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Abstract

Fatigue behavior for different notch geometries of additively manufactured Inconel 718 pro-
duced by Selective Laser Melting is investigated at room temperature. Additive manufac-
turing enables complex geometries in components by producing parts layer by layer from
computer aided 3D models, however the produced surfaces are rough and can contains de-
fects, which strongly influence the mechanical behaviour of respective components. In order
to take advantage of the possibilities available concerning topology optimization and the al-
lowed complexity of geometry when fabricating with additive manufacturing for load bearing
applications, the notched fatigue behaviour of the materials must be evaluated. Inconel 718
is a Ni-based superalloy with high strength, creep and fatigue resistance at elevated temper-
atures, commonly used in aerospace industries and other industries with high demands of
mechanical properties in extreme conditions.

In this work I investigate the high cycle fatigue strength of different notch geometries pro-
duced by additively manufactured Inconel 718 specimens, a topic not yet reported in litera-
ture, but of great importance in terms of the complexity of the components currently being
designed for additive manufacturing. The fatigue strength is evaluated for four different
geometries, one smooth, one semi-circular and two different blunt v-shaped notches. Frac-
tography of the fracture surfaces is done with scanning electron microscopy, showing that
the cracks are initiating from surface defects such as lack of fusion in the notched region.
Further the fatigue data is analysed by use of the energy based method strain energy density,
unifying all the fatigue data in one single notch independent curve predicting the fatigue
life.
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Sammendrag

Utmattingsegenskaper for forskjellige kjervgeometrier av additivt tilvirket Inconel 718 pro-
dusert av selektiv laser smelting, er undersgkt i romtemperatur. Additiv tilvirkning tillater
komplekse geometrier i komponenter ved & produserer komponentene lag-for-lag ved hjelp
av data assistert konstruksjon, men overflatene til komponentene som er produsert pa denne
maten er ofte ru, og inneholder defekter, dette kan sterkt pavirke komponentenes levetid og
mekaniske egenskaper. For a dra nytte av mulighetene tilgjengelig nar det kommer til addi-
tiv tilvirkning og topologi optimalisering, for last beerende applikasjoner, er det ngdvendig
a kartlegge utattingsegenskapene for materialet. Inconel 718 er en Ni-basert legering, med
hgye mekaniske egenskaper mot utmatting og kryp ved hgye temperaturer. Materialet er
brukt av flyindustrien og av andre industrier som har hgye krav til mekaniske egenskaper
ved ekstreme forhold.

I denne oppgaven undersgker jeg utmattingsegenskapene til forskjellige kjervgeometrier pro-
dusert ved hjelp av additivt tilvirket Inconel 718, et emne som enna ikke er rapportert i
litteraturen, men som er av stor betydning nar det kommer til komplekse komponenter som
blir designet og produsert ved hjelp av additiv tilvirkning. Utmattingsegenskapene er eval-
uert for fire forskjellige kjervgeometrier, en jevn, en semi-sirkuleer og to forskjellige slgve
v-formede kjerver. Bruddflatene er analysert med sveipelektronmikroskop for a kartlegge
hvilke mekanismer som bidrar til utmatting. Mikroskopbildene viser at sprekkene starter
ved sma defekter i overflatene pa prgvene, som oppstar pa grunn av mangel pa smelting
mellom lagene prgvene er produsert i. Videre er utmattinsdataene analysert ved hjelp av
gjennomsnittlig kritisk teyningsengergi, hvor alle utmattingsdataene samles til en kurve, som
beskriver utmattingslevetiden som en funksjon av gjennomsnittlig kritisk téyningsengergi.
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Acronyms

AC
AM
BCC
BCT
EBM
FC
FCC
FDM
HIP
HT
IN718
OM
NSIF
PBF
RT
SED
SEM
SIF
SLM
SLS
SP
Uuv

Air Cooling

Additive Manufacturing
Body Centre Cubic

Body Centre Tetragonal
Electron Beam Melting
Furnace Cooling

Face Cubic Centere

Fused Deposition Modelling
Hot Isostatic Pressure

heat Treatment

Inconel 718

Optical Microscope

Notch Stress Intensity Factor
Powder Bed Fusion

Room Temperature

Strain Energy Density
Scanning Electron Microscope
Stress Intensity Factor
Selective Laster Melting
Selective Laser Sintering
Shoot Peening

Ultra Viololett radiation 777
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1 Introduction

1.1 Background

Inconel 718 (IN718) is a Ni-based superalloy with high strength, corrosion and creep resis-
tance at high temperatures. Due to these properties IN718 is commonly used in gas turbine
blades, seals, combustors, nuclear reactors, aircraft components, pressure vessels, and in gen-
eral components requiring high strength in extreme conditions [1]. However, high strength,
hardness and thermal conductivity makes it hard to process the material with conventional
machining and fabrication methods. Additive Manufacturing (AM) is a new manufacturing
method that allows building components in a layer-by-layer method assisted by 3D models
created in computer aided software, allowing complex geometries and internal structures not
available by machining or other manufacturing methods [2]. Due to the mechanical proper-
ties and the possibilities of AM producing IN718 components by use of AM has promising
applications in the future. However, mechanical properties for AM components are not yet
fully understood and outlined, and engineers are not yet able to design and predict the ser-
vice life of load bearing components. During fabrication different defects, microstructure,
surface roughness, residual stresses can differ based on the process parameters and condi-
tions. Because of the new geometrical complexity available when designing AM components,
fatigue strength must be determined, not just determining the material properties of ma-
chined AM specimens, but the as-build specimen containing the surface defects and notch
geometries likely to be present in an actual designed part.

1.2 Problem Description

AM allows building complex geometries not previously available by conventional fabrication
methods such as machining. Because of this engineers can now create designs components
containing features like undercuts and internal structures not previously possible to manu-
facture. Components designed like this could easily result in notched geometries. Few results
has been reported in literature on notched fatigue strength in the high cycle regime of AM
IN718. This work aims to describe the notched fatigue behaviour of ”as-built” additive
manufactured IN718 and its failure mechanisms.

1.3 Project Scope
1.3.1 Objectives

The objectives for the work is to determine the fatigue behaviour of notched AM IN718
components, and the driving mechanisms for failure.

1.3.2 Research Questions

e What is the fatigue properties of as-built AM IN718?
e How does notched influence the fatigue life of as-built AM7187

e Is it possible to predict the materials fatigue behaviour using linear elastic models and
the energy-based approach of Strain Energy Density?



1.4 Structure of Report

This thesis concerns structural integrity of additive manufactured Ni-based superalloy IN718.
The thesis starts by introducing the fundamentals concepts of additive manufacturing. Then
it introduces the fundamental concepts of structural integrity, starting at the basic formula-
tions of stress, strain, material models, moving on to elastic stress fields, failure in material,
different approaches to fatigue and the energy based concept of strain energy density (SED).
Then superalloys are introduced, with some basic metallurgy, then followed by a short re-
view of the mechanical properties of the superalloy IN718. Then a short review is given on
the literature published on AM IN718, with focus on fatigue and tensile properties. After
this a section describing testing and specimens used for obtaining fatigue properties for the
superalloy. Analysis of the specimens used in the testing are done in the finite element (FE)
software Abaqus CAE, and by analytical models describing elastic stress fields. The fatigue
results are analysed by use of SED. The next section presents the results obtained from test-
ing, the fatigue data is presented both in terms of stress versus number of cycles to failure
and average critical strain energy density versus number of cycles to failure. Fractography
is performed by use of scanning electron microscopy (SEM), determining the failure mech-
anisms of the samples, and reasoning for scatter in data. The results obtained in the work
is discussed, and in the final section a conclusion summarising the work by answering the
research questions is given.

1.5 Literature

The literature used in this thesis can be divided into two categories: Literature used to
describe the fundamental concepts and literature used to describe empirical results obtained
in special cases. The fundamental concepts explained in the thesis is mainly based and
adopted form text books on the same topic, this is stated in the beginning of the section,
and the whole section is based on that reference. In the case of explaining some specific
results, journal papers are used as references.



2 Additive Manufacturing

In this section an overview of different AM production methods are presented, and some of
the most commonly used methods are explained in further detail.

2.1 Introduction to Additive Manufacturing

Additive manufacturing (AM) is a manufacturing process that builds three-dimensional parts
by adding material, usually in a layer-by-layer manner. The parts build is based on a dig-
ital 3D model of the part. This production technology avoids the geometrical limitations
of conventional production technologies, complex parts can be produced directly without
use of machining, dies, punches or molds. AM makes is the possible to make designs which
does not require assembling like welding, bolts or other joining methods, as complexity of
geometry is not an issue. This available complexity in the geometry opens up a new word
when it comes to topology optimisation, parts can be optimised for for example strength,
heat transfer or vibrations. AM allows parts to be manufactured on demand, this make it
possible for industries to reduce inventory by not having all spare parts in storage. Industries
like aerospace, medical, automotive, oil and gas, marine and electronics but also consumer
products buildings and food industries are looking into using AM. However, the industries
are still facing challenges before it is possible to implement this new technology and exploit
its full potential [3]. Topological and mechanical properties of the build part evolves during
the building process, this should be taken into account when designing for additive man-
ufacturing. Building with overhang will for many processes give bad surface quality, or in
sintering methods, that quality is dependent on the heat transfer through the part [4].

Additive Manufacturing

Liquid | Powder Sheet
Photopolymers —>{ Fusing by Laser Sheet Lamination
Molten Material —| Fusing by Binder

—| Fusing by Electron Beam

Figure 1: Overview of main AM methods

AM can be divided into three different categories: Liquid-based, powder-based and sheet-
based. In the liquid based method components are built up by material solidifying layer by
layer. The two most common ways to do this is by curing a photopolymer with UV light
layer by layer, or extruding material into a part layer by layer. In the powder based method,
the powder are fused together either by use of laser, binder or electron beam layer by layer.
Depending on the manufacturing method the material used is in powder form, this powder is



bounded together by different methods (melted, partly melted, glued together etc.) forming
a part. In the sheet based method sheets are cut out and attached together. An overview
of the most common AM methods are shown in Figure 1.

2.2 Different Methods of Printing

2.2.1 Photopolymerisation

Figure 2: left: Illustration of stereolithography. Build part is lowered down into bath of
photopolymer and curved by UV-light. Right: Picture of stereolithography process [5]

In Additive manufacturing by photopolymerisation a liquid photopolymer is stored in a
vat, and selectively solidified by scanning a UV light. Stereolitography (SLA) is the most
common method of photopolymerisation, by use of laser beam and mirrors the UV light is
selectivly scanning the crosssection of the build part, attaching new material to the build
part. Then the part is moved up, and the process is repeated, layer-by-layer the parts is
built [4]. An illustration of the process is shown in Figure 2. The technology is introduced
by Chuck Hull in 1986 as the first AM fabrication method [6]. One of the main advantages
with the stereolithography method is the high resolution. Resolutions down to nano scale
has been reported in literature by J. Torgersen et al. [7].

2.2.2 Molten Material

Figure 3: Left: Illustration of Fused Deposit Modelling. Right: Picture of FDM process [8].



In Fused Deposition Modelling (FDM) filament is heated and feed (extruded) through a
nozzle, creating components layer-by-layer. With the FDM technology it is easy to combine
several materials into one part, usually there is one build filament and one support filament,
fed though different nozzles [9]. In FDM the material is melted and solidified again, therefor
thermoplastics are used, the curing process for thermoplastics are fully reversible, so the
material can be liquefied when heated, and solidified when cooled. The FDM-machines
often have a cooling element for the extruded material, which ensures a quicker solidification.
FDM is often used for rapid prototyping, as the machines can be bought quite cheap, parts
are produced fast, the main disadvantage with FDM is the poor resolution [4].

2.2.3 Fusing by Laser

Figure 4: Left: Schematic illustration of powder bed fusion. Right: Picture of parts produced
by selective laser melting [10].

Powder Bed Fusion (PBF) is a method similar to sintering. A powder bed is layer-by-layer
fused into a component. A schematic illustration of the process and a complete part is shown
in Figure 4. A thin layer of powder is melted in a selective manner by a laser or electron
beam, then new powder is fed on top of the previous layer, forming a new layer, then this
new layer is melted, this process is repeated until the build part is finished. The method can
be done by use of binder. Different methods of sintering can be used; solid state sintering,
chemically induced binding, liquid phase sintering partial melting or full melting [3].

Selective Laser Melting (SLM) is one of the most common methods of producing metal parts
with AM. SLM fuses the powder selectively by use of a laser beam. The process is usually
done in a controlled environment containing Ni- or Ar-gas, at temperatures up to 250°C.
SLM can be used to produce a wide range of metal alloys including Ti-based, Ni-based, Cu-
based and Fe-based. The main advantages with SLM is that one can produce a large range of
materials, relatively low cost, and it produces near-to-net complex shaped components. The
main disadvantages with SLM is that the process speed is slow, there are size restrictions,
surfaces can be rough (depending on process parameters and powder) and high temperature
gradients in the build part causing residual stresses [3].

Electron beam melting (EBM) is similar to SLM, but rather than using a laser beam to
fuse the powder, an electron beam are used. The process is performed in a vacuum and
the powder is heated during processing in order to form sinter-bridges, because of the high
temperature during processing the temperature gradients are less steep than in SLM and
there are less problems concerning residual stresses. Because of this it is easier to produce



brittle parts without fracturing the components during processing. Optimizing the process
parameters is more complex than for SLM, and only a few materials are availible: IN718,
Ti6Al4V, Ti-grade 2 and CoCrMo. [3].

2.3 Strategy of Printing

Figure 5: Schematic illustration of different melt strategies [11]

Different melt strategies used in selective AM fabrication methods is shown in Figure 5,
where the black lines are illustrating the current layer, while grey lines are illustrating the
previous layer. The outer lines are called contours, while the inner lines are called hatching.
Different strategies can be used building a part, a common startegy is to use 2 or 3 contours

and hatching inside, as hatching is faster [11].
I
ﬁ > Layer height %

&*44&4«

[ 1
[ 1
L ]

Layer thickness

Line thickness Line offset

Figure 6: Lines/layers of material building the part.

When building a part by use of AM by selective methods, the part is build up by arrays of
lines in layers, this is illustrated in Figure 6. Parameters like line thickness, line offset, layer

height and layer thickness are affecting the material and surface quality and the resolution
of the part.

2.4 Additive Manufacturing versus Conventional Manufacturing Tech-
nologies

The cost per unit is compared to the number of units produced is compared for conventional
manufacturing and AM in the graph left in Figure 7. The cost of AM units does not change
with the number of units, while for conventional methods, it is expensive for a low number
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Figure 7: Comparison between conventional manufacturing technologies and additive man-
ufacturing. Left: Cost per unit versus number of units [12]. Right: Cost versus complexity
of design [4].

of units and cheaper for a high number of units [12]. The cost versus the complexity of the
design in shown right in Figure 7, it shows that the cost of the AM components does not
change as the complexity change, while for conventional methods the price gets arbitrarily
high at a certain point. These two graphs makes it clear that if a complex design and few
number of units are needed AM could be the best choice of manufacturing method.

2.5 Topology Optimization - Challanges

Figure 8: Topology optimised structure by S. Galjaard et al. [13]

Topology optimisation allows for computer assisted engineering tools to optimise geometries
in terms of different loads and boundary conditions, this could be stresses, strains, heat
transfer, frequencies etc. With AM there is less boundary condition in the topology op-
timisation due to the fact that there are no or little limitations in terms of complexity of
the geometries. When designing with topology optimisation tools, complex geometries are
usually generated. S. Galjaard et al. [13] has topology optimised a load bearing component
shown in Figure 8. based on the initial and new geometry a comparison between strength,
cost and aesthetics has been done. It was reported that downwards facing surfaces with
an angle less that 45°needs support structure. The component contains regions with local
notches that acts as stress risers that can decrease the fatigue life.

2.6 Example of Application from SpaceX

One high end application of additive manufacturing in the industries is from Elon Musks
SpaceX Falcon 9 rocket, where the main oxidizer valve is produced by additive manufactured



Figure 9: Main oxidizer valve used for SpaceX Falcon 9 rocket [14].

Inconel 718. The valve was printed in two days, while the casting cycle for creating the mold
and the part takes several months. When comparing the printed valve with the casted
valve, the printed one has superior strength, ductility and fracture resistance, allowing both
operating in elevated and cryogenic temperatures [14]. The valve is shown in Figure 9. In
order to utilise the possibilities with AM in load bearing applications, high strength alloys
such as IN718 and TI6Al4V is often used [2].



3 Structural Integrity

In this section some fundamental concepts concerning mechanical behaviour of materials
are explained and defined. The section describes stress, strain, material models, analytical
solutions to elastic stress fields, failure in materials, with focus on fatigue and SED.

3.1 Stress
F
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Figure 10: Uniaxial stress and complex stress state

Stress, o, is defined as force per area. When decomposing the stresses normal stress is acting
normal to a surface, while stress action parallel to a surface is called shear stress, 7. For
complex stress states the stress state can be expressed for a infinite small element by a
2.order tensor; the Cauchy stress tensor written as [15]:

011 012 013 011 T12 T13
g = 021 022 023 = Ti2 022 T23 (1)
031 032 033 T13 T23 033

For any stress state, the element can be rotated into a position where there are no shear
stresses, in position there are only normal stresses, they are called principal stresses.

3.2 Material

Materials response to stress is strain, €. For a real material the material response is initially
following a linear loading path (linear elastic behaviour), after the linear response many
materials will experience non-linear behaviour, and in many cases the deformation is no
longer elastic but plastic, that is nonrecoverable strain. Figure 11 shows differnet material
behaviour, real material behaviour is shown left, initially the material has linear behaviour,
with a slope E, the Young’s modulus of the material. Then the material reaches its yield
strength, o,, and starts to deviate from the linear path. At the ultimate tensile strength, o,
the material starts to neck, and voids are forming inside the material. At the true fracture
strength, o, the material ruptures. The centre graph shows the material behaviour engineers
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Figure 11: Left: Typical real material behaviour for metal, True stress versus true strain.
Centre: Engineering stress versus engineering strain. Left: Linear elastic material used for

calculations.

measure considering constant cross sections. The ultimate tensile strength is maximum stress
measured. The right graph shows the material model commonly used by engineers when
making calculations, this material is elastic and has a linear behaviour. The linear material
behaviour can be described by Hooke’s law o = Fe. In 3D the law is formulated as [15]:

Ouz = W%Qu)[(l —V)eg +v(ey +€2)]
Oyy = ngﬁ[(l —V)ey + V(g +€2)] (2)

02 = o=y (L= v)es +v(es +ey)]

Where v is the Poisson’s ratio defined as the ratio of transverse strain to axial strain.

3.3 Notch

Ve

|
|
iplpl

Figure 12: Schematic illustration of different notch and crack geometries. Top: Blunt
notches. Middle: Sharp notches. Bottom: Cracks

A notch is a geometric configuration in a member, that potentially can cause perturbation of
the stress field. Figure 12 Shows different notch geometries [16]. When dealing with notches
there are several parameters used to describe the notch mathematically, these parameters
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varies in the different mathematical models. Notch radius, opening angle and notch bisec-
tor line is shown in Figure 13. In this report different types of notch geometries will be
characterised the following way:

Blunt notch When the notch has a finite radius, the notch is characterised as a blunt
notch.

Sharp notch When the notch has a radius equal to zero, the notch is characterised as a
sharp notch.

V-shaped notch When the notch has a constant opening angle, the notch is characterised
as v-shaped.

Semi-circular notch When the notch has a notch radius with its centre at the edge of the
component, the notch is characterised as semi-circular.

Crack When the notch radius is equal to zero and opening angle equal to zero the notch is
characterised as a crack.

/ /
) Opening anglez v
Notch radius Notch bisector line
0 7

Figure 13: Schematic illustration of important parameters concerning notches.

When dealing with notches and crack the loading are divided into thre different loading
modes; Mode I - Opening, Mode II - In-plane shear and Mode III - Out-of-plane shear [15].
Theses different loading modes are shown in Figure 14.

Mode I Mode II Mode IIT

Figure 14: Modes of loading when dealing with cracks and notches.

3.4 Mathematical Models Describing Elastic Stress Fields

In this section some of the analytical mathematical models for describing linear elastic stress
field surrounding notches and cracks analytically are presented. If the stress field in a member
is perturbed, the magnitude of the stress increases in the perturbed area. The models used
are shown for plane problems, and the solution to the stress fields presented are only for
mode I loading.
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3.4.1 Kirch’s Solution

In 1898 Ernst Gustav Kirsch developed a method for describing (O O
stress fields for linear elastic materials around a hole in plate, as
shown in Figure 15. Kirch’s solution is formulated as [17]: r. 0

______
ao= T = (8) ]+ T [ (B) ()] cos2e
e Fle@ ] e 0

oo a\? a\? a\?| . .
o = — —2 |1+ (,) 22142 <,> -3 (7) sin 20 Figure 15: Geometry
2 r 2 r r of Kirch solution

When 6 = +7/2 the tangential stress component is ogg = 30,. The stress at the tip of the
hole is not dependent on the radius of the hole.

3.4.2 Inglis’s Solution

N O

In 1913 Charles Inglis developed a solution for stress fields around
elliptical holes in plates. The maximum stress at the tip sharp
tip of the ellipse is given as [18]:

Tpmaz = Too (1 +2%) . <1 +2\/z> @ p—'%lﬁ

The stress can be expressed in terms of the radius of the ellipse,
and the solution predicts that when the ellipse collapses (p — 0) AR
and becomes a crack the stress at the tip of the ellipse tends to

infinite. Figure 16: Geometry

of Inglis solution

3.4.3 Westergaard’s Solution

In 1939 H. M. Westergaard developed a solution for describing the stresses surrounding cracks
in biaxial tension. The solution is developed in rectangular coordinates, with a coordinate
system: z = x+14y. A complex stress function, Z(z) = Re(Z)+1Im(Z), is used to to define an

Airy stress function. The coordinate system is translated to the crack tip and the following
stress field is obtained [15]:

(@]
- :f% cos (g) [1 + sin (g) sin (?’fﬂ (6)
- :j% cos (g) sin (g) (7)

This solution also shows a singularity at the crack tip, Westergaard described this singularity
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Figure 17: Left: Schematic illustration of geometry of Westergaard’s solution. The crack
length is given by 2a and the plate is under biaxial tension. Right: Schematic illustration of
the stress along y = 0.

by use of stress intensity. The stress field is expressed in terms of the distance from crack
tip, r, angle § and mode I stress intensity , K7. The solution predicts a 1/4/r singularity at
the crack tip as shown right in Figure 17. The solution is also derived for mode II loading,
but will not be shown in this work.

3.4.4 Williams’ Solution

In 1952 M. L. Williams developed a method for determining the stress fields at the tip a
sharp v-shaped notches [19]. Williams showed that the stress at the tip of a v-shaped notch
can be expressed by an infinite series where 1/4/r is the leading term. A semi infinite wedge
element as shown in Figure 18 is used. The angles are set to be a = 3, so that the wedge
forms a sharp notch, for this solution the opening angle is given by 2w — 2. The solution is
developed based on polar coordinate system at the notch tip.

O O

W\
\ \ \ Traction free
N == -

Pl

Figure 18: Left: Arbitrary wedge element. Middle: Semi-infinite sharp notch. Right:
Notched plate in tension.

When the opening opening angle of the notch is zero the stress fields for mode I loading can
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be expressed as:

_ écos 4 flcos 3
Trr = \2mr _4 2 4 2
K; [3 0 1 30
oo = onr |1 cos (2> + 708 <2>} (8)
K; 0

_Kp L (0 1 (3
Tre = T _4sm 5 4sm 5

3.4.5 P. Lazzarin and R. Tovo Solution

P. Lazzarin and R.Tovo method gives a unifying mathematical approach for evaluation linear
elastic stress fields around cracks, sharp notches and blunt notches [20]. The coordinate
system and notch geometries are shown in Figure 19.

Figure 19: Geometry, stress components and coordinate system for the Lazzarin-Tovo solu-
tion. Left: Sharp notch. Right: Blunt notch.

The different notch geometries are described using a curvilinear coordinate system defined
as: _

x+iy:r29:z:wq:(u+iv)q (9)
Where the opening angle, 2«, can be expressed in terms of ¢ by 2a = 7(2 — ¢). Further the
notch radius, p, at the notch at the notch bisector line is given by:

qr
r=1 — (10)

The stress field for mode I loading is expressed as:

3— /\1)COb(1 — /\1)

14+ A1) cos(1—Aq1)0
0 ‘|
0

°T) 1 )\1 IKI
| VR (T )+ X(1- M)

1—X1)cos(1—Ap)

(
(
(
cos(1+ \p)6
+ X1(1=X)| —cos(1+ )0 H
)0

sin(1 + Ay

, cos(1+ pq)0
H an

H1—A1
+ () (3 —=A1) = X1(1 = X\p)]| —cos(1+ p1)f
" sin(1+ y11)0

Where A, p and X are parameters dependent on the geometry of the notch, and K7, in the
case of a crack the stress intensity factors (SIF) or in the case of notch, the notch stress
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intensity factors (NSIF) for mode I loading. The mathematical models is described in more
detail in Appendix A.

3.5 Failure in Materials

The following section is based on Ted L. Anderson textbook Fracture Mechanics: Funda-
mentals and Applications [15].

A failure criteria is a mathematical model, which based on empirical data tries to predict
failure in a material, based on some level of stress, strain, energy or other load. Many
failure criterias uses a critical level of stresses to predict failure. If the stresses exceeds this
critical level the failure will occur in the component, this critical level can refer to different
failure modes, such as yielding or fracture. For yielding, many different criterias has been
developed, the two most common mathematical models are the Von Mises and Tresca. The
yield surfaces for Von Mises and Tresca is formulated as:

\/(01—02)2+(02—03)2+(01—0’3)2 01— 03
OVonMises = 2 , OTresca = T (12)

Where 01, 02 and o3 is the principal stress components. Von Mises is based on critical
distortional energy, while Tresca is based on critical shear stress.

I IT 111

Stress

N

111

N

Strain

Figure 20: I - Brittle failure, no plasticity. II - Moderatly ductile failure. III - Perfect
(100%) plasticity. Left: Illustration of broken specimens. Right: Stress-Strain curve with
the different failures indicated.

Different types of failure is shown in Figure 20. Failure occurring without plasticity is
characterised as brittle failure, this material behaviour is linear until failure. Failure with
some amount of plasticity and then a sudden fracture is characterised as moderately ductile
failure. When a material fails from continuous necking and no sudden fracture part, it is
characterised as perfect (100%) plastic failure.

Ductile fracture usually happens as a result of formation of voids at inclusions or second
phase particles. The void grows around the particle, as the voids grow they will start to
interact and coalescing with neighbouring voids. In ductile fracture the fracture surface
shows dimples from the void nucleation, shown left in Figure 21.

There are two main types of brittle fracture, cleavage which is crack propagation across grains
and intergranular fracture which are fracture along the grain boundaries, both are shown
in Figure 21. For brittle materials, or materials assumed to have only elastic behaviour a
critical level of SIF is defined as the fracture toughness, K;c. The fracture toughness can
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be measured according to the standard: ASTM E1820 - 17a [21], and its often taken to be
a material property.

AISIAI8

Figure 21: Schematic illustration and SEM of fracture surface. Left: Ductile fracture [22].
Centre: Cleavage fracture [23]. Right: Intergranular fracture [22]

An illustration of crack propagation direction for the different modes in brittle material of
loading is shown in Figure 22. If a member is under a combination of the loading modes,
the loading is characterised as mixed mode loading. In brittle fracture surfaces it is possible
to predict the present loading mode(s) driving the crack propagation, as shown i Figure 22.

Mode I T ModeT1 X  Mode III

|

Figure 22: Crack propagation direction under different modes of loading for brittle fracture.
Left: Mode I loading. Center: Mode II loading. Right: Mode III loading.

3.6 Fatigue

The following section is based on N. E. Dowling’s text book Mechanical Behavior of Materials
[16].

80% of all failures in mechanical components are caused by fatigue, it is estimated the annual
cost of fatigue failure make up 3% of the gross national product in the United States. Fatigue
is generally characterised as damage and failure of material due to cyclic loading below the
materials ultimate strength. When a component or material is subjected to cyclic loading,
the stresses can cause microscopic damage that is hard to detect, it is therefore convenient
to be able to predict the failure.

Different loading can occur in fatigue, in the testing it is common to use sinusoidal, trape-
zoidal or triangular loading shown in Figure 23. Describing the alternating loads for a
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Stress, o

Figure 23: Left:Sinusoidal stress as a function of time. Right: Trapezoidal and triangular
loading.

constant amplitude loading is done by defining a maximum stress, 0,q,, @ minimum stress,
Omin as shown in Figure 23. The mean stress, o.ean, the stress amplitude, o,, the stress
range, Ao, and the loading ratio, R, is then defined as:

o Omaz + Omin Ao — o Ao o Omin
Omean — fa 0 = Omaz — Omin, Oaq = 9 ) R= (13)

Omax

There are several different approaches for evaluating fatigue, the three main approaches used
in engineering are: Stress-based approach, strain-based approach and fracture mechanics-
based approach.

3.6.1 Stress-Based Approach to Fatigue

Stress based approach to fatigue is commonly used for evaluating fatigue life in the high cycle
regime with focus on applied stresses. The approach is often based on nominal stress in the
critical regions of the components. In this approach to fatigue, the life of the component is
often presented in a S — NV diagram. In an S — N diagram the stress level is plotted versus
the number of cycles to failure, and it is constructed as shown in Figure 24. If the data
is plotted in log-log scale, they often display a linear trend that can be described by the
Basquin equation: o, = ANP. Some materials have a distinct limit from which under the
stress will not cause failure. This limit is often called fatigue limit or endurance limit, this
value is often considered a material property. The term fatigue strength used to describe
the strength at a given number of cycles, for example the stress amplitude at 2 x 10¢ cycles.

Oq Oq

Ny 1 Ny

Figure 24: Method of obtaining S — N diagrams. Left: Illustration of fatigue data showing
a linear trend in log-log scale. Right: Fatigue data fitted with a Basquin equation.
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In the case of notched geometries, the elastic stress concentration factor, k;, is defined as
the ratio between the local maximum static stress and the nominal static stress:
o
kt _ local (14)
O nominal

In fatigue the fatigue notch sensitivity factor, k¢, is defined as a ratio between the fatigue
limit for a smooth member and the fatigue strength for a notched member.

Oa,notched

ki = (15)

Oa,smooth

The fatigue notch sensitivity is dependent on both material and the notch geometry. In
order to estimate it some relations have been developed by R. E. Peterson:
_Ky—-1 1 Ky —1

— - Kp=1
L PR N ! +1+%

(16)

Where « is a material dependent value that can be estimated based on the expression:

loga = 2.654 x 107702 — 1.309 x 10~ 30, + 0.01103 (17)

3.6.2 Strain-Based Approach to Fatigue

S o
Load -

WAL/
TR 5

Figure 25: Method of doing strain-based fatigue. Left: Some cyclic load is applied. Middle:
Cyclic stress strain relationship, forms a hysteresis loop. Right: Strain amplitude versus
number of cycles to failure are combined by an elastic part and a plastic part.

Elastic

Plastic /

Ny

The strain-based approach to fatigue is taking into consideration the plastic deformations
occurring during cyclic loading. The method of analysing fatigue data by use of strain-
based approach i shown in Figure 25, the load is applied cyclic, resulting in a hysteresis loop
(centre), that is cyclic stress-strain behaviour. Then the strain amplitude can be plotted
versus number of cycles to failure. The strain amplitude, £,, can be divided in an elastic
amplitude component, €.,, and a plastic amplitude component, €,q:

/
%a _ %

fa =T = (2Ny)’,  epa = €F(2Ny)° (18)

€a = €ea T €pas

The Coffin-Manson relationship can be employed to describe the fatigue behaviour in terms
of the elastic and the plastic strain component:

(2Ny)" + €4 (2Ny)° (19)



3.6.3 Fracture Mechanics Approach to Fatigue

da
dN

!

;7;\1{ — C(AK)’rn s

|

AK

Figure 26: Left: Crack growth rate versus stress intensity range, in log-log coordinates, a
linear trend is observed in the curve. Right: Ilustration of sample with applied load and
crack size a.

Fracture mechanics approach to fatigue is based on considering the crack as it is growing in
the member. A common way to use fracture mechanics in fatigue is by using linear elastic
fracture mechanics and in particular SIF. In the same way way as defining a stress range, Ao,
as in the stress-based approach to fatigue, the stress intensity range, AK, can be defined:

K = foyra — AK = fAcy7ma (20)

Where f is a geometric factor. If the crack growth rate, da/dN, is plotted versus stress
intensity range, a linear trend shown in log-log coordinates. This relation can be described
by Paris law:

da m
IN = C(AK) (21)

Where C and m are constants defining the trend line.

3.7 Strain Energy Density

Strain energy is energy stored in the material when it is subjected to deformation, for an
elastic material the energy is recovered when the material in unloaded. Strain energy can
be expressed as [24]:

1
U= */ oijaijdV (22)
2 14

SED is defined as strain energy per volume. Critical SED is a failure criterion for tensile

stresses which states that failure occurs when the average value of strain energy density, W,
is equal to a critical value of average strain energy density, W, [25]:

W =W, (23)

This critical value of SED is dependent on the material. For an ideally brittle material under
static loading W, can be evaluated by using the ultimate tensile strength. The critical value
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is then given by W, = o2 /2F, where E is the Young’s modulus. In the case of fatigue loading
the average SED range can be calculated from [26]:

2
T €1 AK;V
AW = 2 (Rg—M (24)

where AKY is the NSIF range, E is the Young’s modulus, Ry the radius of the control
region (critical radius), and ey is given by

e1 = —5.373 x 107%(2)? + 6.151 x 107*(2a) + 0.1330 (25)

The geometry of the control area with the critical radius is shown in Figure 27. For a sharp
crack or notch the control area is placed with its centre at the tip of the crack of notch,
while in the case of a blunt notch the radius of the control volume is given by R; = rg + Ry,
and the edge of the control area is placed a distance Ry from the notch tip, along the notch
bisector line. The coordinate system used for determining the position of the control volume
is based on the same coordinate system used for the elastic stress field described in Section
3.4.5 for the unified elastic stress field for different notch geometries by P. Lazzarin and R.

Tovo [20].
ro Ro
2 2
p
Ry R,

Figure 27: Control volume used for Strain Energy Density. Left: For sharp notch. Right:
For blunt notch.

The critical radius, Ry, used for the control region for static loading is given by [25]:

1+v)(5-8v) (K 2
= (EE=80) (Fic) )
™ Ot
In the case of fatigue another formulation for predicting the critical radius is used [27]:
1
AKYN, \(1-X)
R — ic 1 27
’ <f1(2a)AU§Z) &0

Where AK }VC is the stress intensity range at the fatigue limit for the notched geometry,
Ac? is the fatigue limit for a smooth specimen of the same material and f;(2«) is function
dependent on the opening angle of the notch given by:

fi =4.897-107° - (22)® — 5.598 - 1072 - (2c) + 1.959 (28)

The value of Ry for fatigue can be found by referring to the fatigue limits for a smooth and
a notched sample, the same average SED should be found for the smooth sample and for the
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notched sample using the critical radius for the control volume when evaluating the value at
the fatigue limit [25]:

(Aaimooth)2
2F

Ro=0.28 mm
20 % 900 fatigue test data
w Various steels
Ro R,

Inverse slope k=1.5

AWEWOOM _ — AWCNotched(RO) (29)

AW (Nmm/mm3)
>
»
»

o
o

O 2D, failure from the weld toe, R=0
A 2D, failure from the weld root, R = 0 e
A Buttwelded joints -1 < R<0.2 PS.97.7% T @ eom

¢ 3D,-1< R <067 0.058
B Hollow section joints, R=0

Averaged strain energy density

0.01 . .
1 108 108 1
Cycles to failure N
Figure 28: Strain energy density used to analyse fatigue data of welded joints [25]. 900
fatigue test results for various steels and weld geometries.

Numerous works has been done on SED of different notch geometries, in 2009 F. Berto and
P. Lazzarin [25] made a review of SED approach to v-shaped and welded structures. The
paper considers a large bulk of experimental data obtained from static and fatigue tests of
notched components and welded joints. The data er analysed by use of SED in FEA and
is presenting the fatigue data in one unifying avg. critical SED versus number of cycles to
failure, a AW — N curve. The results of 900 fatigue data analysed by SED are shown in
Figure 28.

Table 1: Number of elements in control volume and avg. SED in FE-model of weld geometry
[28].

Number of el_ements 1696 768 324 96 24 4
Avg. SED (W) 0.07937  0.07903 0.07896 0.07895 0.07790 0.07594

One of the main advantages of using SED for failure prediction in members is that the FEA
calculations are not mesh sensitive, and a coarse mesh can be used. For predicting failure
based on stresses the FEA models are strongly dependent of the mesh. Mesh sensitivity for
SED calculations in FE was demonstrated by Lazzarin et al. [28] in 2007. The results are
shown in Table 1, the difference in the results for SED between the finest and the coarsest
mesh is less than 5%.
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4 Superalloys

In this section superalloys and in particular Inconel 718 (IN718) is presented. First an
introduction to superalloys is given. Then IN718 is introduced, followed by a literature review
of both conventional IN718 and AM IN718. The conditions for testing, post processing and
results are briefly described.

Engineers are constantly searching for better materials, stronger, lighter, more corrosion
resistant, functioning under more extreme conditions. Stainless steel was developed in the
second and third decades of the 20th century and was a starting point for corrosive resistant
material for high temperature applications. Stainless steel was found limited in strength,
and because of this "superalloys” was developed [1].

Superalloys are Ni-, Fe-Ni-, Co-based alloys with high mechanical properties at up to 70% of
the melting temperature [29]. A large number of superalloys has been developed and studied
during the years, many of them are patented and used by industries. In crystal structure
superalloys, Fe, Co and Ni are usually face-centre-cubic (FCC)-austenitic [1].

Ni

973 K

Ni 0.90 0.80 0.
1573 K <—Ni

Ni/Al
O

Figure 30: Crystal structure of 7, 4" and 7" [29]

The essential solutes in superalloys are Ti and Al, the concentration of these alloying elements
are usually less than 10 percent. The combination of Ni, Ti and Al generates a two-phase
equilibrium microstructure of gamma () and gamma prime (v') phase, the Ni-Ti-Al phase
diagram is shown in Figure 29. The phase diagram in Figure 29 shows that, for a given
composition, when the temperature increase the fraction of 7’ decreases. This result is
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used to generate a uniform distribution of 4’ strengthening precipitates in the material by
dissolving ' at high temperature (solution treatment), and then ageing the material at lower
temperature. The crystal structures for v and ~’ is shown in Figure 30, both are FCC in
crustal structure. ~/-phase has a FCC structure with Ni at the faces, and Al or Ti at the
corners. The chemical formula is Ni3Al, Ni3Ti or Ni3(AL Ti). The 7/ is a precipitate in the
~ matrix in a cube-cube orientation because of the similar lattice structure. Because of the
orientation of the v and «/, it is difficult for the ~ dislocations to penetrate 4’. This is one
of the mechanisms contributing to strengthening the superalloys [29]. When high strength
is also required at lower temperatures the gamma double prime (7”)-phase can be used, this
phase is present in IN718. The ~”-phase is body-centred tetragonal with Ni and Nb (for
IN718) or V atoms. The crystal structures of 4" is shown in Figure 30.

Heat treatment (HT) is performed on superalloys in order increase the material properties.
Some of the most common HT performed on superalloys are [1]:

Stress relieving Removing the residual stresses in a material without effecting the corro-
sion resistance and high-temperature properties.

Annealing Full recrystallization and achieving maximum softness of the material (reduce
hardness and increase ductility).

Solution treatment In many cases the same treatments as annealing, but has a different
purpose. Solution treatment has the purpose of dissolve second phases for reprecipita-
tion/aging and increase corrosion resistance.

Precipitation/age hardening Heat treatment done in order to achieve desirable strength-
ening precipitates in the material and control other secondary phases. Typically the
material is heat treated at in several stages, with controlled cooling between.

4.1 Inconel 718

One of the most popular superalloys is the Ni-based IN718. It is a continuation of stainless
steel technology, with a similar composition in terms of alloying elements, but a higher
amount of Ni [1]. The nominal composition of IN718 is shown in Table 2.

Table 2: Nominal composition in IN718 of alloying elements in percent [1]

C Ni Cr Mo Fe Al Ti Cu Nb
0.04 53 19 3 18 0.5 0.9 0.1 5

Other phases present in IN718 than 7, 4’ and +” is the Laves (Ni,Cr,Fe)3(Nb,Ti,Mo) -
topological close packed, MC carbides (Nb, Ti)C and § with an orthohombic crystalstructure
and with a Ni3Nb composition [30][31]. In order to obtain the the precipitate strengthening
phases in IN718 post processing is done. Fully Ageing (FA) of the material is usually done
by solution treating and ageing as described [1]:

e Solution treatment at 980° for 1 hour, air cool (AC) to room temperature (RT).

e Double ageing which involves heating the material to a 720° and keep for 8 hour, then
furnace cool to 620° and keep for 8 hour, then AC to RT.
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IN the case of AM, IN718 can be produced by both SLM and EBM [3]. One problem con-
cerning structural integrity of AM components is porosities inside the material, from manu-
facturing process. Porosities can be reduced by Hot Isostaic Pressure (HIP) the components.
In HIP components are subjected to hot isostatic pressure in a controlled gas atmosphere, for
a certain amount of time. When removing or reducing the porosities mechanical properties
such as hardness, and strength can be increased, but due to the temperature the properties
can also be decreased [31][2].

4.2 Literature Review of Conventional Inconel 718

In this section a literature review on conventional manufactured IN718 is presented, the
focus is put on tensile and fatigue properties.
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Figure 31: Microstructure of IN-718 reported by Stout and Gerberich [32]. a) 7", v/, b) 4,
¢) TiN, NbC

Table 3: Static mechanical properties, yield strength, tensile strength and fracture toughness
for material obtained by Stout and Gerberich [32]

Heat Treatment oy [MPA] o, [MPa Kic [MPay/m]
FA 1190 1540 75

FA + 648°C (100 h) 1230 1560 76

FA + 760°C (100 h) 950 1440 81

FA 4 842°C (16 h) 800 1320 126

FA 4+ 876°C (16 h) 640 1170 130

Ductile fracture behaviour of IN718 with five different heat treatments has been studied
by Stout and Gerberich [32]. The following heat treatment were done to fully age the
material: 945°C (1h) — AC to RT — 760°C (8h) — FC (56°C/h) to 648 (10h) — AC
to RT. After fully ageing, the samples were kept at a constant temperature for a certain
amount of time, as described in Table 3. Figure 31 shows the microstructure of FA IN718,
the open circle shows " precipitations, in the open box the 7’ precipitations are shown and
in the triangle a ¢ (laves)-phase is shown. Fracture toughness of the different heat treated
samples was found by using a J-integral technique. The samples used was fatigue pre-cracked
compact tension geometries. Some of the results obtained is shown in Table 3. The fracture
process were examined from the crack profiles and the surfaces of the cracked samples, from
this it was found that the fracture initiated from carbides by formation of delamination.
The delaminations formed by two different methods, in the microstructure with low yield
strength it formed by mode I void nucleation and growth, in the microstructues with high
yield strength it formed by mode II.
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Table 4: Static mechanical properties for material used for high temperature fatigue by

Kawagoishi et al.[33].

Temperature [*C|

Yield Strength [MPA]

Tensile Strength [MPa)]

RT 1320 1460
300 1130 1340
500 1050 1250
600 1020 1230
1000 T . AT
r ® 4 500°C

&40
100k «*0%" 700 MPa
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Figure 32: Fatigue data obtained by Kawagoishi et al.[33]. Left: S-N curve for different
temperatures, Right: Crack growth behaviour for room temperature and 500°C.

Fatigue properties of IN718 at elevated temperatures under rotary bending has been inves-
tigated by Kawagoishi et al.[33]. The material used was heat treated by: 982°C (1h) —
quenched in water — RT — 720°C (8h) — FC to 621°C (8h) — AC to RT. The samples
used for testing were electro-polished round hourglass shaped, with a radius of 4 mm in the
gauge section. The samples were tested at 300°C, 500°C, 600°C and at RT, with loading
ratio of R = - 1 at a frequency of 55 Hz. Some of the results found are shown in Figure
32 and Table 4, they are showing that fatigue strength is increased for higher temperatures,
while the static strength properties decreases for high temperatures. A partial notch was
included in the samples for studying crack growth behaviour at both room temperature and
at 500°C, shown right in Figure 32. The results shows that the crack growth rate is increased
at higher temperature.

Notched fatigue strength under rotary bending loading of IN718 at 500°C and at room tem-
perature has been studied by Chen et al. [34]. The material (heat treatment), test procedure
and geometry of the smooth specimens used is the same as described by Kawagoishi et al.
[33] previous in this section. The notched samples has a blunt v-shaped notch with an open-
ing angle of 60° and a notch radius of 0.05mm. The effect of temperature on the fatigue
strength and on the notch sensitivity was examined and the results are shown left in Figure
33. The results shows a higher notch sensitivity at higher temperatures. For different notch
geometries, the samples are examined in optical microscope in order to detect non propa-
gating cracks. Linear elastic notch mechanics is employed in order to evaluate the fatigue
limit for crack initiation, o1, and the fatigue limit for crack propagation, o2. 0,1 and gy
are plotted versus the stress concentration factor right in Figure 33, and shows that under
a given stress crack are initiating, but not propagating.

Low cycle fatigue behaviour of heat treated IN718 at room temperature and at 550°C has
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Figure 33: Fatigue data obtained by Chen et al. [34]. Left: S-N curve for notched and smooth
samples are room temperature and at 500°C. Right: Fatigue limit for crack initiation and
propagation versus stress concentration factor.

Table 5: Static mechanical properties for material used for high temperature fatigue by D.
Fournier and A. Pineau [35]

Temperature [°C| Yield Strength [MPA] Tensile Strength [MPa)]
RT 1100 1350
500 1000 1200
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Figure 34: Plastic strain amplitude versus number of cycles to failure for: Left: Different
temperatures, Right: Different strain rates at 550°C (823K)[35]

been studied by Fournier and Pineau [35]. The stress-strain behaviour under fully reversed
strain controlled loading was studied, and optical and electron microscopy were used to
study crack behaviour during loading. Material used was hot forged and fully aged by the
following heat treatment: 955°C (1h) — AC to RT — 720°C (8h) — FC to 620°C (8h) —
AC to RT. The samples used for where hour glass shaped with a diameter of 5mm in the
gauge section. For the high temperature fatigue, the heating was performed by induction.
The static mechanical properties are shown in Table 5. From an obtained hysteresis loop,
the strain was divided into plastic and elastic components. Some results from the fatigue
tests are shown in Figure 34. Left in Figure 34, the effect of temperature in the plastic
strain amplitude is shown, the data shows that the material fails from a lower plastic strain
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amplitude when the temperature is increased. Right in Figure 34, the effect of loading
frequency is shown for 550°C, decreasing the loading frequency gives shorter life for the
same plastic strain amplitude.
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Figure 35: a: coarse grained microstructure, b: fine grained microstructure, c: necklace
microstructure.

Table 6: Static mechanical properties for material used for high temperature fatigue by
Pedron and Pineau [36]

Structure T Oy Ou Tensile
[°C] [MPA] [MPa] ductility [%)]
Necklace 25 1240 1350 18
650 1000 1080 17
Coarse 25 1145 1290 24
650 885 960 17
Fine 25 1245 1415 24
650 990 1130 19
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Figure 36: Left: Fatigue crack growth for fine grains, for different loading methods. Right:
Fatigue crack growth for the different microstructures for different loading methods. o - fine
grained, ¢ - necklace, A,57 - coarse grained (two different orientations)

The effect of environment and microstructure on fatigue and creep loading in IN718 has
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been studied by Pedron and Pineau [36]. Different microstructures has been developed
and tested in a temperature of 650°C. For fatigue the effect of loading frequency was also
studied in the range of 20Hz to 0.05 Hz. By use of thermomechanical treatment three
different microstructure was obtained, one coarse, one fine and on necklace microstructure,
the different microstructures are shown in Figure 35. The different microstructures are
obtained by different procedures of rolling and heat treatment. The coarse microstructure
consist of equiaxed grains, with a size about 200um. From transmission electron microscopy
the grain boundaries were found clean, with some platelets of 5 phase orthorhombic phase
precipitates occasionally, the disk-shaped +” hardening particles had an average diameter of
16 nm. For the fine grained microstructure the grain boundaries were found to be free of 5
participates, the disk-shaped 7" hardening particles had an average diameter of 20 nm. For
the necklace microstructure percipites of the § phase were found at the grain boundaries,
surrounding these percipitates impoverishment of v particles were found. The disk-shaped
~" hardening particles had an average diameter of 21lnm. The mechanical properties from
the static tests in room temperature and at elevated temperature are shown in Table 6.
The fine grained microstruture gives the highest values of tensile strength both at room and
elevated temperature. The fatigue crack growth at 650° for the different microstructures
were checked for different loading methods, sinusoidal loading with 20 Hz, triangular with
0.05 Hz (10-10) and trapezodial with loading and unloading times of 10 s, and hold time
of 300 s (10-300-10). The results for different loading methods are shown left in Figure 36
for fine grain, and it shows that the highest crack growth rate is found for the 10-300-10
loading method, while the lowest crack growth rate was found for sinusodial loading. The
crack growth rate for different microstructures is shown right in Figure 36. It shows less
dependency for sinusodial loading, while for the 10-300-10 method the crack growth rate is
fastest for the fine grain, and slowest for the necklace microstructure.

Concluding remarks conventional manufactured IN718:

e Fatigue life and mechanical properties in general is increased by heat treating the
material.

e Mechanical properties is decreased by loading in higher temperatures.
e Fatigue life is decreased by introducing notches.

e Fatigue life is decreased by increasing high temperature.

e Notch sensitivity is increased by increasing temperature.

e Crack growth rate is increased by increasing temperature.

e Crack growth rate is dependent on loading strategy, sinusoidal versus trapezoidal gives
different crack propagation properties.

e Microstructure obtained from heat treatment is influencing the crack propagation prop-
erties for different loading strategies.

e Combined creep fatigue loading gives higher crack growth rate than pure fatigue load-
ing.

4.3 Literature Review of Additively Manufactured Inconel 718

In this section a small selection of journal papers done on mechanical properties of AM
IN718 is presented. This include tensile and fatigue properties for different process methods,
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printing strategies and heat treatments. Different printing directions according to ASTM
[37] for different tensile test samples are shown in Figure 37.

Xyz XZy
ZXy Zyx
4 X
VZX yXZ
z
x
y y y\[/
Figure 37: Printing direction of samples

J. J. Lewandowski et al. has reviewed mechanical properties of AM metals, in which some
IN718 results are presented [38]. The reported results are shown in Table 7, and shows
different mechanical properties for different processing methods, printing directions and heat
treatments. The data shows variation in properties for different machine types, however, the
mechanical properties are increased by heat treating.

Table 7: Mechanical properties for additive manufactured IN718 reported in literature by J.
J. Lewandowski et al. [3§]

Machine Condition Ori E Oy Ou Elongation
type [GPa] [MPa] [MPa] (%]
EOS M280 Heat treated v/ NA 1034 1309 27 [39]
XY 1068 1344 27
SLM As built XY NA 816+24  1085+11 19.1+0.7 [40]
Z 73744 1010£10 20.64+2.1
Heat treated XY 122741 1447410 10140.6
7 1136+16 1357+5 13.6+0.2
Arcam S12  As built Z NA 410 750 44 [41]
HIP 330 770 69
SMD As built XY NA 47346 828+8 28+2 42
DLD As built Z NA 650 1000 NA 43
Heat treated 1257 1436
Laser As built NA NA 590 845 11 [44]
Heat treated 1133 1240 9
EBF3 As built XY 159 580 910 22 189
EBF3 As built XY 138 655 978 NA 99
YX 194 699 936
Heat treated XY 174 986 1114
YX 192 998 1162
DLD Heat treated NA NA 1097 1321 9.8 111
DLD Heat treated NA NA 1034 1276 12 190
Laser/wire  Heat treated NA NA 1079 1314 20.4 191




Microstructure and mechanical behaviour of SLM IN718 has been studied by K. N. Amato
et al. [31]. The samples was build in z and a-direction, in both nitrogen and argon gas, and
mechanical properties tested in both directions as printed and heat treated with hot isostatic
pressure (HIP). The powder used for building the test specimens are shown in Figure 38a,
the average powder size is 17 pum. A cross section of the powder used is shown in Figure 38b,
internal microdendritic structure is visible. Figure 39 shows an 3D optical metallograph

Figure 38: a) Pre-alloyed powder in scanning electron microscope. b) Cross section of etched
powder in optical microscope.[31]

composite image of the microstructure and grains in the specimen built in z-direction in
argon gas, for both as-build and heat treated material. The as-build materials displays a
microstructure with irregular columnar architecture with dimensions between 0.5 and 1 ym.
The heat treated material shows a more regular columnar architecture. The mechanical
properties for the different build directions, process parameters and post treatments are
shown in Table 8. Producing in argon and nitrogen-atmospehere gives similar mechanial
properties, the yield strength of the material build in nitrogen is higher than for the one
built in argon.

Figure 39: 3D optical metallograph composite showing the microstructure and grains for
of as build material (left) and heat treated material(right), both in argon gas. The build
direction is indicated by the arrows. [31]

Mechanical properties of different techniques of AM IN-718 is correlated with the microstruc-
ture for different post process methods by B. Farber et al.[30]. Four different post treatments
conditions are considered: annealing + double againg (HT), HT + Hot isostativ pressure
(HIP), HT + shoot peening (SP) and HT + HIP + shoot peening (SP). The mechanical
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Table 8: Static mechanical properties for material used for high temperature fatigue by
Amato et al. [31]

Orientation Argon Nitrogen
oy Oy EL Oy Ou EL
[MPal] [MPal] [%)] [MPa] [MPa] (%)
z - As build 830 1120 25
x - HIP 4+ Annealed 850 1140 28 880 1140 30
z - HIP 4+ Annealed 890 1200 28 930 1200 27

properties obtained is shown in Table 9, HT showed highest hardness and mechanical prop-
erties, while HT 4+ HIP showed the same elongation and tensile properties as HT but lower
hardness and yields strength. The difference in yield strength between HT and HIP4+HT
was found to be cause by ¢ precipitates within the grains in the HT material, while the
HIP + HT material had larger grains without § precipitates. SEM of etched HT material is
shown in Figure 40. In Figure 40a an array of needle shaped d-phase is visible, the v/ and
~'-phases are also visible.

Table 9: Mechanical properties of IN718 for different post processing methods reported by
B. Farber et al. [30]

E [GPa] o, [MPa] o, [MPa] EL [%]
HT 188 1170 1380 9
HIP+HT 210 1090 1310 8.2
HT-+SP 196 1110 1340 4.3
HIP+HT+SP 220 1080 1350 7.5
Wrought 208 1098 1250 16.5
Cast 198 694 920 8

Figure 40: SEM image of etched HT material displaying ¢ and Laves-phases a) longitudinal
direction b) transverse direction

The effect of texture and anisotropy on low cycle fatigue properties for IN-718 produced
by electron beam melting has been studied by M. M. Kirka [45]. The samples were post
processed with HIP and HT. The fatigue properties in both parallel and perpendicular di-
rection to the build direction were tested and compared to wrought samples under fully
reversed strain controlled loading at 650°C. The additive manufactured HIP and HT had
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Figure 41: Low cyle fatiue for different microstructures and directions by M. M. Krika et al.
[45]

similar or longer fatigue life than the wrought samples in all cases. On average the samples
with columnar grains in parallel to the build directions showed higher fatigue life compared
to the samples with grain orientation transverse to the build direction and equiaxed grained
samples. In the case of columnar grains parallel to the build direction, the cracks propa-
gated intergrannually, and initiated from the surface. In the case of grains in the direction
transverse to the build direction the crack propagated transgranually. The fatigue results
for the different microstructures and directions are shown in Figure 41, and are compared
to wrought material. Columnar grains tested parallel to the grain direction displayed the
longest fatigue life for a given strain range.

Mechanical properties of AM IN718 produced by SLM at room temperature and at 650°C for
different build directions has been investigated by F. Caiazzo et al. [46]. Support structures
has been used for downward facing surfaces (overhang surfaces) dependent on the angles.
Heat treatment has been performed on the specimens before removing them from the building
plate. The specimens has been subjected to Solution treating and double ageing in argon
atmosphere (according to AMS 5664 standard). The results from the tests are shown in Table
10, and shows highest mechanical properties for 45° building angle for at room temperature
and at 650°C.

Table 10: Yield and ultimate tensile strength for different printing angles and temperatures
[46].

Sample T [°C] o, [MPa] oy [MPa]
EOS Reference [47] 24 1239 1384
Flat build 1295 1484
45°-build 24 1368 1521
Upright-built 1240 1398
Flat build 1033 1139
45°-build 650 1124 1187
Upright-built 978 1114
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Microstructure, Fatigue behaviour, and Failure Mechanisms of Direct Laser-Deposited In-
conel 718 has been investigated by A. Johnson et al. [48]. The samples was produced by
Laser Engineered Net Shaping (LENS), heat treated and machined. The following heat
treatment was done: 940°(2h) AC to RT — 718°C (8h) — FC (50°C/h) to 612°C (8h) —
AC to RT. Fatigue test were done on machined cylindrical hourglass shaped specimens using
fully reversed strain controlled loading. The as-built parts showed dendritic structure and
elongated grains in the building direction. The samples were built from a substrate one
sample at the time, in the region close to the substrate lack of fusion defects were found,
while spherical pores were found away from the substrate. The heat treated grain structure
were smaller and more uniform than the as-built. The fatigue data for the AM and wrought
samples is shown in Figure 42, where strain amplitude is plotted versus number of cycles to
failure. The fatigue life of the AM samples was shown to have a comparable fatigue life to
the wrought in the short fatigue life regime, while in the high cycle fatigue regime the AM
samples showed a shorter fatigue life. The cracks initiated at hard particles and pores at or
in the region close to the surface.
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Figure 42: Low cycle fatigue for AM and wrought IN718 reported by A. Johnson et al. [48]

The effect of different post processing methods on fatigue behaviour of AM IN718 has been
studied by D. Wells [49]. The specimens was given the same heat treatment, then different
surface treatments. The following heat treatment was done to the specimens: Stress relief
1065°C (1.5h) FC, HIP 1165°C 100 MPa (3-4h), Solution 1066°C (1h) — AC to RT — aging
760°C (10h) — FC to 650°C (20h). The microstructure of the as-built and post processed
microstructure and the different surfaces are shown in Figure 43. The build direction is
clearly visible in the as-built material. Fatigue behaviour AM IN718 with different surface
treatments is shown in Figure 44, the data shows a large increase in fatigue life when ma-
chining the surface, and a small effect for the other methods. This could indicate that there
is surface defects such as lack of fusion in the samples, removing the outer layer of the sur-
face will increase the fatigue life, while tumbling the samples will not necessarily remove the
defects, only make the surface smoother.

Yadollahi et al. [50] has made an overview of fatigue behaviour of different AM metals,
including IN718. Figure 45 shows a comparison between wrought and AM IN718 under fully
reversed cyclic loading (R = -1) in room temperature. Both samples are machined, and has
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Figure 43: Microstructure of AM IN718: a) as build material; b) Heat treated material. Dif-
ferent surface treatments: ¢) Low stress ground; d) As-built; e) Tumbled and electropolished;
f) Tumbled and chemical milling
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Figure 44: Fatigue data obtained by D. Wells [49] for different surface treatments of post
processed IN718. Loading ratio R = 0.1.

undergone the same post treatments, HIP and conventional heat treatment for IN718. The
fatigue limit of the wrought material are higher than the AM material. Fractography done
by SEM shows that the cracks are initiating from lack of fusion defects in the surface region.
This can indicate that the specimens was machined before HIPing, as the defect was not
closed by HIPing.

Concluding remarks on literature review of AM IN718:

e Mechanical properties, both static and fatigue, is increased by heat treatment
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Figure 45: Left: difference in fatigue behaviour of worught and AM IN718. Right: Fractog-
raphy of AM sample, fatigue initiating from lack of fusion area [50].

e AM components contains defects such as lack of fusion and porosities, fatigue is initi-
ating from these places.

e Static mechanical properties gives different values of printing direction (samples angle
relative to build direction)

e Surface treatments can increase fatigue life, machining is more efficient than tum-
bling/polishing. Probably due to removing material more likely to contain defects
close to surface.

e In general, the fatigue life is better for conventional IN718 than AM.

e Different AM processes gives different mechanical properties, not enough data has been
published to state the trends for each process.
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5 Testing

In this section the test specimens and method used for testing is described.

5.1 Test Geometries

In order to evaluate the notched fatigue behaviour of AM IN718, four different specimen
geometries will be analysed in this work. The geometries are shown in 46, from left, the first
one is an unnotched specimen, used as reference for the notched geometries. The second
one is a semi-circular notch, the two last geometries are both v-shaped notches, the first one
with a notch radius p = 1 mm, and the second one with a notch radius of p = 0.1 mm. The
dimensions of the specimens are shown in Table 11.

t oy

Figure 46: Geometry of test specimen. From left: Unnotched, Semi-circular notch, v-shaped
with with notch radius of 1 mm and v-shaped with with notch radius of 0.1 mm

Table 11: Dimensions of test specimens

w2

VN

Geometry t w1 l p
[mm] [mm] [mm] [mm]
Unnotched 5 15 80 30.31
Semi-circular notch 5 15 80 5.000
V-shaped notch p =1 5) 15 80 1.000
V-shaped notch p=0.1 5 15 80 0.100

5.2 Test Specimens

The four different notch geometries where ordered from FIT Additive Manufacturing Group
in Germany with the following specification:

e Material: Inconel 718
e Untreated without any finish work

e The parts is built up solidly

e Part will be build in 50 ym layer size



e Printing direction: Z

e laser melting of metal powder (SLM)

Figure 47: Picture of additively manufactured IN-718 samples used for testing. From left:
Unnotched, semi-circular, v-notch p = 0.1 mm and v-notch p = 1 mm. Build direction is
indicated by the arrow.

A picture of the specimens and the build direction is shown in Figure 47. The specimens
displays a rough surface with horizontal lines referring to the layer-by-layer manner of pro-
ducing the specimens. The contouring and hatching strategy used is visible from the top
surface of the specimens and shown in 48, in the left optical microscopy taken on Olympus
BX53M is shown, and right an illustration of the strategy. Optical microscopy shows that
the thickness of the contouring has an approximate thickness of 200 pm.

Figure 48: Hatching and contouring on the top of a sample. Left: Optical microscope of
surface. Right: Illustration of contouring.

The parts are as-build, and has a rough surface. For one v-shaped notch specimen the
surface roughness was measured on a Alicona Infinite Focus Microscope along a line of 2-4
mm length in the different regions of the sample, indicated by (a), (b), (c), and (d) in Figure
49. Region (a) is built with an overhang, region (b) is built with a positive angle and region
(c) and (d) are built straight upwards. The building angle and surface roughness is shown
in Table 12, the overhang region has a significantly higher surface roughness than the other
regions.

Scanning Electron Microscopy (SEM) of the two surfaces noted by (a) and (b) in Figure 49 is
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Table 12: Surface roughness and angle of printing relative to build direction

a b ¢ d
Printing angle [°] -45 45 0 0
Roughness, Ra [um] 20.95 3.09 1.97 3.21
Ra=1.97pum

Build direction direction

”B‘NW

Ra—=20.95m Ra=3.21um
Ra=3.09pum

Figure 49: Different surface roughness in different regions of the samples. The region a is

build with overhang and has a higher roughness compared to the other regions.

shown in Figure 50. The surface (b), left in Figure 50, has a wavy-like surface, corresponding
to the height of the layers building the part. While surface (a), built with an angle of -45°
(overhang), is rougher, and it seems like the gravity has been pulling the material downwards
forming droplets hanging down from the part. From the SEM both surfaces appears to have
been sandblasted.

T —

NTNU Nanomechanical lab

Figure 50: SEM of surface in notched region.

Optical microscopy of polished specimens are shown in Figure 51. The cross section is shown
in Figure 51a and shows less amount of porosities in the contouring region, and higher amount
of porosities in the hatched region. The same result has been shown by S.Tammas-Williams
et al. [11]. In Figure 51b the specimen is polished down from the surfaces, both lack of
fusion and porosities are visible, it appears that there are no porosities in the region close
to the larger defects.
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Figure 51: Optical microscopy of polished surface in two different orientations.

5.3 Static Test

A static test of on AM IN718 specimen was done in order to find the ultimate tensile strength
of the material. The geometry of the sample was the unnotched, produced by the same
company with the same specifications, but from a different batch of specimens. The test
was performed with a loading rate of 0.03mm/min in room temperature. The results from
the test is shown in Figure 52. The maximum applied load was 33.6 kN, this corresponds to
a ultimate tensile strength of 960 MPa. The test is not performed with an extensiometer,
so the Young’s modulus or yield strength can not be determined accurately, however the
loading path starts to deviate from the linear elastic part at about 25 kN, this corresponds
to a yield strength of 714 MPa. It should be noted that this is only one static test, and
there is a possibility of lack of fusion and other defects in the material reducing the material
properties measured, as reported by D. Wells [49].
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Figure 52: Static test of unnotched specimen
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5.4 Fatigue Testing

For fatigue, the samples will be tested in room temperature on an MTS Landmark Servohy-
draulic Test System with a loading frequency of 10 Hz load controlled sinusoidal loading. In
order to avoid compressive stresses in the notched regions the loading ratio R (0maz/0min)
is set to 0. When testing, a maximum and minimum load is defined. The minimum load is 0
kN for all test. When the tests starts the load is first ramped to the mean load level, when
this is done the cyclic loading begins. The samples is clamped by the grips with a pressure of
6 MPa. The test machine with specimen inside, and detail of fixed specimen with brackets
used for aligning the sample is shown in Figure 53.

Figure 53: MTS Machine and mounting of samples used for fatigue tests.
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6 Analysis

In this section different analysis of the test specimens is described. Numerical analysis is
done by use of Finite Element in Abaqus/CAE. Analytical calculations is done based on the
mathematical model by P. Lazzarin and R. Tovo [20], described in Section 3.4.5.

6.1 Introduction to the Finite Element Method

Finite Element (FE) is a numerical method of solving mathematical problems often related to
engineering and physics. The concept is to discretize a problem into several finite elements
with some property, boundary conditions and loads applied, the degree of discritization
determines the accuracy of the analysis. Complex structures can be represented by a finite
number of elements, for example trusses or beams. The problem is then reduced to a set
of equations with a finite number of unknowns, this new system of equations can be solved
done by use of computers. In FE physical response is represented by field variables, which
is expressed as interpolation functions for each element. Elements are usually defined by
nodes placed at he boundaries of the element [51].
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Figure 54: Element families in Abaqus [52].

In this work the software Abaqus CAE will be used for doing simulations on the test speci-
mens. There are several different types of elements available in Abaqus, the different families
of elements are shown in Figure 54. The displacements/degrees of freedom is calculated at
the the nodes of the elements, at any other point in the element we need to interpolate in
order to find the displacement. This interpolation order is given by the geometric order of
the element. Linear or first-order elements have nodes only at the corners of the elements,
while quadratic or second order elements have midside nodes and nodes at the corners of
the elements, and therefor higher order of interpolation functions [52]. In order to describe
material behaviour Abaqus uses numerical integration, for most elements Gaussian quadra-
ture is used. Abaqus therefore evaluates material response in the integration points inside
the elements. Choosing continuum elements in Abaqus one can choose either full or reduced
integration, the reduced integration option will use less number of integration points and
therefore give less accuracy [52].

6.2 Numerical Analysis - General Setup
Two different types of simulations will be done in this thesis:

e The elastic stress fields in the different geometries will be found, these stress fields will
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be compared to analytical solution by P. Lazzarin and R. Tovo [20], and the stress
concentration factors, and notch stress intensity factors (NSIF) are calculated.

e SED analysis is done on the different geometries and their S — N curves, from this one
single AW, — N curve with all the fatigue results will be presented.

The general setup in Abaqus for the both simulations calculating the elastic stress field and
the SED is the same, the only change is the mesh and the outputs. Abaqus is built up
in modules; for each module some data can be specified, and output can be requested, the
following has been specified in the different modules.

e In the part module the geometry is created. The geometries are simplified to 2D models
and symmetry is utilized as shown in Figure 55.

e In the property module the material properties is defined, elastic material is defined,
with a Young’s modulus of 200 GPa and a Poisson’s ratio of 0.29 [53]. Abaqus does
not operate with units, all units use will be in SI[mm].

e In the step module one step is created as static general .

e In the load module the loads and boundary conditions are added. The boundary
conditions are added in the initial step, and the loads are added in step 1. The load
and boundary conditions is shown in Figure 55, the load applied is 09 = 1 MPa in
tension.

e In the mesh module CPS8 elements are used. The CPS8 elements are 8-node plane

stress quad elements, with quadratic geometric order, without reduced integration.

Figure 55 shows the simplification, coordinate systems used, boundary conditions and loads
of the notched specimen used in Abaqus.

N
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){u
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Figure 55: Left: uv-coordinate system in the centre of the specimen. Centre: Coordinate
system and some parameters from Lazzarin et al. mathematical models for linear elastic
stress fields. Right: Boundary conditions and loads applied in the Abaqus model.

6.3 Simulations for Obtaining Stress Fields

Describing the stress state in the region close to the notch tip is the goal in these simulations.
In the areas where the stress gradient is steep, a fine mesh is needed in order to capture the
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stresses accurately. In order to save computational time, coarse mesh is used in the areas
far away from the notch tip. To avoid distorted elements the geometries are partitioned and
meshed by the method shown in Figure 56. The mesh for the four different geometries used
in the simulations calculating the stress concentration factors is showed in Figure 57.

f

Figure 56: Method for meshing notched components. Left: Part geometry. Centre: Parti-
tioned part geometry. Right: Meshed part.
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Figure 57: Detail of mesh from Abaqus. Upper left: Unnotched specimen. Upper right:
Semicircular notched specimen Lower left: V-shaped notch p=1mm. Lower right: V-shaped
notch p=0.1mm.

The results from the FEA is shown in Figure 58. The stress component ogg divided by the
nominal stress, is plotted versus the distance from the centre of the specimen. The elastic
stress concentration at the notch tip is given by ki = 09omaz/Onominal, giving the stress
concentrations as shown in Table 13.
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6.4 Analytical Solution of Stress Fields

General formulation of the stress fields under mode I loading expressed in terms of maximum
local stress according to Lazzarin et al. [20]:

l 60 ] Omax ( r >)\1_1 l
Oppr |[=— | —
4 To

Tro

(1+ )\1) cos(1 —\1)f
(3 = A1) cos(1 = A1)f ]
(1 — A1) cos(l—Aq)f

cos(1 4 \)f
+X1(1—/\1)l—cos (14 X)) H

sin(1 + Ap)6

Nz cos(1 + p1)6
+ () [(3—)\1) —Xl(l—Al)]l *COS(].‘F,U&)G ‘|‘| (30)
To sin(1 + pq)0

Where the coefficient X5 are given:

_osin(l— \y)gm/2
N a2 o

In the case of the unnotched and the semi-circular notch the stress distribution of a u-shaped
notch will be used [20]:

o000 K, cos(0/2[(1 —sin?0/2) +p/2r])
I | = cos(0/2[(1 +sin?0/2) —p/2r]) (32)
Oro | sin(0/2[(cos?6/2) +p/2r])

For 0 = 0 and K| = 0y42+/7p/2 the solution to the stress field for the unnotched geometry
can be written as:

000 = 1.946470 a0 (1 + 15,1557 1)p 0 (33)

And for the semi-circular it can be written as:

099 = 0.790560 1,00 (1 + 2.57 )70 (34)

In the case of the v-shaped notches the P. lazzarin and S. Filippi has reported parameters
used in the mathematical model for different v-shaped notch geometries [54]. The parameters
obtained is shown in Table 13.

Along 6 = 0 the stress field for v-shaped notch with p = 1 mm can be expressed as:

96 = 0.1530 02 (2.380 + 0.609y ~0-890),.~0-455 (35)

And the stress field for v-shaped notch with p =1 mm can be expressed as:

090 = 0.05320 02 (2.380 4 0.07448;0-890);-70-455 (36)
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Table 13: Values used for the analytical solution of the elastic stress field for the different
notch geometries. A; and pp values are used from [54]

P To 2 ¢ AL[54] g [B4] @ [54] ke
Unnotched 30.31 15.16 0 2.000 0.500 -0.500 1.000 1.073
Semicircular notch 5.000 2.500 0 2.000 0.500 -0.500 1.000 1.308

v-shaped notch r=1 1.000 0.333 «/2 1.500 0.545 -0.345  0.810 2.279
v-shaped notch r=0.1 0.100 0.033 «/2 1.500 0.545 -0.345 0.810 6.236
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Figure 58: For the different geometries the stress is plotted along the notch bisector line,
this is done for FEA and for analytical solution

6.5 Comparison Between Numerical and Analytical Stress Fields

Figure 58 shows the analytical and numerical solution to the elastic stress field in the ge-
ometries, from the plot it seems that the mathematical model for v-shaped notches are quite
accurate, while the semi-circular and unnotched does not show a good fit. Some remarks on
the fit:

e The fit is better as the sharpness of the notch increases

e The accuracy of the model can be influenced by the fact that the geometries are double
notched, and not infinite plate. The model should give a more accurate result for a
small value of p/ws than for a large one. This has also been noted by P. Lazzarin and
S. Filippi [54].

e Assuming u-shaped notch for unnotched and semi-circular notch could be a bad choice
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and not describing the geometry well.

6.6 Notch Stress Intensity Factor

The stress fields can be expressed in terms of NSIF by the relation suggested by P. Lazzarin
and S. Filippi [54]:

K = arri—h qo0___ (37)
14wy (7"/’!“0)”1 !

The parameters used for the formulation of NSIF for the different geometries is shown in
Table 13. The stress component oy is plotted in log-log coordinates versus distance, r, with
the coordinate system placed as described in Figure 19. A sharp v-notch is also analysed,
taken as a reference value checking the value for the two blunt v-shaped notches. The
NSIF for a notch with a finite radius should be higher than for a sharp notch, as reported
by Lazzarin and Filippi [54]. Using the formulation from Equation 11 the stress field is
expressed as [20]:

ooo = 0.732K 0455 (38)

The stress distributions are shown in Figure 59, both stress versus distance, r, and NSIF and
SIF versus distance r. In the case of v-shaped notch with radius equal to 1 mm and 0 mm,
the models are able to predict a constant value of NSIF and SIF. While for the semi-circular
notch and the v-shaped notch with radius of 0.1 mm, the model does not give a constant
value NSIF. Expressing the stress field by a different placement of the coordinate system was
tried, that is, changing the value of ry. For the semi-circular notch, the value was changed
from 2.5 mm to 2.85 mm, while for the v-shaped notch with a radius of 0.1 mm, the value
was changed from 0.033 mm to 0.026, to obtain a constant value of NSIF.

Table 14: Values used of notch stress intensity factors and ry used.

T0 K/Jnom
Semi-circular 2.8500 6.944
V-shaped notch p =1 0.3333 1.166
V-shaped notch p = 0.1 0.0026 1.018
V-shaped notch p =0 0 1.022

The results of NSIF and SIF calculations are shown in table 14. As reported by P. Lazzarin
and S. Flippi [54], the NSIF values is increasing with the radius of the notch. The Lazzarin
model is fitting well for both the sharp notch and the notch with 1 mm radius, however for
the notch with 0.1 mm radius and the semi-cirular notch, the model is not fitting perfectly
for the suggested value of 7.

6.7 Simulations for SED

For the SED analysis in Abaqus the control region around the notch is defined, and in
this region volume and strain energy is requested. Other than this the same boundary
conditions, loads, element type and material as the analysis for obtaining the stress fields
is used. Based on the strain energy and volume requested from Abaqus simulations, the
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Figure 59: Left: For different v-shaped notch geometries the stress distribution is shown
in log-log coordinates and compared to the analytical solution. Right: the stress intensity
factor K, calculated based on the stress distributions.

avg. SED is calculated. SED is calculated for several values of the critical radius, Figure 60
shows the mesh in the control region used for a critical radius of 1 mm, note the mesh is
very coarse compared to the simulations used for obtaining the stress fields.
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Figure 60: Mesh inside the control region for the different notch geometries, with a critical
radius of 1 mm.

7 Results and Discussion

In this section the results obtained from testing and simulations will be presented and dis-
cussed.

7.1 Fatigue Strength
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Figure 61: Fatigue data for all the different notch geometries.
The data from the fatigue test is shown in Figure 61. The data is showing a correlation

between the elastic stress concentration factor and the fatigue notch sensitivity.

Haibach scatter bands is calculated in the software Faticaw, for confidence levels 97.7%, 50%
and 2.3% as shown in Figure 62. The scatter parameter Tay and the inverse slope of the
curves, k, are shown in the figure. In Table 15 the parameters from the Haibach scatter
bands are shown at 2 x 10° cycles.
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Figure 62: Fatigue data for all the different notch geometries plotted with Haibach scatter
bands at 97.7%, 50% and 2.3%.

Table 15: Parameters for haibach scatter bands at 2 x 10° cycles.

Ao - 97.7% Ao - 50% Ao - 2.3%
Unnotched 168.93 250.00 369.99
Semicircular notch 151.88 175.40 202.58
V-shaped notch p=1 123.12 141.23 161.99
V-shaped notch p=0.1 94.25 102.05 110.49

7.2 Notch sensitivity

Table 16: Theoretical and real notch sensitivity

kt ktfheoretical k}eal
Unnotched 1.0733 1.0731 1.0000
Semi-circular notch 1.3082 1.3022 1.4253
V-shaped notch p=1 2.2794 2.1633 1.7702
V-shaped notch p=0.1 6.2359 3.7161 2.4498

The stress concentration factor k; is calculated based on numerical simulations in Section
6.3, based on these results and Peterson equation for fatigue notch sensitivity, k; (Equation
16), using the ultimate tensile strength obtain from static test, the fatigue notch sensitivity
is estimated. The real notch sensitivity is calculated based on the fatigue strength at 2 x 106
cycles for the different specimens, and the values are shown in Table 16 compared with
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the estimated notch sensitivity. The semi-circular notch has a higher notch sensitivity than
predicted, while the v-shaped notch specimens have lower notch sensitivity than predicted.
The scatter band parameter Th, for the different notch geometries shows a correlation with
the notch sensitivities. For a low notch sensitivity the scatter is high, while for a high notch
sensitivity the scatter is low.

The notched fatigue behaviour of Q. Chen et al. for conventional manufactured IN718,
displays a fatigue sensitivity much lower than the elastic stress concentration factor in room
temperature, where k;, = 5.67 and ky = 1.74 [34]. It should be noted that these results are
from rotating bending, and the difference in the stress gradients can effect the difference
in results. However it is not logic that the semi-circular notch should have higher notch
sensitivity than the elastic stress concentration factor, as ¢ is supposed to be between 0 and
1 [16]. This could indicate that there are other mechanisms causing the reduction in the
fatigue life.

7.3 Comparison to Other Fatigue Data
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Figure 63: Fatigue data for unnotched specimen compared to results from D. Wells, corrected
with SWT mean stress correction.

The fatigue results for the unnotched samples is compared to fatigue results of as-build
specimens by D. Wells in Section 4.2, and the results are shown in Figure 63. The fatigue
data is corrected for mean stress by SWT-correction [16]. Haibach scatter bands from were
calculated, and is shown for confidence level 50%. The data shows a steeper slope for the D.
Wells results than the results from this work, with an inverse slope k of 3.08 compared to
3.67. The difference in scatter is small, the scatter parameter Tao is of the D. Wells data
is 2.176 compared to 2.190. The fatigue strength calculated at 2 x 10% cycles by Haibach
scatter bands for the D. Wells data are 194.56 MPa, while the unnotched specimens from
this work has 176.78 MPa (with SWT correction). This shows that at 2 x 105 cycles the
fatigue strength is similar for the two different tests.
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Using the 50% confidence Haibach scatter bands at 2x 108 cycles for the unnotched specimens
corrected with SWT, and comparing it to the Q. Chen et al. fatigue data also shown in
Figure 63 for unnotched heat treated samples showing a fatigue limit of about 500 MPa, it
is evident that the conventional manufactured IN718 is superior. However this comparison
is not completely fair as the Chen et al. specimens was both machined and heat treated,
and the loading was rotating bending, and not uniaxial tension.

7.4 Hysteresis Loop
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Figure 64: Load versus displacement plotted for unnotched and notched samples.

For specimens subjected to stress range of 500 MPa, the load versus relative displacement is
plotted for semi-circular and unnotched specimens. The relative displacement is considered
by evaluating the displacement of the grips on the testing machine, AL, and the distance,
Ly, between the grips. This is plotted versus the nominal stress in the notched region. The
slope of the curve does not show the elastic modulus of the material, but the stiffness of the
specimens between the grips. The slope of the curves shows minimal amount of plasticity
for both specimens. The notched specimen is showing a higher stiffness than the unnotched
specimens, this is because of the amount of material present between the grips, even though
the cross section in the notch in the notched specimen is smaller than the unnotched one.
The load displacement curve is plotted from cycle 25 000 to 25 005 for both geometries.

7.5 Critical Average Strain Energy Density Range

In order to define the critical radius the formulation from Equation 27 is used and the results
are shown in Table 17. The results shows a large variation in the critical radius. Since the
method based on equation 27 gives different radius for different geometries, the formulation
in Equation 29 is employed. The critical radius is calculated by comparing the unnotched
geometry to the v-shaped geometry with radius of 1 mm. AWS™eoth is calculated to be
0.15625 Nmm/mm3, while AW[otched iy calculated in FEA for different values of Ry, both
are evaluated at the stress level corresponding to fatigue strength at 2 x 10° cycles. The
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Table 17: Values used for SED calculations

K/onom f1(2a) Ao AK}\& Ry
Semi-circular 6.944 1.959 175.40 1188.96 5.8928
V-shaped notch p=1 1.166 1.852 141.23 153.336 0.1033
V-shaped notch p=0.1 1.018 1.852 102.05 103.007 0.0375
V-shaped notch p=0 1.022 1.852 102.05 103.354 0.0378
Geometry and fatigue limit

A V-notch p=1- Ao, = 141.23 MPa
—— Unnotched - Ao, = 250.00 MPa

H
<

AW, [Nmm/mm?]

& A

A A
RU

102 10! 100
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Figure 65: Critical avg. SED range at fatigue limit for v-shaped p = Imm and unnotched
geometry. The contour plot shows the results from strain energy with a control radius of 1
mm.

results are shown in log-log coordinates in Figure 65. The conditions of Equation 29 is met
by using a value of Ry = 0.25. It should also be noted that the slope of the AW/Notched data
is changing at this value.

When the critical radius is defined it is possible to calculate the critical avg. SED range for
all the notched fatigue data by using the SED values obtained from the FEA:

Notch 17 Notch Notch \ 2
AWG _ FEA = AWNotch _ WNoz;fh (AUA ) (39)
Notch\2 ~— Notch\2 c - FE Notch
(Ao ) (opgs") OFEA

The result from this is shown in Figure 78 with Ry = 0.25 mm. Haibach scatter bands are
created in Faticaw, giving a inverse slope k = 1.48 and a scatter parameter Tay = 2.777.
Comparing these results with the SED analysis of 900 weld data done by F. Berto et al. [25]
the inverse slope is k = 1.5 and Taw = 3.3. In Appendix B avg. critical SED is shown for
different values of Ry, compared to the scatter bands of F. Berto et al. [25]. The fact that the
fatigue data is able to be represented in one unified curve, indicates that SED can be applied
to AM materials under fatigue loading. It should also be noted that successfully approaches
of relating SED to fatigue of AM components has not yet been reported in literature.

7.6 Fractography

Figure 67 shows SEM of an unnotched samples failing at 213 391 cycles, with an applied stress
range of 540 MPa. The whole cross section is shown in Figure 67a, with crack propagation
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Figure 66: Critical strain energy density range versus number of cycles to failure, with
Haibach scatter bands at 97.7%, 50% and 2.3%.

Figure 67: SEM of unnotched sample. a) whole cross section b) Crack initiation, ¢) Striations
showing crack propagation direction, d) Ductile fracture surface for final rupture.

indicated by arrows, and transition from crack growth to final rupture indicated by dashed
lines. The crack is initiating from a small defect in the surface shown in b). The striations
from the crack propagation indicating the direction of the crack growth is shown in ¢). In
the final rupture region the dimples formed by void coalescence and plasticity is visible, this
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Figure 68: SEM of v-shaped notched sample with radius of 1 mm. a) Whole cross section.
b) lack of fusion and partly unfused powder particles on surface.
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Figure 69: Defects in different samples. a) porosity inside sample. b) crack initiation site
for unnotched sample. c), d) lack of fusion and unmelted particles at crack initiation site for
notched samples.

is shown in d.

Figure 68 shows SEM of a v-shaped notched sample with radius of 1 mm, failing at 160 444
cycles with an applied stress range of 300 MPa. In the v-notched samples the cracks are
propagating from both sides, and meeting at the centre of the specimen in final rupture. As
in the unnotched sample (Figure 67) there is a distinct transition from fatigue crack to final
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rupture. The crack starts from an area with lack of fusion in the surface of the notch as
shown in b).

Figure 69 shows different defects in different samples. a) shows a void inside an unnotched
sample, the striations are visible and clearly interacting with the void. b) Shows a typical
crack initiation from an unnotched sample. There is no oblivious lack of fusion of unfused
particles as in the notched samples, but still some kind of defect. ¢) and d) Shows crack
initiation from lack of fusion at the surface of a semi-circular specimen. Unfused powder
particles are visible in the unfused regions, the powder particles are of size ~30 pm.

9 T T P —1 P a
x | 1.04mm | 3.0 |0 NTNU Nanomechanical lab % | 20.00 kv | ETD | 40.2 mm | 1

Figure 70: Comparison of size of defect between two samples tested at Ao = 175 MPa. a)
Failing at 703 473 cycles, b) failing at 295 332 cycles

For an applied stress range of 175 MPa the size of surface defect of two unnotched samples
failing at different positions in the scatter bands where measured as shown in Figure 70.
The specimen in a) failed at 703 473 cycles and had a surface defect of 31.64 ym?, while the
specimen in b) failed at 295 332 cycles and had a surface defect of 173.73 um?, both cracks
initiated from the surface defects. This indicates that there is a correlation between the size
of defect and fatigue life of the specimen, as has been proposed by Tammas-Williams et al.
for AM Ti6Al4V [55].

NTHU Na

Figure 71: Lack of fusion defect in semi-circular specimen tested at Ao = 240M Pa failing
at 659 809 cycles.

The total area of lack of fusion for one semi-circular specimen with an applied stress of
240MPa failing at 659 809 cycles was measured, the lack of fusion area, shown in red in
Figure 71. The total area was measured to be 235.6 um?. In the case of unnotched specimens
there are just one defect initiating the crack (just one area of defect), while in the case of
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the semi-circular specimen the surface defects are distributed along the whole edge of the
notch, initiating crack from several places. This large region of lack of fusion could be the
reason for the low fatigue life of the semi-circular specimens. Also be the semi-circular are
not failing from the centre of the gauge section, but in the region slightly above where the
material has been printed with overhang.

7.7 DMaterial

The specimens used in this work in AM IN718 without any post processing. For IN718
post processing is usually done in order to increase the material properties. The reason for
testing specimens without any post processing is that very limited data is yet published on
AM IN718, and these data will function as a good fundament for comparing other IN718
data in the future, for example the effect of post processing such as machining, HIPing,
heat treatment and etching. Starting at the worst possible condition of the samples, some
positive effect should be seen when doing post treatment.

7.8 Elastic Stress Fields

The geometries used in the tests are analysed by use of elastic stress fields developed by P.
Lazzarin, explained in Section 3.4.5. The stress fields are developed for 2D geometries with
one notch. In this work the geometries are in 3D, the stress state is assumed to be plane
strain, as the samples has approximately the same width and thickness. There are one notch
on each side of the samples, this results in an interaction of the stress fields between the two
notches. For the sharp v-notch geometry this was found to not give a large effect, as shown
in the comparison of the analytically and the numerical solution to the stress distribution.
For the blunt v-shaped notch the stress field is able to describe the stress intensity, which
indicates that the interaction between the two notched is not to large for the mathematical
model to be applied. For the semi-circular notch the stress field is not able to describe the
stress intensity and the singularity very well, and also the comparison between the numerical
and analytical solution does not give a great fit.

Real
Analytic

Real
Analytic

Real
Analytic
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Figure 72: For the different notch geometries, the real and the analytic notch geometry is
illustrated. For each geometry the model obtain when setting p,r¢o = 0 is also shown.

Figure 72 shows an illustration of the notch geometries and the mathematical models used to
describe them. The models fits at the notch, however the opening angle for the mathematical
model will be larger then for the real geometry it is trying to describe due to the coordinate
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system transformation used to the describe the notch geometries. The model is accurate for
sharp notch geometries, this is illustrated by plotting the stress distribution from the sharp
v-notch, but for some notch geometries it will describe the geometry quite well, without
capturing the singularity, this can be sees by comparing the stress distribution for v-shaped
notch with radius of 0.1 mm from Figure 58, where it appears to give a accurate stress
distribution, with the stress distribution from Figure 59 for the same geometry, where it
fails to describe the stress intensity.

7.9 Reasons for Scatter in Fatigue Data

There is a large scatter in the fatigue data for the unnotched samples, while for the notched
samples there are almost no scatter. Fatigue is a weakest link failure mechanism. For the
notched geometries the notch should be the main driving factor, however the SEM showed
the crack initiated from lack of fusion in the region of notch root. This indicates that for
the notched samples the driving mechanisms for fatigue is a combination of lack of fusion
region, acting as a crack, and the stress gradient from the notch. The small scatter in the
fatigue data for the notched samples suggest that there are small variations in the driving
mechanisms from specimen to specimen. In the case of the unnotched specimens Figure
69 showed a dependency of lack of fusion area and the placement in the scatter band. The
printing angle for the unnotched specimens close to the gauge section is not high (not printed
with large amount of overhang), and this probably gives less chance of lack of fusion. Other
possible driving mechanisms for the fatigue failure can be the size effect, the cross section of
the unnotched sample are larger than the notched samples, however this is not very likely
as all the cracks initiates from the surface of the unnotched samples. The main reason for
scatter in the data should irregular surface quality in the unnotched samples. The cracks are
initiating at the surface of the specimens, these surface defects should be of different size.
While for the notched components there should be relatively small variation in the surface
defects, that is, the size of the area of lack of fusion close to the notch.

7.10 Use of SED on AM components

Additively manufactured materials are anisotropic and can contain residual stresses and
geometrical discontinuities [2]. SED is based on linear elastic stress in homogeneous solids,
but can be applied to other material assuming these conditions. SED is supposed to be
applied to brittle and quasi-brittle failure in materials, the static behaviour of the AM IN718
is not brittle, but the fatigue failure of the material displays almost no plasticity (especially
for high number of cycles). The fracture surface in the fatigue part of the crack propagation
displays typical fatigue behaviour with striations and cleavage failure. This work is therefore
an attempt to apply SED to a new material, and check if it is possible to employ it.

When designing components for AM, the geometries are likely to be complex, and containing
highly notched regions. If it is possible to apply SED when designing notched components,
huge amounts of computational time can be saved considering the number of notches, and
the mesh required to capture the stress gradients, if a stress based failure criterion is used.
SED is not mesh or notch dependent, and the fatigue life of a component could then be
evaluated by use of FE models with coarse mesh, and knowing the master AW — N curve
for the material used.

One of the main problems for employing SED on AM materials will be determining the
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critical radius, Ry, as this size is, for static, dependent on the fracture toughness and the
ultimate tensile strength of the material, and for fatigue, dependent on the fatigue strength
for both notched and notched geometries. These values are dependent on the process pa-
rameters and the post processing of the components, and this makes it difficult to determine
one unified Ry value for one material.
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8 Conclusion

In this work the fatigue behaviour for different notch geometries of as-build AM IN718 has
been investigated. First an introduction to concepts concerning AM, structural integrity,
superalloys was given, then test and analysis methods has been explained, then the results
of the tests and simulations has been presented and discussed. This conclusions will be given
as a combination of some general conclusions, answers to the research questions and some
possible future work.

General conclusion:

e AM is a relatively new fabrication process producing components in a layer-by-layer
manner, allowing complex geometries not earlier possible in conventional manufactur-
ing processes.

e With AM a large variety of materials can be used, for engineering purposes polymers
and metals are considered most interesting.

e Topology optimization in computer softwares can be used in order to optimize designs
for for examples stiffness and weight. However the designs obtained are often complex
and can contain highly notched regions functioning as stress risers.

e Alloys such as IN718 and Ti6Al4V is commonly used when designing metal components
for AM, this because of the mechanical properties.

e With heat treatment and other post processing, it is possible to obtain almost the
same mechanical properties as for conventional manufacturing for IN718. However,
post processing is not always possible or desirable using AM.

Answer to research questions:

1. What is the fatigue properties of as-built AM IN7187

e The fatigue properties of AM IN718 has been documented and presented in S — N
curves where the data is presented in terms of scatter bands, slope of curve and
fatigue strength at 2 x 106.

e The S — N data shows a clear notch sensitivity for the different geometries cor-
relating with the elastic stress concentration factors obtained the stress field in
FEA.

e The surfaces built with overhang shows a higher surface roughness and more
defects, the crack are initiating from these areas.

e The unnotched fatigue behaviour exhibits a larger scatter in the fatigue data than
the notched specimens.

e Cracks are initiating from defects such as lack of fusion in the surface. These lack
of fusion defects are larger for the notched samples, as they are manufactured
with overhang.

e The semi-circular notch exhibits a strong notch sensitivity, this indicates that
there are different mechanisms causing fatigue for the different geometries, not
just the stress gradient due to the notch. The SEM shows larger regions of lack
of fusion than the unnotched specimens examined.
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e When compared to conventional heat treated IN718, the AM material tested
without any post processing is displaying a much lower fatigue strength.

2. How does notches influence the fatigue life of as-built AM718?

e The notch influence the fatigue life of the specimens, functioning as a stress riser,
but also as a region printed with overhang, causing larger areas containing defects
such as lack of fusion.

e The overhang regions from the notches has a strong influence to the fatigue prop-
erties, this is clear when comparing the fatigue notch sensitivity of the semi-
circular specimen, which has a higher fatigue notch sensitivity then the elastic
stress concentration factor, with the the v-shaped notched specimen the fatigue
notch sensitivity, that is lower than the elastic stress concentration factor. This
shows a correlation not only between the elastic stress concentration factor and
fatigue notch sensitivity, but also between the printing angle and the fatigue notch
sensitivity.

e One important influence of notches in fatigue of AM components is simply that
they will be present, and that removing surface defects by machining the com-
ponents will be complicated or even impossible for complex geometries. Due to
this, the notch fatigue behaviour needs to be studied in further detail.

3. Is it possible to predict the materials fatigue behaviour using linear elastic models and
the energy-based approach of Strain Energy Density (SED)?

e The SED analysis of the S— N curves are able to be presented in a unified AW — N
curve, with a small scatter.

e The critical radius used for the control parameter has been set to 0.25 mm, this
is close to the value used for welded steel joints.

e Post processing should effect the material parameters, therefore its likely that
different values of critical radius needs to be employed for different post processing.
But the AW — N curve allows the engineers to only test one geometry, and based
on this estimate the fatigue life of components, rather than testing different notch
specimens corresponding to different notched present in the component.

e The AW — N curve obtained for the AM IN718 data fits with 900 weld data on
steel joints, and gives approximately the same scatter, and critical value of SED.

Further work:

e IN718 is a material that is usually heat treated in order to increase the mechanical
properties, this should be done, investigating the notched fatigue behaviour for different
heat treatments, and evaluated at different temperatures.

e The effect of defects such as porosities, surface roughness and lack of fusion should be
further investigated as they are likely to be present and have some effect on any AM
component produced.

e The effect of machining and HIPing the specimens should be investigated focusing on
the effect of the fatigue life, by closing porosities and removing surface defects.
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Appendices

A Stress fields

In this appendix a more thorough review of linear elastic stress fields is given.

First a

singularity criterion is given, then Airy stress function is presented. Williams’ solution and
Lazzarin-Tovo’s solution for stress fields in linear elastic materials is described in more detail
than in section 3.4. The derivation of these models are not complete but the main steps are

reproduced.

A.1 Airy stress function

The Airy stress function, ®, is a function from which the stresses in a body can be derived.

The following section is adapted from Anderson [15].

A.1.1 Cartesian coordinates
Equilibrium conditions:

004y OTay 0oyy  OTyy

=0, =0
ox dy oy ox
Compatibility equation:
82 32
2 — 2 _
Vi (Ope +0yy) =0, V =52t oz

The Airy stress function is a function from which the stresses can be derived

0% 02D 9%

Toa oy?’ vy T ggzr T T  Oydx

From the equilibrium conditions and compatibility equation:

N s

2728 —
@Jr 6m28y2+87y470’ ViV =0

A.1.2 Polar coordinates

1a2<1>+1ac1> 0% 1%
r2 002  r Or’ 700 = or?’ Tro = r Orol

Opr =
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A.2 Singularities

For engineering purposes linear-elastic material models are convenient. In real materials
there is no singularities, the material will yield, and the stresses will redistribute. This
section is reproduced from J.R Barber[24].

The strength of acceptable singularies shall be determined. Acceptable singularieties: those
for which the total strain energy in a small region surrounding the singular point vanishes
as the size of the region tends to zero. If the stress varies with r® as the point r = 0 is
approached, the strain energy will be on the form:

2m T T
:/ / oije;jrdrdd = C/ r2etlay (45)
o Jo 0

If @ > —1 the integral in bounded, if @ < —1 the integral is unbounded. Singular stress fields
are acceptable if a > —1 and not for a < —1.

A.3 Williams’ Solution

The following section is reproduced from J.R Barber [24]. Williams developed a method for
determining the stress fields at the tip a sharp notch (v-shaped notch). A semi infinite wedge
element is used. The angles are set to be 2a, such that the wedge forms a sharp notch. At
the tip of the notch, a polar coordinate system is defined.

W
\\

\ \\\\\ Traction fr
IR

Figure 73: Left: Arbitrary wedge element. Middle: Semi-infinite sharp notch. Right:
Notched plate in tension.

O O

—

Willams postulated the following Airy stress function:

® = 1 MIA; sin(\ + 1)0* + Ay cos(A + 1)0* + Azsin(A — 1)0* + Ay cos(A — 1)0%] = r*H1B(6%, \)

(46)
Giving the following stress field:
o =1 = A1 A(A + 1) cos(A + 1)0 — Ao A(A — 3) cos(A — 1)0
— AsA(A + 1)sin(A+ 1)8 — Ay (X — 3) sin(A — 1)6] (47)
ogo = AN+ 1) sin(A + 1)0 + A (A — 1) sin(A — 1)
— AsA(A 4+ 1) cos(A + 1) — A4 (A — 1) cos(A — 1)6] (48)
7o = 1AM + 1) cos(A + 1)8 + A A(A + 1) cos(A — 1)0
+ AsA(A 4+ 1) sin(A + 1)0 + Ay (A + 1) sin(A — 1)6] (49)
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Boundary conditions, so that surface of crack is traction free:

g9 = Tre = 0; 0=+ (50)

= ANA1(A+ D) sin(A+ 1)a — Az(A — 1) sin(A — 1)«

— As(A+1)cos(A+ 1)a — Ay (A — 1) cos(A — 1)a] (51)
=A-A1(A+ 1) sin(A 4+ 1)a — Ay(A — 1) sin(A — 1)«

— As(A+ 1) cos(A + 1) — Ag(A — 1) cos(A — 1)a (52)

oo =Tro=0; 0=—a (53)

= ANA1(A+ 1) sin(A+ 1) + Az (A — 1) sin(A — 1)«

+ As(A+ 1) cos(A + 1)+ Ay (A — 1) cos(A — 1)a] (54)
= AA1(A+1)sin(A+ 1)a+ Az (A — 1) sin(A — 1)a
—As(A+1)cos(A+ 1)a— Ay(A — 1) cos(A — 1)q] (55)

This gives 4 homogeneous sets of equations of \:

A (A + 1) sin(A + 1)a + As(A—1)sin(A —1)aa =0 (56)
Ai(A+ 1) cos(A+ 1)a+ Ay(A+ 1) cos(A—1)a=0 (57)
As(A+1)cos(A + 1)a+ Ag(A —1)cos(A —1)a =0 (58)
As(A+ 1) sin(A+ 1)a+ Ay(A + 1) sin(A — 1) =0 (59)
Which can be formed into two independent sets of equations:
A+ Dsin(A+1a (A—1)sin(A— 1) Ar| |0
[ A+ 1) cos(A+1Da (A+1)cos(A—1)a } [ Ay } o [ 0 ] (60)
A+ 1)cos(A—1a (A—=1)cos(A— 1)« As | |0
{ (A + Dsin(A+ a (A + Dsin(A — Da } { A, } = [ 0 ] (61)

Equation 60 gives symmetric terms for A; and A, if the determinant of the matrix is zero:

Asin(2a) + sin(2Aa) =0 (62)

Equation 61 gives asymmetric terms for Az and Ay if the determinant of the matrix is zero:

Asin(2a) — sin(2XAa) =0 (63)
Figure 74 shows a plot of the lowest eigenvalue of equation 62 and 63. The lowest eigenvalue
will determine the strongest singularity.

From Equation 47 - 49 the stress components are proportional to r*~!. From the mathemat-
ical singularity criterion for elasticity in section A.2: X\ > 0. In the case of a crack, 2a = 360°
and A\; = Ay = 0.5. In the case of an unnotched specimen 2« = 180° and A; = Ay = 1.

Solving the Equation 62 A = Ag. Equation XX YY will not be linearly dependent and can
be solved for A; and A, such that:

Ap =A(Xs — 1)sin(As — D (64)
Ay =— A(Xs + 1) sin(As + 1)a (65)
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Figure 74: Lowest eigenvalue of A plotted against 2c.. A; is the symmetric term and Ay is

the asymmetric term.

This will produce the following airy stress function:

bs = Ar*F(\, — 1) sin(As — Dacos(As +1)8 — (Ag 4 1) sin(As + 1)acos(As — 1)0] (66)

The same is done for the asymmetric stress field.

s = BrIaTH (A s +1)sin(Ag — Dasin(Ag +1)0 — (\s 4 1) sin(Ag + 1)asin(Aa — 1)8] (67)

For a crack A\¢ = A4 = 0.5. Setting 34y/7/2 = K; and using Equation 42 in polar
coordinates the following components of the symmetric stress field is obtained:

Opp = % Z cos <g) - icos (320>} (68)
ogp = \/% Z cos (Z) + icos (329>] (69)
Tro = % le sin (Z) + isin (320)] (70)
For the asymmetric stress field the following result is obtained:
Opp = j{% [—Z sin <Z) + %Sin <320)] (71)
ogo = K2[7rlr [—isin (g) - %Sin (?)} (72)
Tro = % B cos (Z) + zcos <320>] (73)

K7 corresponds to mode I loading and K corresponds to mode II loading.
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A.4 Lazzarin-Tovo

The following section is reproduced from P. Lazzarin and R.Tovo [20]. The method gives
a unifying mathematical approach for evaluation linear elastic stress fields around cracks,
sharp notches and blunt notches, as shown in Figure 75.

Figure 75: Geometry, stress components and coordinate system for the Lazzarin-Tovo so-
lution. Left: Sharp notch, coordinate system at notch tip. Right: Blunt notch, coordinate
system at distance ry from notch tip.

The stress field is based on Kolosoff-Muskelishvili’s method using the following potential
function, with real and complex components:

B(2) = az*, P(z) = b2 + c2? (74)

From this the stresses can be written as:

ogo = M Lay (14 A) cos(1 — A8 + agA(1 + ) sin(1 — N0 + by cos(1 4+ A)0 — by sin(1 4 A)6]
(75)

+prt ey cos(1 + )0 — cosin(1 + p)6)]

Orr = M ag (3 = N) cos(1 — N0 + az(3 — A)sin(1 — A\)@ — by cos(1 4 A8 + by sin(1 + \)f]
(76)

+prt T —cp cos(1 + )0 + cosin(1 + p)6)]

7o = A" ay (1 — A)sin(1 — A)f — ag(1 — A) cos(1 — A)6 + by sin(1 + A)6 + by cos(1 + \)6)
(77)

+prt ey sin(1 4 p)6 + co cos(1 + u)6]

A.4.1 Coordinate system

A new coordinate system is defined in order to be able to impose the correct boundary
conditions to the notch. The coordinate system is curvilinear in order to describe the notch
geometry. The coordinate system: z = x + iy is replaced with w = u + iv:

z+iy=re? = 2 = w? = (u+iv)? (78)
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Figure 76: Coordinate system from Lazzarin-Tovo stress field. The Cartesian coordinate
system(z,y) is replaced with a curvilinear coordinate system (u,v) in order to describe an
arbitrary notch geometry.

The coordinate system is shown in Figure 76. w = 0 describes a sharp angle, while any
constant positive value of u describes a smooth notch. The opening angle (along u = 0) 2«
can be expressed in terms of ¢:

20 =7m(2 —q) (79)

The radius, p, of the notch at the abscissa axis is given by:
p=—— (80)
Figure 77 shows the curvilinear coordinate system for different values of q. A crack can be

described by ¢ = 2 along v = 0. When 2 > g > 0 a sharp notch will be described along
u = 0. When ¢ = 1 a unotched geometry is decribed for all values of w.

Figure 77: Curvilinear coordinate system for different values of gq.

(0]



A.4.2 Boundary conditions

In curvilinear coordinates the stress components can be written as:

1 1 20 20
Cuu = 5(0'7,744»0'99)4*i(Urrfo'gg)COS; 77'Tgsin; (81)
1 1 20 0
Opo = 5(0,«,. +og9) — 5(07.7. — 0gg) COS ? + 7,0 sin ; (82)
1 20
Tuv = =(0pr + 0pg) SIN — + Trg SIn — 83
X )sin = : (53)

Along the surface of a notch the two following boundary conditions are given:

(Uuu)uzuo =0, (Tuv)uzuo =0 (84)

The mathematcial model are used to describe the stresses in the areas close to the notch tip,
and will only be valid in a certain distance away from this. After these boundary conditions
are applied for the correct distance from the notch tip, the stress field can be described.

A.4.3 Paramters and constants

According to the boundary conditions the following system is obtaied (the same as in
Williams’ solution):

(A+1)cos(1 = A)4E  cos(1+ A)4F 0 0 ay
(A=1)sin(1 = X)L sin(1+ N4 0 0 by | _ 0

0 0 (A+1)sin(1 =X)L —sin(1 + A)LF as

0 0 (A—=1)cos(1 = A4 —cos(1 + )L by
(85)

This gives the following expressions for A:

sin(A1gm) 4+ Ay sin(gm) =0 (86)
sin(Az2gm) — Agsin(gm) =0 (87)

The solution to Equation 86 and 87, gives the eigenvalues. Equation 86 gives A\; correspond-
ing to mode I loading, while Equation 87 gives Ao corresponding to mode II loading.

The constants, a1, b1, as and by are given by:
bln = aln(1 - )\ln)Xl'ru b2n = _a2n(1 - )\2n)X2n (88)
Where the coefficient X5 are given:

sin(1 — Mg )qm/2

Xik = ——
F sin(1 + A\ )qm/2
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A.4.4 General formulation of stress components

Mode I

0o (14 A1) cos(1—Ap)0 cos(1+ A\
[ fo ]/\17')‘11041[ (3= A1) cos(1—A1)0 +X1(1/\1)[ —cos(1+ )\ H
Tro (I =XA1)cos(1—A1)0 sin(1 4+ A\

. ()#1/\1 (3= A1) — X1(1 — Al)]l —cos 1+

Mode II

0o (14 A2)sin(1 — Ap)6 sin(1 + A\p)0
o | = X2 lay H (3—Ag)sin(l — X2)f |+Xo(1 4+ Xo)| —sin(l+ \)0 H
Tro (1 —X2)cos(l — Az)b cos(1+ Ap)0
R sin(1 + p2)6
- (> [(1 — X)) + Xg(l + /\1)] - sin(l + HQ)Q 1] (91)
"o cos(1 + ug)f

The stress components can be expressed by the stress field parameter K.

K1 = V2r lim(ogg)o—or' ™™,  Kir = V21 lim (7,4)g=or’ 2 (92)
r—0 r—0

The coefficients a; and ay are then expressed as:

o = K1 o = o (93)
MV2r[(1 4+ A1) + X1 (1= Aq] MoV27[(1 = X)) + X1 (1 + A
The stress field for mode I loading can be expressed as:
l 09 ] 1 MK l Eil’>+ ilgcosg — ilgg ]
Orp = — A1) COS(1 — Aq
Tro V2 (14 A1) + X (1= A1) (1 —Xp)cos(l —A)0
cos(1+ A\)f
+X1(1—A1)[ —COS(1+>\1)9 ‘|‘|
sin(1 4+ A\p)6
NG cos(1+ u1)0
H(Z) -0 -xa-a) [ —cos(1 + n)f H (91)
To sin(1 4 u1)6
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The stress field for mode II loading can be expressed as:

[ J66 ] ! Pl

*(3 — )\2) Sin(l — )\2)0

—(1 + )\2) sin(l — )\2)9
T T o (1= Aa) + X(1+ Ao H ]

g ) (1= Aa) cos(1 — Ag)0
—sin(1+ A2)0
+X2(1+)\2> Sin(1+)\2>9
cos(1 4 A2)f
N sin(1 + po)0
— () [(1 — /\2) + Xg(l + )\1)] - Sin(l + ug)e 1] (95)
To —cos(1 + p2)0

A.4.5 William’ Solution

Using Lazzarin-Tovos solution for a v-shaped notch (and cracks), the part relating to rg
is left out, and the solution is indentical to Williams solution. The stress field for mode I
loading is written as:

oY) 1 T')‘lilKI (1 —+ )\1) COS(]. — )\1)9
72 |-t |
cos(1+ \)0
+X1(1—A1)[ —COS(1+>\1)9 ]] (96)
sin(1 4+ \p)é

The stress field for mode II is written as:

[ 096 1 ! 1K,

—(1+ Ag)sin(1 — Xo2)6
l —(3 — /\2) Sil’l(l — )\2)9 ‘|

Tro S V2 (=) + X (1+ ) (1 —A2)cos(1—Ay)6
—sin(1+ A2)0
cos(1+ A\q)d

A.4.6 Creager-Glinka’s Solutions

Using Lazzarin-Tovo’s solution for a u-shaped notch, Creager-Glinka’s solution are obtained.
The opening angle 2a = 0, such that ¢ = 2, A\; = 0.5 and g7 = —0.5. This gives the following
solution:

bof’T 11 3cosf/2 cos 360/2 cos6/2
[ Orr ] = 1[4 H 5co86/2 |4+ | —cos30/2 +2 —cos6/2 H
o vam sin /2 sin 36/2 sin /2

cos(0/2((1 + sin?0/2) — p/2r)
sin(0/2((cos? 6/2) + p/2r)

2mr (98)

l cos(0/2((1 — sin®0/2) + p/2r) 1

78



In order to relate the stress field parameter to the maximum stress at the notch tip:

Ki = Omaz/Tp/2

The same can be done for mode II loading.
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B Strain Energy Density with different critical radius
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Figure 78: SED of fatigue data with critical radius of 0.1 mm and 0.25 mm.

AW, — N curves for different values of critical radius is shown in Figure 78. The data is
compared with the scatter bands from 900 weld geometries presented in Section 3.7 Figure
28. The SED analysis performed with a control radius of 0.25 fits the data from the welded
joints well, as well as giving a one unified curve.
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