to failure. This was done using the sharp V-
notched specimens and the unnotched specimens, similar to what was done by Louks and
Susmel [29] who used the specimen with highest k; together with the unnotched specimen.
However, Louks and Susmel did not use the stress fields of the unnotched specimen, but
rather the nominal stress range when determining the critical distance, similar to what
was done by Taylor et al. [31]. In this work, the stress fields of the unnotched specimens
are used instead of the nominal stress range, meaning that the critical stress range, Aoy,
is never exactly equal to the nominal stress range of the unnotched specimens at a given
number of cycles to failure. This is done to perform the PM and LM calculations based
on more realistic stress conditions, and effectively obtain more accurate results.

Difference Between PM and LM

In section 8.2.1 and 8.2.2, the critical stress range values obtained according to the PM
and LM were reported. These values are almost identical for all number of cycles to
failure, indicating that the PM and LM procedures were carried out correctly. The small
difference is most likely related to the integration based on the trapezoidal rule for the

LM.

Even though the critical stress ranges are the same, the critical distance values calculated
by the two methods are different. From the results in figure 8.11, it can be seen that
the critical distance values obtained through the PM are higher than the values obtained
through the LM, for all number of cycles to failure. This is in line with what was observed
by Benedetti and Santus [32] when using the inverse search procedure for determining
the critical distance of AMed Ti-6A1-4V ELI.

The Critical Distance Values

Louks and Susmel [29] calculated the critical distance of Inconel 718 based on fatigue
data from Chen et al. [35]|, as was mentioned in section 3.6.3. The specimens were
fatigue tested at 500 °C', with a load ratio of R = -1. At the fatigue limit condition of the
material, the critical distance was determined according to the PM based on specimens
with k;, = 8. A critical distance of L = 0.154mm was obtained, which is very similar
to the critical distance obtained in this work when using the PM at the fatigue limit
(L = 0.152mm). This is an interesting observation, considering that the fatigue tests
performed in this work were carried out at room temperature and with a load ratio of R
= 0. In addition, the specimens tested by Chen et al. were not produced by means of
additive manufacturing and had a significantly higher fatigue limit.

It is difficult to say why these values are almost identical, considering the difference in
test parameters and production method, as well as physical properties of the specimens.
In order to make comparisons of the critical distance of Inconel 718, and investigate the
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effect of test parameters and production method, more fatigue test data of Inconel 718
should be studied by means of the TCD. There are not many critical distance values of
Inconel 718 reported in literature.

Critical Distance Dependency on Number of Cycles to Failure

From the results in figure 8.11, it is evident that the number of cycles to failure has an
impact on the critical distance. With increasing number of cycles to failure, the critical
distance value decreases. This applies for both the PM and LM. The same phenomenon
was observed by Benedetti and Santus [32], where they used the inverse search procedure
and found that the L is a decreasing function of NNy.

The change in L with respect to Ny is related to the inverse slope of the confidence bands
of the as-built unnotched and sharp V-notched specimens. The inverse slopes, k, were
reported in figure 8.2, and revealed that the slope of the sharp V-notched specimens’
confidence bands were steeper than those of the unnotched. This difference in slopes has
an effect on the critical distance determination that can be conveniently explained by
means of the PM, but the same effect of course also applies for the LM.

When the nominal stress ranges are extracted from the 50% confidence bands and used
to plot the stress fields at 10°, 5 x 10°, 10% and 2 x 10° cycles to failure, as was done
in figure 8.7, the intersection of the stress fields depend on the slope of the confidence
bands. If the confidence bands were parallel, meaning that the slopes are equal, the
stress fields would intersect at the same distance from the notch root for all N¢. Since
the confidence bands of the sharp V-notched specimens have a steeper slope than the
unnotched, the stress fields will intersect at a shorter distance from the notch root with
increasing number of cycles to failure. This will effectively give shorter critical distances
with increasing Ny.

10.2 Fatigue Limit Prediction

The Approach

The approach for determining the fatigue limit proposed in this work is slightly different
to the approach of Louks and Susmel [29]. When predicting the fatigue limit according
to the PM, Louks and Susmel use the L/2 value to determine the effective stress range at
the fatigue limit, Aoy, of the specimen to be assessed. For this purpose, the stress field
at the fatigue limit of the specimen to be assessed and the L/2 value must be obtained
through experiments. The effective stress range value is then compared to the critical
stress range, Aoy, and the error is calculated using equation 3.17. This prediction is
based on the assumption that the stress range at L/2 of the specimen to be assessed,
should be equal to the critical stress range. Figure 10.1 shows how the approach of Louks
and Susmel can be used to predict the fatigue limit of the semicircular specimen, based
on the stress fields from section 8.3.
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Figure 10.1: Determining the fatigue limit of the semicircular specimens based on the approach
of Louks and Susmel [29].

The approach proposed in this work, which was described in section 8.3, is based on
shifting the stress field of the specimen to be assessed. The stress field is shifted to the
intersection of the critical stress range and L/2, as was seen in figure 8.12, and the new
intersection with the y-axis is the predicted stress at the notch root. Referring to figure
10.1, this is done by shifting the stress field of the semicircular specimen to the point
where Aoy = 267.7M Pa and L/2 = 0.076mm intersects. The predicted stress at the
notch root is then used to find the predicted nominal stress range, which is compared
to the experimentally obtained nominal stress range by finding the error according to
equation 8.1. This approach is also based on the assumption that the effective stress
range of the specimen to be assessed, is equal to the critical stress range. However, the
procedure does not require information about the stress field at the fatigue limit of the
specimen to be assessed. This is because the stress field is shifted to the intersection
between L/2 and the critical stress range Aoy, meaning that the stress field at unit load
is the only required information, in addition to the L/2 value. In effect, the fatigue limit
of all specimens can be predicted as long as their stress fields at unit load are known, and
that the L/2 and Aoq values are determined from previous experiments. This allows for
a more flexible approach than the one used by Louks and Susmel.

It should also be stressed that the absolute errors obtained through the approach from
section 8.3 and the approach of Louks and Susmel are identical. This is because the stress
fields are shifted by an amount corresponding to the difference between the Aoy- and
Ao, ss-values that Louks and Susmel use when calculating the error. The two approaches
will however give errors of opposite signs.

Accuracy

The results from section 8.3, reveal promising fatigue limit prediction abilities of both the
PM and LM. Table 8.8 shows that the absolute error is below 20% for both the PM and
LM, and that the PM yields slightly more accurate results than the LM. The superior
prediction accuracy of the PM, with respect to the LM, has been reported by several
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authors [32, 29, 74].

The accuracy of the results, indicated by the calculated error, is comparable to several
results reported in literature. Benedetti and Santus [32] used the inverse search procedure,
presented in section 3.6.3, for prediction of the fatigue limit. The error of this prediction
had a maximum absolute value of 8%, when L was obtained from tensile fatigue tests,
and a maximum absolute error of 15.9% when L was obtained from FCG rate tests.
The maximum error of 15.9% is comparable to the least accurate results in this work,
presented in section 8.3, while the maximum error of 8% is more accurate. This indicates
that the inverse search procedure based on L-values obtained from tensile fatigue tests,
can be considered as slightly more accurate than the procedure proposed in this work,
even though the difference is rather small.

As previously mentioned, Louks and Susmel [29] used a similar approach to the one
proposed in this work when predicting fatigue limits according to the PM and LM. The
accuracy of these predictions were summarized in table 3.4 in section 3.6.3, and show
that the absolute errors are slightly less than the ones obtained in this work. This can
probably be related to the fact that Louks and Susmel used notched specimens that were
not produced by AM and had higher k;-values than the ones used in this work, both
when determining the critical distance and for the specimens that were assessed. Higher
k;-values give more accurate prediction results, at least when following the inverse search
procedure, according to Santus et al. [75]. It is likely that this applies as a general rule
when predicting fatigue limits according to the PM and LM, and not only for the inverse
search procedure, because the specimens are more likely to fail at the notch tip when k;
is large. This is because high k;-values will cause the notch to be more critical than local
defects. When the specimens fail at the notch tip, the stress fields along the notch bisector
line that are used in both the PM and LM, will better represent the stresses that causes
failure in the physical tests. This is especially important for AMed components where
other factors, such as high surface roughness and defects, can cause failure to initiate at
other locations than the notch tip.

From the results in table 8.8, it is also evident that the accuracy of the fatigue limit
predictions of the semicircular specimen is significantly lower than that of the blunt V-
notched. This applies for both the PM and LM. A possible explanation to this is the fact
that the semicircular specimens fail at positions higher up in the overhang region, as was
reported by Solberg and Berto [17], whereas the blunt and sharp V-notched specimens
tend to fail closer to the notch root. This means that the stress fields along the notch
bisector line of the semicircular specimens, that were used for both the PM and LM, does
not represent the stress distribution at the failure location as accurately as the stress fields
of the blunt and sharp V-notched specimens does. However, it must be stressed that both
the PM and LM are able to predict the fatigue limit of the semicircular specimens with
an absolute error below 20%. This indicates that these two stress based approaches are
suitable for assessing components produced by AM with a promising accuracy. This
is despite the fact that the AMed semicircular specimens does not fail at the notch
root.
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10.3 Effect of Heat Treatment

Figure 6.6 and 6.8 illustrated the microstructure of the AMed Inconel 718 specimens
before and after heat treatment. From these micrographs, it can be seen that the heat
treatment has an effect on the microstructural features of the material. The grain size
seems to increase, and the building layers are no longer visible. However, some features
that were also seen in the as-built microstructure are still visible after heat treatment.
Hatching lines and some melt pools can be seen after heat treatment, and the grains are
still elongated in the build-direction.

When studying the effect of heat treatment on SLMed Inconel 718, M. E. Aydin6z et
al., [51] found that HIP performed at 1150°C recrystallizes the material and eliminates
the preferential grain orientation, and that solution annealing at 1000°C is not sufficient
to remove the preferential grain orientation. These results were reported in figure 5.1.
In the NASA tests [60], the material was recrystallized when performing heat treatment
with a maximum temperature of 1165°C, as was seen in figure 5.4. Gribbin et al. [41]
and S. Emuakpor et al. [61] also found that heat treatment temperatures close to 1200°C
leads to recrystallization.

Based on the findings from literature, it is likely that only a slight increase of the annealing
temperature of 1095°C used in this work, would have led to complete recrystallization.
For instance, the heat treatment of the tensile specimens presented in section 6.2, with
an annealing temperature of 1200°C, removed all characteristics stemming from the AM
process as well as the preferential grain orientation.

In terms of porosities, the heat treatment conducted in this work does not seem to treat
this problem. Figure 6.9 show that porosities are still present after the heat treatment.
Considering that the specimens did not undergo HIP, this is not a surprising observation.
HIP has been reported to have a positive effect on the presence of porosities [51, 76,

7.

Critical Distance Dependency on Heat Treatment

In section 3.6.3, the relationship between microstructural features and the critical distance
was introduced. Taylor [36] investigated the effect of grain size on critical distance, based
on brittle fracture of specimens subjected to different types of heat treatment. The
results revealed that the critical distance increased with increasing grain size. Negru
et al. [38] employed the PM to determine the critical distance of PUR material with
different densities, and found that the critical distance increased with decreasing density.
Both these findings suggest that the critical distance increases with increasing size of the
microstructural features of the material.

In section 8.5, the effect of heat treatment on the critical distance was investigated. This
was done by employing both the PM and LM, based on fatigue data of as-built and
heat treated blunt V-notched and unnotched specimens. The resulting critical distances
versus Ny were plotted in figure 8.19 and 8.20, for PM and LM, respectively. From these
curves, it can be seen that the difference in critical distance for as-built and heat treated
specimens is large for lower number of cycles to failure, with the heat treated specimens
having higher critical distance. For higher Ny, the difference decreases, and at 2 x 10°
cycles to failure, the critical distance for as-built and heat treated specimens are almost
identical.
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The fact that the critical distance is higher for the heat treated specimens can possibly
be related to the fact that the heat treated specimens seemed to have larger grain size
than the as-built specimens. This is line with what was observed in literature, where
the critical distance was observed to increase with increasing size of the microstructural
features. However, the dependency on Ny on the difference in critical distance between
the as-built and heat treated specimens is an interesting observation. This finding is
related to the 50 % confidence bands that were used to create the stress fields at 10°,
5 x 10°, 10% and 2 x 10° cycles to failure, for the as-built and heat treated specimens. As
seen in figure 8.18, the stress fields of the unnotched and blunt V-notched specimens, at
N; = 2 x 10° intersect at the same distance from the notch root for both the as-built
and heat treated specimens, effectively giving almost identical L/2 values according to
the PM. This is because the increase in fatigue strength after heat treatment is almost
identical for both the unnotched and blunt V-notched specimens at Ny = 2 x 10°, as
can be seen from the data in table 8.2 and 7.1. For the blunt V-notched specimens, the
fatigue strength at Ny = 2 x 10° increases by a factor of 1.675 when going from as-built
to heat treated. The factor for the unnotched specimens is 1.682, which is very similar,
meaning that the stress fields of the blunt V-notched and unnotched specimens are shifted
by essentially the same amount when going from as-built to heat treated. This causes
the stress fields at Ny = 2 x 10° to intersect at almost the same distance from the notch
root, before and after heat treatment.

At lower number of cycles to failure, the increase in fatigue strength due to the heat
treatment is not the same for the unnotched and blunt V-notched specimens. At lower
Ny, the heat treatment has a relatively larger positive effect on the blunt V-notched
specimens with respect to the unnotched specimens, causing the stress fields of the heat
treated specimens to intersect further away from the notch root, effectively giving larger
critical distance values for the heat treated specimens. The physical explanation of the
similarities in the critical distance at higher number of cycles to failure is difficult to
explain without performing additional fatigue tests. Due to the scatter in the fatigue
data, it is possible that additional tests would yield different results. In addition, heat
treated sharp V-notched specimens should be fatigue tested in order to more accurately
evaluate the critical distance of heat treated AMed Inconel 718.

10.4 Modification of Fatigue Data

In section 8.4, the fatigue data of AMed as-built Inconel 718 was modified with respect to
the average L/2-value found according to the PM. By using L/2 = 0.085mm, the fatigue
data of the semicircular, blunt V-notched and sharp V-notched specimens was plotted as
the stress range at L/2 versus number of cycles to failure, instead of using the nominal
stress range. The average L/2-value of 0.085mm was used in order to better represent
the L/2-values of the material over the entire span of number of cycles to failure. The
resulting plots showed little scatter, with a scatter parameter of Th, = 1.289. This
finding suggests that the modification of the fatigue data based on the average L/2 value
is a promising approach to represent the fatigue data of a given material. The approach
allows for a representation of the fatigue data that does not depend on the specimen
geometry.
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It can however be argued that more accurate results could have been obtained by using
other L /2 values than the average one. For example, the critical distance could have been
determined for each data point of the fatigue tests, based on the 50% confidence bands.
This would require that the stress fields of the sharp V-notched and unnotched specimens
are created for the N; value corresponding to each data point. In that way, the stress
ranges at L/2 could be plotted versus Ny, using the exact L/2 value corresponding to
each particular Ny. A procedure like this would however be time consuming.

10.5 Offset Procedure

10.5.1 Applications of the Offset Procedure

In this section, some possible applications of the offset procedure are presented and
discussed. When working with specific problems, these applications require that the
critical distance of the material is known beforehand.

Fatigue Assessment Approach

Having shown that it is possible to investigate the stresses at a desired distance from
the surface of a component, following the offset procedure described in section 9.1, the
procedure can be combined with principles of the TCD. The results from section 8.4
showed promising results in terms of modifying the fatigue data with respect to the
average L /2 value obtained according to the PM. This modified fatigue data can be used
to assess the fatigue strength of any AMed as-built Inconel 718 component, by evaluating
its stresses at a distance of 0.085 mm from the surface.

Fatigue assessment of AMed as-built Inconel 718 components

Use the offset procedure to Use the maximum stress at the offset
create an element set at a distance to determine number of
distance 0.085 mm from cycles to failure, based on the

the surface modified fatigue data.

Evaluate max stress at the
offset distance, Ao,

Figure 10.2: Fatigue assessment approach of AMed as-built Inconel 718, based on the offset
procedure and modified fatigue data.

With the basis of the notched cylinder presented in section 9.1, figure 10.2 shows how a
fatigue assessment based on the offset procedure and the modified fatigue data is carried
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out. If the offset distance is set to L/2 = 0.085mm, the stress range at the offset surface
can be used to evaluate the fatigue life of the component directly from the modified SN-
curve. A procedure like this allows for performing fatigue assessments without having
to determine the stress concentration factor and notch sensitivity. Using an L/2 value
of 0.085 mm obviously only applies for the AMed as-built Inconel 718 presented here. If
this procedure is to be used on another material, the offset distance and modified fatigue
data must correspond to the properties of that particular material.

Critical Region Identification

Identification of the regions governing the performance of a component is an important
task when designing or improving its design. It is also crucial to have information about
the critical region when assessing the component’s properties in terms of static and fatigue
strength.

Taylor et al. [31] predicted the fatigue failure location of a cast iron automotive suspension
component containing two distinct stress raising features by using the PM. The basis of
this study was the inadequate results obtained when using a FE software to determine
the fatigue life of the component. The FE software predicted failure at the stress raising
feature with the highest stress at the notch tip, and not at the location that was observed
from the physical tests of the suspension component. By creating node paths at the two
stress raising features and investigating the stresses at a distance from the notch tips, the
PM was successfully employed to predict the correct failure location, namely, the stress
raising feature with the highest stress at a distance L/2 from the notch tip. This finding
suggests that the fatigue life is governed by the stresses at a distance from the notch tip,
rather than the peak stress at the notch tip.

Introducing the component in figure 10.3, it can be shown how the offset procedure de-
scribed in section 9.1 can be used to identify the critical region of a component containing
more than one stress raiser, by using the PM. The component in question is a cylinder
with two notches, one sharp and shallow and one deep and blunt, and the offset procedure
is used to analyze the stresses at an arbitrary distance of 0.6 mm from the surface.

Figure 10.3: External and internal element sets of the two-notched cylinder.

Running a stress analysis with a tensile unit load, the stresses at the offset distance from
the surface can be studied. As the results in figure 10.4 show, the shallow and sharp
notch has the highest peak stress at the notch tip, whereas the blunt notch has the high-
est stress at a distance 0.6 mm from the surface. In order to apply this procedure to a
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component of any given material, the offset distance of 0.6 mm can simply be changed
to the L/2 value of that particular material. This will effectively allow for a convenient
determination of the critical region based on the PM. For instance, the automotive sus-
pension component analyzed by Taylor et al. [31] could have been investigated by means
of the offset procedure with an offset distance corresponding to the L/2 value of cast iron,
instead of using node paths.

Stresses at the surface Stresses at the offset distance

|

Max stress Max stress

Figure 10.4: Maximum stresses at the surface (left) and at a distance 0.6 mm from the surface
(right) of the two-notched cylinder.

Shape Optimization

Shape optimization can be a useful tool when making final design modifications to a
component. By slightly changing the surface geometry, the component can be optimized
to minimize stress and strain, and to maximize durability. As was mentioned in section
3.5, Tosca is a commercial software that can be implemented in Abaqus to perform opti-
mization tasks. The Tosca shape optimization is here used to illustrate how the critical
region identification presented above can be used to make better design decisions.

With the basis of the cylinder with two notches from figure 10.3, Tosca shape optimization
is used to reduce the peak stresses. This is done by selecting the regions to be optimized,
and allowing the software to modify the surface nodes and keeping the volume constant.
Under the postulation that the critical region of the two-notched cylinder is located at
the blunt notch where the stress at the offset distance is highest, the shape optimization
can be performed locally at this notch only. This result is reported in Appendix B.1,
with stress reduction and elapsed time indicated.

If the entire cylinder is shape optimized with respect to reduction of peak stresses, the
results in Appendix B.2 are obtained. These results reveal the importance of having
information about the critical regions of the component before performing the shape
optimization. Even though the same results are obtained in terms of stress reduction at
the critical notch, the time consumption is drastically reduced when the optimization is
only performed at the critical region.

10.5.2 Shortcomings of the Offset Procedure

Mesh
A deciding factor for the applicability and scalability of the offset procedure is the mesh
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size.  When the partition surface is created in Abaqus by merging the original part
and the offset part, the distance between the outer surface and the partition surface is
given by the offset distance. It is obvious that when the partitioned part is meshed,
the elements need to be sufficiently small in order to fit between the outer surface and
the partitioned surface. Appendix C includes a mesh sensitivity analysis of a notched
cylindrical specimen with constant outer dimensions. By applying the offset procedure
with different offset distances, the max. principal stresses at the outer surface and the
offset surface, at unit load, are measured in the notched cross section of the cylinder. For
a given offset distance, the mesh size is gradually reduced. The results show that the
maximum stress at the offset surface seems to converge at approximately the same mesh
size as the outer surface. This suggests that the offset stresses are as mesh sensitive as
the surface stresses, meaning that it can be expected that the stress at the offset distance
converges if the stress at the surface converges.

The results in Appendix C also show that a shorter offset distance dictates the maximum
feasible mesh size. For instance, when the offset distance is decreased to 0.4, the mesh
size cannot be greater than 3.5. This is because the distance between the outer surface
and the offset surface is too short for larger mesh sizes than 3.5. It can also be seen
that a shorter offset distance causes a greater amount of distorted elements. This is
because the elements will always try to align with the offset, or partition surface, and
will have poor shape if the element size is too large with respect to the offset distance.
It can thus be assumed that the offset procedure will require a dense mesh, and hence
high computational time, if the offset distance is decreased even further. For example,
the average L/2 value of as-built Inconel 718 that was used to modify the fatigue data
in section 8.4 would require an offset distance of 0.085mm. If a fatigue assessment of
a large as-built Inconel 718 component is to be carried out according to the fatigue
assessment approach proposed in section 10.5.1, a dense mesh, and consequently a large
amount of elements would be required. This illustrates the problem with scalability of
the offset procedure, where a large component with a short critical distance requires large
computational effort.

In summary, the offset procedure will in many cases require what can be seen as an
unnecessary dense mesh. This happens if the mesh density required for the surface
stresses to converge, causes elements that are too large to fit between the outer surface
and the offset surface. The mesh density would then need to be increased until the
elements are sufficiently small to fit between the two surfaces, consequently causing a
mesh density larger than what was needed for the surface stresses to converge.

Geometries

One obvious limitation of the offset procedure is the inability to obtain a constant off-
set distance of parts containing sharp edges. To the left in figure 10.5, it can be seen
how an offset surface stemming from a part with a sharp corner does not represent an
offset surface with a constant distance from the original surface. The offset distance at
the corner is clearly larger than the offset distance elsewhere in the component. This
issue can be overcome by simply introducing small radii at each sharp corner, effectively
creating rounded corners instead of sharp corners. This is seen to the right in figure
10.5. Introducing such radii obviously requires a modification of the geometry and can in
some cases affect the performance of the component. It can however be argued that the
introduction of rounded corners will not be necessary in many cases, because the critical
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regions of components often do not contain sharp corners.

o i
" R
a) Sharp corner b) Rounded corner

Figure 10.5: Introducing rounded corners to obtain a constant offset distance.

10.5.3 Extending on the Offset Procedure

Implementation in Abaqus

Having discussed that the offset procedure has certain limitations when it comes to mesh-
ing of components with small critical distances, it can be argued that the procedure could
be improved to overcome these challenges. For instance, the investigation of stresses at a
distance from the component surface could be implemented in the visualization module
in Abaqus. By selecting all component-surfaces, the stresses at a desired distance from
the surface could be studied by "cutting" through the elements close to the surface. This
is similar to what can be done with section view in the visualization module, but rather
than using planes, the component surfaces are used as a basis for investigating the in-
ternal stresses of the component. An approach like this would effectively eliminate the
need for making an offset part for each original part, and not having to follow all the
Abaqus-steps presented in Appendix A. In addition, the mesh would not need to be as
dense as for the offset procedure, because the elements do not have to fit between the
outer surface and the partition surface. The mesh would only need to be dense enough
for the surface stresses to converge.
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Conclusion

The aim of this thesis was to investigate the applicability of the TCD for fatigue assess-
ment of AMed Inconel 718 specimens, as well as proposing an alternative engineering ap-
proach based on the TCD. The applicability of the TCD was determined based on fatigue
data obtained from literature, as well as data obtained through fatigue tests presented in
this work. This fatigue data includes both heat treated and as-built specimens.

The critical distance of as-built Inconel 718 decreases with number if cycles to
failure.

Both the PM and LM were successfully employed to predict the fatigue limit of the
semicircular and blunt V-notched specimens with an absolute error below 20 %.

The fatigue limit prediction is less accurate for specimens whose failure location is
further away from the notch root, as was seen for the semicircular specimens.

By modifying the fatigue data of as-built AMed Inconel 718, based on the average
L /2 value obtained according to the PM, the resulting plot shows little scatter. The
modified fatigue data can be used for fatigue assessment without having to consider
the component geometry.

Heat treatment seemed to cause an increase in grain size, and removed the build-
layers from the AMed specimens. The heat treated specimens did however contain
elongated grains in the build-direction, and the hatching lines and some melt pools
were still visible after heat treatment. In addition, the heat treatment process did
not affect the presence of pores.

After heat treatment, the critical distance increases with respect to the as-built
specimens, for lower number of cycles to failure. At higher Ny, the difference
in critical distances between as-built and heat treated specimens decreases. At
N; = 2 x 10° the critical distances of as-built and heat treated specimens are
almost identical.

A procedure for investigating the stresses at a distance from the surface of a com-
ponent was proposed. The offset procedure can be used to assess the stresses at an
offset distance from the surface without creating node paths.

A combination of the offset procedure and the modified fatigue data was presented
and discussed in terms of its applicability for fatigue assessment of a given compo-
nent.

The offset procedure can be used to identify the critical regions of a component,
based on TCD principles. This is done by identifying the region of the component
where the stress at the half of the materials’ critical distance is largest.

The offset procedure can be used as a basis for making design decisions, such as
shape optimization of a component.
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e The offset procedure has certain limitations when applied to large components made
of materials with a short critical distance. In these situations, the mesh needs to
be dense and the computational time will in consequence be large. In addition, the
offset procedure has limitations when the component in question contains sharp
edges.

Further Work

In order to further investigate the applicability of the PM and LM for fatigue assessment
of AMed Inconel 718, more specimens with different geometries should be fatigue tested.
This would give a better foundation for determining whether the TCD approaches are
suitable, and to investigate factors influencing the accuracy. For instance, the accuracy
of the fatigue limit predictions seemed to decrease when the failure location was located
further away from the notch root, as was seen for the semicircular specimens. Additional
specimens whose failure location is even further away from the notch root could be tested
and assessed. This would allow for an investigation of the sensitivity of the TCD ap-
proaches towards the position of the failure location. By testing additional specimens
with different geometries, the effect on the scatter of the modified fatigue data could also
be studied. It would be of interest to investigate if the scatter parameter decreases or
increases as more fatigue data is added to the modified fatigue plot.

The effect of heat treatment was investigated in this work, however, additional testing
of heat treated specimens should be conducted. This includes heat treatment of sharp
notched specimens to more accurately determine the critical distance values after heat
treatment, as well as a more thorough investigation of the microstructural features caused
by heat treatment and their effect on the critical distance. The effect of the presence of
pores also needs further investigation, as pores were detected in the material both before
and after heat treatment. It is well known that pores and other defects close to the
surface of the component can serve as initiation points for fatigue cracks, and it is thus
important to relate the size and shape of these defects to the TCD.

As for the offset procedure, further testing and validation is necessary. This can be done
by applying the procedure on real life problems and comparing with physical results,
similar to what was done for the vehicle component tested by Taylor et al. [31], presented
in section 10.5.1. The testing and validation should also include an investigation of the
ability of the procedure to cope with multiaxial loads, since this has not been addressed
in this work and multiaxial loads are often present in real engineering components.

In terms of improving the offset procedure, a possible improvement involving implemen-
tation in the visualization module in Abaqus has already been introduced in section
10.5.3. Implementing such a feature in Abaqus would be of interest because it will reduce
the computational power for each analysis, effectively enabling the possibility of analyz-
ing larger components with short critical distances. The Abaqus implementation would
also be more flexible considering that it would not be necessary to follow all the steps
associated with the offset procedure presented in this work.
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A  Offset Procedure



The offset part is
created by using the
Thicken/Offset
command and
selecting all external
faces of the original
part. All faces of the
original part are
selected and
distance is selected
as inwards.
Performing a cut
will remove the
material outside the
offset surface, and
the offset part is
created. Both the
original part and
offset part are saved
as .sat files for
importing to
Abaqus. The offset
distance is here set
to an arbitrary
value of 2 mm.
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Importing parts and assigning sections in Abaqus

Having saved the
original and the offset
part as .sat files, the
parts are imported to
Abaqus as individual
parts. In the property
module, the parts are
assigned sections
individually, and a
new set is created for
each section.
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Creating a partitioned part in Abaqus

After assigning
sections to both the
original and the offset
part, the parts are
merged in the
Assembly module.
First, a new instance
is created based on
the two parts. After
creating a new
instance, a combined
part is created by
using the Merge/Cut
Instances command.
It is important that
the intersecting
boundaries are
retained. This step
creates a partition
surface at the offset
distance, which makes
sure that the elements
follow this surface
when the combined
part is meshed. The
combined part is
identical to the
original part, with the
partition surface as
the only difference.
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Analyzing the combined part in Abaqus
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Verification of the offset procedure

In order to verify that
the offset procedure gives
a correct representation
of the stresses at the
desired offset distance, a
node path is created in
the smallest cross section
of the original part. The
max. principle stresses
are plotted for the entire
node path with an
applied unit load, and
the nodes at the offset
distance of 2 mm are
identified. The ID’s of
these two nodes are 5
and 6.

The same nodes are
found on the surface of
the internal element set,
with the same stresses as
in the node path plot,
indicating that the offset
procedure is able to
correctly represent the
stresses at the offset
distance. The stresses on
node 5 and 6 are found
by using the Probe
function.
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B Shape Optimization

B.1 Optimization of the Critical Notch
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B.2 Optimization of Entire Cylinder
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Change in
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C Mesh Sensitivity of Offset Procedure

gy

45,0ge
L 15,00 f
NG, s_l
1
Surface
Offset
Surface
a) Cylinder Dimensions b) Smallest Cross Section of Cylinder

Figure C.1: Cylinder used for mesh sensitivity analysis. a) shows dimensions of cylinder.
b) shows smallest cross section of cylinder where stresses are measured. Outer surface, offset
surface, offset distance, o, and radius, r, are indicated.
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