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Abstract

Additive manufacturing of high temperature alloys has been recently attracted
a vast amount of interest, as the technology enables fabricating components
with functionally optimized designs and complex geometries. Despite this im-
portance, very limited information exists in literature about the mechanical
response of such AM alloys at elevated temperature. This study is about the
investigation of the cyclic plasticity and fatigue response of AM Hastelloy X
at 700◦C. 17 strain-controlled fatigue tests were performed for samples with
two different conditions: as-built and surface machined. The results obtained
from these tests were then compared with other reports for AM-Hastelloy X
at other temperatures or conventionally fabricated Hastelloy X.

Results from the fatigue tests have shown that there are big differences in the
fatigue life of a test specimen, depending on its surface condition, temperature,
applied strain amplitude or manufacturing method. LPBF-Hastelloy X can
show both, cyclic hardening or cyclic softening. Serrated flow behaviour can
be observed in stress-strain hystereses. A large scatter in the results was
noticed and can be explained by internal porosities or defects on the surface
caused by the additive manufacturing process.
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Chapter 1

Introduction

1.1 Motivation

Hastelloy X, also known as HX alloy, which has been investigated during this
project is a nickel-based solid solution strengthened superalloy. It is used in
various components, such as gas turbine blades, tail pipes or combustor cham-
bers. Hastelloy X is characterized by its excellent oxidation and nitriding
resistance and good strength at high temperatures [1, 2, 3].

Additive manufacturing (AM) processes such as laser powder-bed fusion (LPBF)
are rapidly advancing over the past years due to their many advantages com-
pared to conventional manufacturing [4]. Beside of a tool-less production from
”Lot Size One”, the functional integration of other parts, lightweight design
or the ability to produce very complex structures is possible [5]. An exam-
ple for an application in the high-temperature sector, in which Hastelloy X is
used, Magerramova et al. [6] demonstrated the possibility of using AM for the
manufacture of turbine blades with embedded internal cooling channels, which
cannot be manufactured by conventional methods.

Despite the many benefits of AM, there are still some challenges that need to
be overcome. Metallic LPBF-parts present several defects in terms of pores
and surface roughness, where these defects can drastically affect the material
properties [7, 8]. Reliable mechanical properties of the manufactured AM-parts
are a prerequisite for series production and thus a need to be more deeply
investigated [7]. For load bearing parts, mechanical response of metallic AM-
parts is according to Esmaeilizadeh [9] one of the main properties to study.
Because of rapid solidification and high cooling rates during manufacturing
LPBF-parts show a finer microstructure and therefore better properties under
quasi-static conditions than conventional manufactured parts [10]. Apart from
that, internal defects or the surface roughness of AM structures are a main
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1 Introduction

reason why they show a inferior fatigue behaviour than conventionally made
parts [9]. There exist very few studies about the mechanical response of LPBF
HX, especially for fatigue response. Therefore a more detailed examination of
fatigue properties of HX at high temperature is necessary.

1.2 Objective of the Project

The aim of this project is to conduct fatigue tests at high temperatures to
characterise the fatigue behaviour of LPBF-Hastelloy X. Esmaeilizadeh et al.
[11] investigated in their recent study the effect of LPBF process parameters
on the quasi-static and fatigue behaviour of Hastelloy X. Optimized process
parameters were then used to manufacture the specimens used for this project.
With the same specimens LCF-tests at room temperature were performed by
Esmaeilizadeh [9]. For the high-temperature tests 700◦C was chosen, because
Saarimäki et al. [12] have done fatigue crack growth tests on AM HX at this
temperature and claimed that this is the working temperature and the tem-
perature at which the material’s properties start to deteriorate.

Another aspect which is investigated in this project is the surface condition.
As mentioned above, the surface roughness has a major influence on the fa-
tigue life of a part. This investigation is important, because AM is often used
for complex geometries where a post-processing of the surface is challenging
or impossible.

The results from the fatigue experiments were then compared with data from
the literature. The following comparisons of the fatigue response are made:

• Room temperature LPBF-HX vs. LPBF-HX at 700◦C

• Additive manufactured HX vs. conventional manufactured HX

• Effect of surface roughness: as-built vs. surface machined LBPF-HX

2



Chapter 2

Literature Review

2.1 Hastelloy X

The material used for this project is Hastelloy X (HX), a nickel-based solid
solution strengthened superalloy. It’s chemical composition is shown in table
2.1. The presence of the high percentage of Ni results in good strength even
at higher temperatures while chromium is responsible for high oxidation resis-
tance [13]. Hastelloy X has excellent forming and welding characteristics. It
is widely used in high temperature applications like gas turbine burners, tail
pipes, jet engines or combuster chambers [3, 12, 10]. Some typical properties
of conventional manufactured HX are listed in table 2.2.

Table 2.1: Nominal chemical composition of Hastelloy X [13].

Element Ni Cr Fe Mo Co W C Mn Si B

Composition [%] 47a 22 18 9 1.5 0.6 0.1 1b 1b 0.008b

a As balance
b Maximum

Parts made of Hastelloy X manufactured in a LBFP-process as described in
section 2.2 show different mechanical properties compared to conventional
manufactured ones [10]. One reason for this is the ultrafine solidification mi-
crostrucutre caused by high cooling rates during additive manufacturing [9].
Wang [10] compared the mechanical properties of hot forged HX and SLM-
HX. He showed that yield stress and ultimate tensile stress of SLM specimens
are higher and the elongation is lower than the hot forged alloy. According
to Saktihivel et al. [1] Hastelloy X shows a complicated yielding behaviour
in the intermediate temperature range. This can be attributed to dynamic
strain aging (DSA) behaviour, which is discussed in section 2.5. According to
Miner and Castelli [2] conventional manufactured Hastellox X exhibits cyclic
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2 Literature Review

hardening over a wide temperature range between about 200◦C and 700◦C.
This phenomenon is described in more detail in section 2.4.

Table 2.2: Typical physical properties of conventionally manufactured Hastelloy X
[13].

Density Melting range Elastic modulus Yield stress

[kg/m3] [◦C] [GPa] [MPa]

8220 1260 to 1355 205 (at 25◦C) 380 (at 25◦C)

2.2 Selective Laser Melting

Additive Manufacturing (AM) or 3D printing is a general expression for a
process that builds object from three-dimensional digital models, usually by
adding material layer-by-layer [14]. There exist many different system con-
figurations for AM, based in various technologies. For Metal Additive Manu-
facturing (MAM) one of the most used technology is Selective Laser Melting
(SLM), also referred to as Laser Powder Bed Fusion (LPBF) [15]. The general
working principle of SLM is shown in figure 2.1. A laser beam is directed by
a scanner system at a bed of powder to fuse a layer defined by the cross sec-
tional area of the sliced 3D-model. The laser follows a predefined scan path
of overlapping weld beads. After a layer is finished the powder bed and the
part are then incrementally dropped and recoated by a roller or blade adding
a new layer of powder. Then the next layer is melted selectively and solidified
and fuses with the previous layer until the complete part is formed [16]. The
process is influenced by a large number of different parameters, which makes
an optimization for different materials necessary. Examples for process pa-
rameters are scanning speed, layer thickness, laser power or hatching distance
between two paths [15]. To acknowledge, the main disadvantages of the SLM-
technology are low production rate, the need of support structure or necessary
post-processes as powder removal or heat treatment [17].

2.3 Fatigue

2.3.1 Theory of Fatigue

Fatigue is defined as a process of the cycle-by-cycle accumulation of damage
in a material undergoing fluctuating stress and strains [18]. A main feature of
fatigue is that the load is usually not large enough to cause immediate failure.
Instead, failure occurs after a certain number of load cycles, i.e. after the
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2.3 Fatigue

Figure 2.1: Selective Laser Melting (SLM) technology [15].

accumulated damage has reached a critical level. According to Cui [19] fatigue
failure is one of the most common failure modes of metallic structures.
Fatigue crack formation and growth can be divided into three stages. A crack
usually starts from the surface, where fatigue damage begins as shear cracks
on slip planes (stage I). Then, after a transient period, crack growth occurs
in a direction normal to the applied stress (stage II). Finally, fracture occurs
after the crack becomes unstable (stage III). Figure 2.2 shows a schematic
representation of these three stages [19].
According to Schijve [20] differentiating between the crack initiation period
and the crack growth period is very important because several surface con-
ditions do affect the initiation period, but have a negligible influence on the
crack growth period. For predictions on crack initiation and crack growth,
the important parameter is the stress concentration factor Kt and the stress
intensity factor K respectively.
Crack initiation starts mostly at the material surface. A reason is the inhomo-
geneous stress distribution due to a notch effect of an unevenness or roughness.
As a result a stress concentration occurs at the surface. Therefore Schijve sum-
marizes:

”In the crack initiation period fatigue is a material surface phenomenon.” [20]

This implies that the surface condition has a big influence on the crack nucle-
ation and Kt is the dominating factor within the crack initiation period.
An existing microcrack contributes to an inhomogeneous stress distribution
with a stress concentration at the tip of the crack. As a result, the crack starts
growing into the material, in general with a tendency to grow perpendicular to
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Figure 2.2: Schematic representation of fatigue crack formation and growth in met-
als [19].

the loading direction. The crack growth rate can vary during crack formation
and depends for instance on the number of grain boundaries which function
as a barrier for the crack. How fast a crack will grow depends on the crack
growth resistance of the material. Thus the following holds:

”Crack growth resistance when the crack penetrates into the material
depends on the material as a bulk property. Crack growth is no longer a

surface phenomenon.” [20]

2.3.2 Fatigue Life Modelling

Fatigue is the primary failure mechanism in most engineering components.
Hence, the accurate prediction of the fatigue life is of critical importance. As
described in section 2.3.1 fatigue damage increases with applied cycles in a
cumulative manner, which can lead to fracture. Based on this consideration a
way to predict the fatigue life of a material is the cumulative fatigue damage
(CFD) theory [19]. In this section two different CFD-approaches to model
the fatigue life are described: The Basquin-Coffin-Manson relationship [21, 22]
and the Jahed-Varani relationship [23].

The strain-based Basquin-Coffin-Manson (BCM) equation is mostly used for
modeling strain-life response of metals. The total strain applied during a cycle
can be divided into an elastic and a plastic part. The elastic (εa,elastic) and
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2.3 Fatigue

plastic (εa,plastic) strain amplitudes are defined by the Basquin and Coffin-
Manson equations, respectively as:

εa,elastic =
σ

′

f

E
(2Nf )b (2.1)

εa,plastic = ε
′

f (2Nf )c (2.2)

where E is the modulus of elasticity and Nf are the cycles to failure. σ
′

f and b
are the fatigue strength coefficient and fatigue strength exponent, respectively,
and ε

′

f and c are fatigue ductility coefficient and fatigue ductility exponent,
respectively [24].

The procedure to find the parameters for Eq. 2.1 and Eq. 2.2 can be found
using the Standard Practice for Statistical Analysis of Linear or Linearized
Stress-Life (S-N) and Strain-Life (ε-N) Fatigue Data [25]. Figure 2.4 (a) shows
a schematic illustration of the elastic and plastic strain amplitudes obtained
from the midlife hysteresis loop. The total strain amplitude, εa, is then ob-
tained from the superposition of its elastic and plastic part by combining Eq.
2.1 and Eq. 2.2:

εa = εa,elastic + εa,plastic =
σ

′

f

E
(2Nf )b + ε

′

f (2Nf )c (2.3)

Figure 2.3 shows an example of the representation of elastic, plastic, and total
strain resistance to fatigue loading [19].

Figure 2.3: Representation of elastic, plastic, and total strain resistance to fatigue
loading [19].
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2 Literature Review

The energy-based Jahed-Varani (JV) equation is another approach to model
the fatigue life, but instead of strain- it is energy-based. It assumes that the
dissipated energy density during cyclic loading has a major contribution to the
fatigue damage process, especially in the LCF regime [23]. Because energy is
a scalar parameter, the strain energy corresponding to different stress/strain
components can be manipulated algebraically, without the concern of different
material orientation or loading direction [26]. Analogue to the BCM-model the
total strain energy density consists of its elastic and plastic part. The positive
elastic strain energy density, 4E+

e , and the plastic strain energy density, 4Ep,
can be obtained out of the midlife hysteresis loop. 4E+

e can be calculated by
Eq. 2.4, where σmax is the tensile peak stress and E the elastic modulus. 4Ep

is calculated from the area inside the midlife hysteresis loop by Eq. 2.5 [24].

4E+
e =

σ2
max

2E
(2.4)

4Ep =

˛
σ dε (2.5)

Figure 2.4 (b) shows schematically the positive elastic and plastic strain en-
ergies in the midlife hysteresis loop. The total strain energy density 4E is
related to the fatigue reversals by:

4E = 4E+
e +4Ep = E

′

e(2Nf )B + E
′

f (2Nf )C (2.6)

where E
′
e, B, E

′

f , C are the fatigue strength coefficient, the fatigue strength ex-
ponent, the fatigue toughness coefficient, and the fatigue toughness exponent,
respectively [24].
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Figure 2.4: a) Schematic illustration of elastic and plastic strain ranges,
b) Schematic illustration of positive elastic and plastic strain energy
densities.
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2.4 Cyclic Hardening / Softening

An example of a typical energy-life curve obtained with JV-approach with the
corresponding energy-based properties is shown in figure 2.5.

Figure 2.5: Example of a typical energy-life curve obtained using the Jahed-
Varvani approach [23].

2.4 Cyclic Hardening / Softening

During constant strain amplitude cyclic loading the stress amplitude can change
over the lifetime of a sample. Depending on if the stress is increasing or decreas-
ing, the phenomenon is called cyclic hardening or cyclic softening, respectively.
Miner and Castelli [2] investigated the hardening mechanisms in conventional
manufactured HX. They observed that HX shows cylic hardening behaviour
and they examined the mechanisms contributing to this behaviour. Two main
causes for the hardening were found: M23C6 precipitation and increasing dis-
location densities.

For additive manufactured HX other cyclic behaviour can be observed due to
the different microstructure. According to Esmaeilizadeh [9] LPBF-HX spec-
imens show an increase in the stress amplitude at constant strain amplitudes
in the first few cycles of life. Moreover, at higher strain amplitudes the initial
hardening is followed by continuous softening. At lower strain amplitudes only
slight hardening is observed [9].
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2 Literature Review

2.5 Dynamic Strain Aging

According to Sakthivel et al. [1] Hastelloy X alloy exhibits, as in several Ni-
based superalloys and steel, complicated yielding behaviour in the intermediate
temperature range. This has been attributed to dynamic strain aging (DSA)
phenomenon. Serrated or jerky flow can be observed that occurs after a cer-
tain amount of critical plastic strain. The phenomenon can be explained by
the dynamic interaction between mobile dislocations with dislocation barriers
such as solute atoms [1]. Normally, dislocations are moving during plastic de-
formation. A cloud of those solute atoms can hold up the dislocations until a
certain amount of stress is exceeded. This leads to the serrated flow behaviour.
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Chapter 3

Materials and Methods

In this chapter both, the used materials and applied methods are described.
After characterizing the properties of the specimen, the experimental setup
and testing procedure are explained. Finally, the data analysing methods are
described.

3.1 Specimen

The cylindrical specimens used for this project are made of Hastelloy X whose
properties are described in section 2.1. They were manufactured by Reza
Esmaeilizadeh at University of Waterloo, Canada using a EOS M290 laser
powder-bed fusion (LPBF) system. The test samples were fabricated under
argon atmosphere with a build plate temperature of 80◦C using EOS Hastelloy
X powder with a particle size of 15-45 µm [11]. All specimens used for the
experiments of this project have the same geometry, shown in figure 3.1.

Figure 3.1: Geometry of the specimen used for fatigue tests (dimensions in mm).
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3 Materials and Methods

In their study [11] Esmaeilizadeh et al. have investigated the effect of LPBF
process parameters on static and fatigue behaviour of Hastelloy X. Based on
this and previous studies [27] the process parameters listed in table 3.1 were
used to produce the samples. The specimens were manufactured vertically,
using 67◦rotation of the scanning vectors at each successive layer, where the
loading direction in mechanical testing was the same as the building direction.

Table 3.1: LPBF process parameters used for printing fatigue specimens [11].

Laser Laser Scanning Hatching Layer
Power Speed Distance Thickness

[W] [mm/s] [mm] [mm]

195 850 0.09 0.04

As described in section 1.2, one of the objectives of this project is to inves-
tigate the influence of the surface roughness on the fatigue response of the
material. Therefore, two different specimens were used for comparison. After
fabrication in the LPBF-system one version remains unchanged, hereinafter
called ”as-built”. The other version is post-processed to smooth the surface
of the specimen, in the following called ”surface machined”. The two versions
used for mechanical fatigue testing are shown in figure 3.2. Finally, threads
were added to the ends of all of the specimens in order to clamp them in the
testing machine.

Figure 3.2: Comparison of the two versions of the specimen used for mechanical
testing. Top: surface machined, bottom: as-built.

3.2 Experimental Setup

Isothermal mechanical experiments were performed using a servo-hydraulic
MTS testing machine, as shown in figure 3.3, with a capacity of 100 kN. A
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3.3 Low Cycle Fatigue - Testing

cooper coil is placed around the specimen to heat it up using induction. Three
thermocouples (K-type) were used to control and monitor the temperature
over the gauge length of the specimen. Normally the thermocouples are spot-
welded on the surface of the specimens. Due to the rough surface of the as-built
version of the test specimens a proper welding is not possible. Therefore, a
ring was formed with the two cables of each thermocouple. The three rings
were pulled around the specimen and placed in the centre and at ±5 mm away
from the center. The signal of the thermocouple in the center of the specimen
was used to control the temperature and keep it at a constant level. As shown
in figure 3.3 a side-entry MTS extensometer with a gauge length of 15 mm
was used for the measurement and control of the axial strain. To measure the
load acting on the test piece an integral load cell was used.

Thermo-
couples

Coil

Extensometer

(a) (b)

Figure 3.3: a) MTS 100kN testing machine, b) Close up of the fixed and heated
specimen.

3.3 Low Cycle Fatigue - Testing

As described in the introduction this project is about the determination of
fatigue properties of LBPF Hastelloy X. In this section the procedure of a low-
cycle-fatigue (LCF) test according to the International Standard (ISO 12106
[28]) as well as the testing plan of this project is described.

13



3 Materials and Methods

During a test the specimen was uniaxially loaded under strain control at con-
stant amplitude, uniform temperature and strain ratio Rε = −1. Tests with
different strain amplitudes were performed for both surface conditions, all
with a constant strain rate of 0.2 %s−1 and at a temperature of 700◦C. 17
selected experiments were carried out to characterize the fatigue properties of
AM Hastelloy X. If possible, two experiments with the same condition were
performed in order to increase the statistical significance of the result. The
detailed list of the conducted testing program is listed in table 3.2.

Table 3.2: Summary of test details for the performed LCF-Tests.

Surface machined As-built Strain amplitude Number of tests

[%] [#]

x 0.8 2
x 0.5 1
x 0.45 1
x 0.4 2
x 0.3 1
x 0.2 2
x 0.1 1

x 0.8 2
x 0.4 2
x 0.2 2
x 0.1 1

The fatigue tests were automatically stopped at the cycle the measured stress
dropped more than 60% of it’s initial value, hereinafter referred to as ”total
cycles”. The number of cycles to failure was defined as the cycle the crack
initiation occurs. The procedure to find the number of cycles to failure is
decribed in section 3.4.
For each test the following data was recorded and saved:
- E-Modulus at room temperature and at 700◦C
- Maximum / Minimum stress of each cycle
- Continuous stress and strain in each cycle
- Temperature of the three thermocouples as a function of time

14



3.4 Data Analysis

3.4 Data Analysis

To compare the results from the LCF-Tests three major relationships had to
be recorded and plotted:
- Fatigue life (cycle to failure) as a function of strain amplitude
- Maximum / Minimum stress as a function of cycles
- Stress as a function of strain for each cycle (hysteresis loop)

Hysteresis loops of the following cycles were saved for each test: 1, 3, 30,
100, 1000, 3000, etc. including the cycle of crack initiation and the midlife
cycle. The midlife cycle is defined as half of the number of cycles to crack
initiation.

To find the number of cycles to failure the following procedure, as shown in
figure 3.4, was applied after the test was finished: the maximum tensile stress
of each cycle was plotted over the number of cycles. To cancel out stress
variations at the beginning and at the end only data from the middle third of
the cycles was used. For this middle part a linear trend line was fitted at the
data points. The criterion for crack initiation was defined as a drop of 5% of
the maximum stress. The number of cycles to failure can be read out of the
intersection between the maximum stress and the 5% stress-drop function.
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Figure 3.4: Failure criteria: example to find number of cycles to crack initiation.

To extract the needed data out of the generated .txt-files and to determine
the number of cycles to failure two Matlab-scripts were developed. The first
one assigns the peak and valley stresses to the associated cycle number and
calculates the cycle to crack initiation as described above. A second script is
used to sort out the data that is needed to generate the hysteresis loops. The
codes of the Matlab-scripts are located in the Appendix A - Matlab Scripts.
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Chapter 4

Results and Discussion

The following section contains the results of the LCF-Tests and the corre-
sponding interpretation of them. First, some selected hysteresis cycles and
peak / valley stresses are shown. After that the implementation of the fatigue
life models for one type of tests is done. Finally, the results are compared with
data from the literature as described in the objective of this project in section
1.2.

4.1 Fatigue Test Results

4.1.1 Hysteresis - Midlife Cycle

In order to investigate and compare the fatigue behaviour of Hastelloy X 17
LCF-Tests were performed. In this section the stress-strain hysteresis of the
midlife cycle of four selected strain amplitudes are shown and compared. The
chosen strain amplitudes for the comparison are: 0.8%, 0.4%, 0.2%, and 0.1%.
The data from the additional tests was used for the fatigue life calculation.
It is necessary to point out that due to problems with the heating-coil and
the control loop the deviations between the test temperature and that of the
specimens were not always within the 5◦C that are specified in the standard
for LCF-tests (ISO 12106 [28]).

Figure 4.1 shows the midlife hysteresis of the surface machined condition of two
tests per strain amplitude, expect for 0.1%. If a test reached one million cycles
it was stopped manually. During the test at 0.1% strain amplitude a prob-
lem with oil hydraulic system occurred and the experiment had to be stopped
earlier, at 335’000 cycles. For each test the total cycles (end of experiment)
and the cycles to failure (crack initiation) are noted. Both tests of the same
condition are plotted in the same diagram (blue and orange curve) for a better
comparison. In general one can observe that the stress-strain hysteresis for two
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4 Results and Discussion

tests at equal conditions are quite similar. For some strain amplitudes serrated
flow behaviour as described in section 2.5 can be observed, for example it is
very pronounced for the strain amplitude of 0.8%. For which conditions the
phenomenon occurs and for which it does not, still needs to be investigated in
more detail. Another strange observation is the oscillating behaviour in the
compression part of the 0.2%-hysteresis. This behaviour is not visible for other
strain amplitudes. No inconsistency was found in the data like for example a
big temperature gradient fluctuation during the cycle. A possible explanation
could be machine noise which results in the undulating shape of the hystere-
sis. Figure 4.2 shows data of the same strain amplitudes but for the as-built
condition. Similar observations can be made as for the previous condition, for
example a decreasing stress level for decreasing strain amplitudes. A detailed
comparison of the two conditions is described in section 4.2.
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Figure 4.1: Stress-strain hysteresis of the midlife cycle of four selected strain am-
plitudes: surface machined.

4.1.2 Peak / Valley Stress

Similar to the section above, the results of the four different strain amplitudes
are presented in this section. Instead of the hysteresis, the maximum and min-
imum stress of each cycle are plotted over the cycle number, also referred to as
peak / valley stress. Figure 4.3 and Figure 4.4 show the peak / valley stresses
of specimens in the surface machined condition and the as-built condition. As
before two tests of the same strain amplitude are plotted in one diagram, ex-
cept for the 0.1% strain amplitude.

It can be seen that a small change of the strain amplitude can have a mas-
sive impact on the lifetime of a part. If the curves of two tests with the same
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Figure 4.2: Stress-strain hysteresis of the midlife cycle of four selected strain am-
plitudes: as-built.

conditions are compared, one can observe that most of them show a similar be-
haviour at the beginning but they can behave quite differently afterwards. In
general, two different behaviours are observed: either the course of the curves
of the two tests have a similar shape but a different lifetime (e.g. figure 4.3,
0.4%) or they show a different behaviour in the end (e.g. e.g. figure 4.4, 0.2%).
An explanation for those big differences in the lifetime could be an existing
invisible crack from the inside of a specimen that leads to a much earlier fail-
ure. For a better understanding and explanation the fracture surface should
be analysed under a microscope to investigate the origin of the crack. The
increase of the stress at the end of the orange as-built test at 0.2% (figure 4.2,
bottom left) could be explained by a crack that occurred outside of the gauge
length of the extensometer. The strange behaviour of the as-built condition at
0.1% could not be explained until now.

Interesting to see is the different cyclic behaviour of the various tests. As de-
scribed in section 2.4 LCF-deformation of conventional manufactured Hastelloy
X at elevated temperature results in continuous cyclic hardening up to failure
[29]. Additive manufactured parts show both behaviours, cyclic hardening and
cyclic softening. For instance the stress at 0.8% in figure 4.3 decreases (cyclic
softening) while it increases for 0.2% strain amplitude (cyclic hardening). Fur-
ther investigations and more tests have to be done for a better prediction which
behaviour is observable at which conditions.
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Figure 4.3: Peak / valley stresses of four selected strain amplitudes: surface ma-
chined.
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Figure 4.4: Peak / valley stresses of four selected strain amplitudes: as-built.

4.1.3 Fatigue Life Model

In this section the modelling of the fatigue life as described in section 2.3.2
is presented. For the fatigue life prediction the results of the 0.1% strain am-
plitude tests have not been taken into account since they had to be stopped
and therefore did not fail. The parameters of Basquin-Coffin-Manson model
and the Jahed-Varvani model are calculated and listed in table 4.1 and 4.2,
respectively.

The parameters are used in Eq. 2.3 and Eq. 2.6 to calculate the BCM strain-
life curve and the JV energy-life curve, respectively. For the surface machined
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4.1 Fatigue Test Results

Table 4.1: BCM fatigue life model parameters for HX.

σ
′

f

E
ε
′

f b c

Surface machined 1.0567 2057.9 -0.097 -1.131
As-built 1.511 6597.5 -0.162 -1.449

Table 4.2: JV fatigue life model parameters for HX.

E
′
e E

′

f B C

Surface machined 0.4924 23672 -0.036 -1.215
As-built 1.1325 7522.7 -0.187 -1.561

condition the predicted life-curves of the two approaches including experimen-
tal points are shown in figure 4.5. In the same graphs the functions of the
elastic/plastic strain and elastic/plastic energy density are plotted.
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Figure 4.5: Top: modelled strain-life curve of the surface machined condition us-
ing BCM-approach, Bottom: modelled energy-life curve of the surface
machined condition using JV-approach.

4.2 Comparison: As-built vs. Surface machined

In the following the fatigue behaviour of the two investigated conditions, sur-
face machined and as-built, is compared. For illustration two strain amplitudes
are selected: 0.8% and 0.2%. Figure 4.6 shows a comparison of the midlife
hysteresis and the peak / valley stresses for both conditions at the two strain
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4.2 Comparison: As-built vs. Surface machined

amplitudes. The blue curves belong to the surface machined specimens while
the orange curves show the behaviour of the as-built condition. In general it
can be said that the stress level is lower for the as-built condition. This can
be due to smaller actual cross section. As mentioned before different cyclic
behaviour is shown for different conditions. As it can be seen in figure 4.6 the
surface machined condition shows a cyclic hardening at 0.2% strain amplitude
while the as-built condition shows cyclic softening.
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Figure 4.6: Comparison of surface machined and as-built condition at 0.2% and
0.8% strain amplitude.

Interesting to compare is the average of the lifetime of the two conditions. In
table 4.3 the average cycles to failure of three different strain amplitudes (0.8%,
0.4%, 0.2%) are listed. It can be seen that with decreasing strain amplitude
the difference of the lifetime increases. This observation can be explained by
investigation of the crack initiation and growth. With a small strain amplitude,
for example 0.2%, it takes a lot of time to create the first crack at the surface.
Due to the rough surface of the as-built condition there exist already many
”sources” for a crack initiation. Therefore a crack can occur much earlier
compared to a surface machined part despite of the small strain amplitude.
The higher the strain amplitude, the smaller the effect of the surface roughness
takes into account and therefore the difference between the cycles to failure
tends to be smaller.
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4 Results and Discussion

Table 4.3: Comparison of fatigue-life: surface machined vs. as-built.

Strain Failure cycles: Failure cycles: percent
amplitude Machined As-built change

0.8 450 218 -52 %
0.4 1067 509 -52 %
0.2 19656 2856 -82 %

4.3 Comparison: Room Temperature vs. 700◦C

Next, the obtained results are compared to the results from Esmaeilizadeh
[9] that have been done under the same conditions at room temperature. The
room temperature tests have been done with specimens at the ”as-built” condi-
tion. For comparison at 700◦C both, as-built and surface machined condition,
are used. Strain-life curves of the three conditions described above, modelled
with the BCM-approach, are plotted in figure 4.7. Notice: for the reversals to
failure at room temperature it is not clear, how ”failure” was defined for the
tests.
As excepted the material shows a lower fatigue life at higher temperatures.
For the machined condition the fatigue life decreases by a factor of about 2-10,
for the as-built condition about 5-30. Due to the fact, that the experiments at
700◦C for 0.1% strain amplitude were stopped manually, there exist no data
points for failure at this amplitude. For a better comparison data at lower
strain amplitudes (0.1% and 0.07%) for 700◦C would be necessary.
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Figure 4.7: Comparison of BCM strain-life curves at room temperature and at
700◦C.
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4.4 Comparison: Additive Manufactured vs. Conventional Manufactured

4.4 Comparison: Additive Manufactured vs.

Conventional Manufactured

As a last comparison the results from the tests are compared to data for con-
ventional manufactured Hastelloy X. Brinkman et al. [30] performed fatigue
tests on conventional manufactured HX at 649◦C and at 760◦C. It’s not the
same temperature as used for the AM-tests, but it’s sufficient for a comparison.

Figure 4.8 shows the strain-life curves of four different test conditions: as-
built and surface machined HX at 700◦C and conventional manufactured HX
at 649◦C and 760◦C. The fatigue life curves are modelled using the BCM-
approach. It can be clearly seen that the fatigue life of AM HX is shorter
than for conventional manufactured. This can be explained by the porosities
and rough surfaces of the AM-parts that promote the formation of cracks.
One can also observe that the difference in the lifetime between AM and con-
ventional increases for smaller strain amplitudes. AM-parts generally have a
higher yield strength and therefore a higher fatigue strength. For small strain
amplitudes the deformation plays a subordinate role with regard to crack for-
mation. Rather, the defects of AM materials are most likely responsible for
crack initiation and growth. Therefore the lifetime is even shorter at small
strains. For higher strain amplitudes the effect of the defects is less distinctive
and therefore the expected lifetimes are closer together.
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Figure 4.8: Comparison of BCM strain-life curves of additive and conventional
manufactured HX.
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Chapter 5

Conclusion

Fatigue tests of Hastelloy X at 700◦C were performed. The effect of surface
roughness was investigated by using two different surface conditions. To model
the fatigue life two different approaches, Basquin-Coffin-Manson and Jahed-
Varani, were used. The data of the fatigue tests was evaluated and the results
were then compared with data from the literature. In summary, three dif-
ferent comparisons were made: room temperature LPBF-HX vs. LPBF-HX
at 700◦C, additive manufactured HX vs. conventional manufactured HX and
as-built vs. surface machined HX.

With the results from the fatigue tests together with data from the literature
the following observations and conclusions can be made:

• The stress-strain hysteresis shows serrated flow behaviour at some con-
ditions, but not always.

• Two tests at the same test conditions can show a big difference in the
lifetime, among other things because of internal defects.

• AM Hastelloy X can show both, cyclic hardening or cyclic softening.

• Both fatigue life approaches can be applied to the fatigue life data, each
with its own advantages and disadvantages.

• The lifetime of additive manufactured parts out of Hastelloy X is shorter
than for conventional manufactured.

• The surface roughness can have a big influence on the fatigue life and the
fatigue behaviour of a part. The expected fatigue life for as-built parts
can decrease by up to 85% compared to surface machined parts.

• More scatter is observed for the surface machined condition than for the
as-built condition. An explanation for the observation could be, that
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5 Conclusion

as-built parts have many options for a crack initiation due to the rough
surface. Therefore all specimens have the same ”initial” condition and
the crack initiation occurs approximately at the same amount of cycles.
The surface machined specimens have all the same, smooth surface. But
one specimen could have an internal defect and another one not. The
lifetime is dependent on these defects and therefore more scatter in the
results is observable.

• Depending on the amplitude, the lifetime of a part at 700◦C can decrease
by a factor of 5-30 compared to the same conditions at room temperature.

• AM Hastelloy X fails earlier compared to conventional manufactured.
The difference between the cycles to failure increases with decreasing
strain amplitudes.

5.1 Outlook

In the future, the investigation of the fatigue behaviour of LPBF-Hastelloy X
at high temperatures should be continued. Due to the scope of the project only
one or two tests per strain amplitude have been performed. The more data
available, the better some phenomenons and observations can be explained and
the more the statistical significance is increased. Therefore, more experiments
at more different strain amplitudes and possibly different temperatures should
be done. The test procedure could still be improved to provide more constant
and less error-prone results. Especially the induction heating could be improve
in order to ensure a constant and isothermal temperature distribution and to
always achieve the targets from the standard.

For some tests the fatigue behaviour could only be described but not always
explained. Some inconsistencies and strange behaviours, like unexplainable
peaks, should be examined again more closely. Another possibility would be to
have a look at the fracture surface under a SEM (scanning electron microscope)
in order to investigate the crack initiation and growth.
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Appendix A - Matlab Scripts

Repeat for cycles 3, 10, 30, 300, etc.

Extract data from selected cycles:
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Appendix A - Matlab Scripts

Extract the needed data and calculate the cycle of crack initiation:
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