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Abstract / Kurzfassung

Abstract

Within the dissertation, a new lifetime prediction method called MiDAcLife is developed, enabling a
significant reduction in the required number of fatigue specimens. By combining non-destructively
determined signals and damage accumulation models, virtual S-N curves are obtained based on
only one fatigue test. This process-oriented assessment of fatigue behaviour demonstrably reduces
incurred costs. Since crack initiation from the surface is one of the most dominant failure mech-
anisms considering a High Cycle Fatigue loading, a key focus is on the assessment of the surface
influence on the fatigue behaviour of a 20MnMoNi5-5 steel, which was mainly used in German
nuclear power plants. The effect of increased surface roughness is demonstrated on five differently
manufactured surface conditions. Besides that, a method is developed by which the roughness is
modelled and directly integrated into MiDAcLife. As a consequence, conclusions regarding the
fatigue behaviour of different surface conditions can be drawn based on only one reference surface.
Another important aspect is the provision of individualised S-N curves. Therefore, additional pa-
rameters such as carbon content and different heat treatment for instance are considered while
the applicability of MiDAcLife is examined. Apart from that, new methods are presented that
enable the integration of statistical approaches, as well as the consideration of different damage
mechanisms in case of further material groups.

Kurzfassung

Im Rahmen dieser Dissertation wird das neu entwickelte Lebensdauerprognoseverfahren MiDAcLife
prasentiert, welches die benotigte Probenanzahl durch eine Kombination aus zerstérungsfreier Prii-
fung mit der linearen Schadensakkumulation deutlich reduziert. Infolge dieser vorgangsorientierten
Bewertung des Ermiidungsverhalten kénnen auftretende Kosten signifikant verringert werden. Ins-
besondere im Falle einer High Cycle Fatigue Beanspruchung ist die Rissinitiierung an der Oberflache
einer der wichtigsten Versagensmechanismen. Folglich besteht ein zentraler Aspekt in der Unter-
suchung des Oberflacheneinflusses auf das Ermiidungsverhalten eines 20MnMoNi5-5 Stahls, welcher
in der deutschen Kernenergietechnik Anwendung fand. Die Auswirkung der Rauheit wird an fiinf
Oberflachenzustédnden untersucht. Durch eine Modellierung der Daten wird eine Integration in Mi-
DAcLife zugénglich. Darauf aufbauend kénnen Riickschliisse auf das Ermiidungsverhalten unter-
schiedlicher Oberflachenzustinde basierend auf lediglich einer Referenzoberfléche gezogen werden.

Ein weiterer zentraler Aspekt besteht in der Bereitstellung individualisierter Wohlerkurven. Daher
werden zusétzliche Parameter wie beispielsweise der Kohlenstoffgehalt oder verschiedene Wéarmebe-
handlungen in die Betrachtung integriert und die Anwendbarkeit von MiDAcLife validiert. Dariiber
hinaus werden neue Methoden vorgestellt, welche die Erweiterung um statistische Ansétze, sowie
die Beriicksichtigung variierender Schadensmechanismen erméglichen.
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1 Motivation & Objectives

1.1 Motivation

Since fatigue of materials is one of the most common failure mechanism in engineering applications,
a profound understanding of ongoing microstructural processes is essential when it comes to future
research. Because of material degradation as a result of fatigue processes, specimen-, or component-
failure can occur at load levels well below statically determined strength values, which is why an
appropriate design of dynamically loaded components is quite challenging. However, overdimen-
sioning of components must be avoided, particularly in reference to energy policy requirements and
economic efficiency. Therefore, the microstructure, as well as the mechanisms involved, need to be
detected and understood.

In the past, serious accidents have reoccurred, caused by the sudden failure of components which
were subjected to dynamic loads. Only a small percentage of many damage cases are given in the
literature [1,2].

To estimate the lifetime of a specimen, which is subjected to dynamic loading, the so-called
S-N curve (Wéhler curve) is used. It displays the relation between the loading amplitude and
the corresponding number of cycles to failure. According to literature, first systematical investi-
gations regarding this relation were performed by the German engineer August Wohler in 1860 on
railway axles [3]. However, the generation of such curves is connected to an increased testing effort
of about 20 specimens and consequently to an increased amount of time and costs.

Apart from that, fatigue of metals is a multi-parameter phenomenon affected by a high amount of
influencing factors. These factors can be material-dependent as well as caused by environmental
influences. Since cracks mostly initiate at the surface, especially in the High Cycle Fatigue (HCF)
regime, roughness is of great importance and needs to be considered within the calculations. More-
over, residual stresses can result from the manufacturing process and increase or decrease the
lifetime of metallic components. In addition to the influencing factors mentioned, the ambient
temperature is a distinct factor leading to a lifetime reduction in most cases, with the exception of
phenomena such as dynamic strain aging.

A very important engineering field in which new material science methods are investigated, is the
field of nuclear energy. The reactor accident in Fukushima in 2011 has led to a worldwide review of
the design concepts and operating conditions of nuclear power plants used in Germany and inter-
nationally. Particularly in view of the fact that nuclear power plants currently in operation outside
of Germany still continue to be the largest source of low carbon electricity generation in OECD
(Organisation for Economic Co-operation and Development) countries, the technical and scientific
validation of long-term operation conditions is essential in order to achieve the decarbonisation
targets that have been set.

Components and structures of nuclear power plants are subjected to mechanical as well as thermal
loads. The aging of those components causes a need to develop new methods in order to enable a
reasonable prediction of the integrity. Even if certain information can be covered by simulations,
these simulations must be extended and improved on the basis of experimental data, which again
highlights the importance of an accelerated provision of fatigue data. In addition to the experimen-
tal tests with constant load amplitude, a further test form, the so-called load increase test (LIT),
is used for this purpose, which serves as an input for the new developed lifetime prediction method
(LPM) and for the estimation of other important characteristic values, such as the fatigue strength
o of the material.



1 Motivation & Objectives

The Department of Materials Science & Materials Testing (WWHK) at the University of Ap-
plied Sciences Kaiserslautern intensively deals with the provision of fatigue data based on physical
measurement methods. In recent years, different lifetime prediction methods, such as SteBLife,
StrainLife and StressLife have been developed.

1.2 Objectives and Scope

The goal of this doctoral thesis is to enable a provision of reasonable and accelerated fatigue data
and to develop models in order to calculate the lifetime of metallic specimens with a highly reduced
amount of specimens, resulting in time- and cost savings. To reach this aim, new approaches are
used, combining conventional fatigue testing and NDT (non-destructive testing)-related methods.
As a result, a process-orientated determination of fatigue behaviour is enabled. This research uses
different measurement techniques to monitor the material response to dynamic loading. In addition
to conventional strain measurements, thermography and resistometric measurement techniques are
applied on the testing system as part of this work. Both techniques are considered as sensitive
devices for the evaluation of microstructural changes as a result of dynamic loading.

The existing LPMs generally enable a global assessment of fatigue properties. Within the scope of
this research, a newly developed procedure is applied to enable a local assessment. Very common
approaches to describe fatigue behaviour of metallic materials are damage accumulation models,
which are based on the calculation of a partial damage, induced per load cycle. A very simple and
frequently used method is the linear damage accumulation model according to Palmgren Miner, in
which the partial damage results from the relation between the applied load cycles and the number
of cycles to failure. However, the assumption of linearity sometimes leads to large deviations from
real applications. Therefore, the development of new methods with increased prediction quality
is of great importance. Within this thesis, a new LPM is developed, which considers a non-linear
damage behaviour by correlating the partial damage with the material response.

Most investigations are performed on a ferritic-bainitic 20MnMoNi5-5 steel which was used in
spraylines of German nuclear power plants. As certain factors can have a significant influence on
the lifetime of materials, a key objective of the presented work is to investigate the influence of
damage-relevant parameters on fatigue behaviour. Since the experiments are carried out in the HCF
regime of S-N curves, where crack initiation from the surface is the dominant failure mechanism, the
focus is on the determination of surface integrity influence. For this purpose, five different surface
topographies need to be manufactured and characterised using analytical methods. The aim is
not only to eliminate the dependence of fatigue lifetime on defined roughness parameters, but also
to develop and calculate damage factors that can be directly included in the lifetime prediction.
Therefore, the overall aim of the thesis is to make a virtual estimation of S-N curves accessible,
using conversion factors from an output variable such as surface roughness.
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2.1 Fatigue of Metallic Materials

Because of the wide range of possible applications as a result of various properties, metallic materials
are mainly used as construction materials. Most operation conditions are dominated by dynamic
load sequences, which lead to a change in the mechanical properties of metallic materials. This
degradation is called fatigue of metals and effects damage within the material, leading to a reduced
load capacity. Since fatigue failure can occur at load levels evidently below static strength values,
serious cases of damage can be the result. The following chapter aims to give a brief introduction
regarding the phenomenon of fatigue.

2.1.1 Historical Overview

With the beginning of the industrial revolution in the first half of the 19" century, fatigue of com-
ponents and structures came into focus of science and engineering and is therefore closely connected
to the industrial revolution [4]. The development and utilization of steam engines, locomotive axles
and pumps led to increased loading of structural components causing unexplainable fractures and
failures at that time [5,6]. Despite usage of ductile materials, component failures were characterised
as processes without any visible indication of plastic deformation such as in a brittle material be-
haviour [4,5]. Apart from that, failure occurred after large amount of load cycles although the
materials were designed to withstand much higher static loads [4,7]. In order to prevent these un-
expected failures, detailed investigations of the affected components became necessary, attracting
the attention of researchers [4].

Even though fatigue research is very often associated with the well-known engineer August Wohler,
first investigations date back to an earlier time. The very first fatigue testing machine was devel-
oped by "Oberbergrat" Albert in 1837 in Clausthal. The goal was the investigation of conveyor
chains from mines, since there were numerous rope breaks every quarter of the year [8]. Albert
became particularly well-known for the resulting invention of the wire rope [9].

Since a very common issue at this time was the failure of axles, several researchers, for example
Rankine [7], devoted themselves to this matter. A more detailed description of the investigations
before 1858 is given by Schiitz [9].

First systematic fatigue experiments were then performed by August Wohler in 1858, who inves-
tigated the operational loads of railway axles. He was able to prove that the strength of railway
axles, which were subjected to dynamic loading, was evidently lower compared to static values. To
achieve these insights, Wohler constructed not only axial testing machines but also bending and
torsion testing machines [3]. Because of this ground-breaking research, the relation between the
stress amplitude and associated number of cycles to failure is still referred to today as the Wohler
curve (S-N curve), even though this type of illustration was introduced later on.

An important step in the clarification of microstructural fatigue mechanism was achieved by Ewing
& Rosenhain as well as Ewing & Humfrey in 1900 / 1903, as they were able to evidently display
cyclic damage on the surface using optical micrographs. Therefore, slip bands within different
grains, which are one of the main fatigue mechanism, could be detected [10].

Basquin was the first person to propose an empirical law, which characterises the progression of an
S-N curve [11]. Using a double-logarithmic scale, a linear relationship between the stress amplitude



2 State of the Art

and the number of cycles to failure could be found.

A widely exerted model for assessing the damage state of fatigue specimens was given between 1924
and 1945 by Palmgren and Miner [12,13] by the linear damage accumulation model. It defines the
partial damage as the relation between the applied load cycles and the number of cycles to failure.
From 1960 on, the research results in the field of fatigue have been increasing enormously, which
is mainly caused by improved testing systems, improved sensor technology and new analytical
methods. A compact overview of further evolution can be found in literature [3,9,14].

2.1.2 Introduction to Fatigue

In many engineering applications, components or structures are subjected to dynamic loading.
Therefore, the sub-field of materials science, labelled as fatigue of materials, is assigned a decisive
role. In order to understand the process of fatigue and the involved mechanisms, a generalised
definition is required first, which was established in 1964 by the Organization for Standardization.
Within this report, fatigue is assigned to "changes in the properties of metallic materials because
of the repeated application of stress- or strain amplitudes. Usually this term applies specially to
those changes which lead to cracking or failure" [3]. The previously mentioned definition shows
demonstrably that all changes in properties are summarised under the term fatigue. However,
particularly for the design of dynamically loaded components, changes in mechanical properties are
usually in the focus of research. Within this thesis, it will be shown that various property changes
can be used beneficially to infer mechanical changes.

Fatigue damage is further characterised by the fact that it already occurs at load amplitudes
evidently below statically determined strength values such as the yield strength. Especially the
failure without macroscopic plastic deformation is challenging. At this point it should be noted
that loading in a fatigue test can be applied in a stress-controlled or strain-controlled manner. For
reasons of clarity and since only stress-controlled tests are carried out as part of this research, the
focus is on a consideration of the applied stress amplitude.

Upper stress 6,

/ Stress range Ac

Stress amplitude o,

/ Load cycle

Mean stress 6,

Stress ¢

Lower stress o,

Time t

Figure 2.1: Schematic representation of important parameters describing a fatigue test
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Basic terms describing fatigue properties of materials are summarised in DIN 50100 [15]. The most
important parameters defining dynamic loading are the stress amplitude o,, the mean stress o,
the upper and lower stress o, and o7, as well as the stress range Ao, which are given schematically
in figure 2.1. Besides that, the relation between the lower and the upper stress is defined by the
load ratio R, which is displayed in equation 2.1.

r=2 (2.1)

Oy

It can be stated that the so-called S-N curve is the most frequently used representation in order to
assess fatigue behaviour. It displays the relation between the applied load amplitude o, and the
corresponding number of cycles to failure Ny and can be divided in mainly three regimes.

In case of high load amplitudes and therefore lower numbers of cycles to failure, the term LCF
(Low Cycle Fatigue) is used. The limits of the different regimes highly depend on which literature
is considered. Within this thesis, the transition point to the LCF regime is set to 10* cycles. The
range between 10%-107 is characterised by the HCF regime, which is the most important part for
the presented research. A further increase of Ny leads to the transition to the VHCF regime (Very
High Cycle Fatigue) in which damage mechanisms change and inhomogenities in the bulk material
become more important.

In case of an HCF loading, fatigue tests are usually carried out stress-controlled, and the elastic
approach according to Basquin, given in equation 2.2, is used [16].

Og=0%- (Ny)® (2.2)

In equation 2.2, U} is defined as the fatigue strength coefficient, whereas b displays the fatigue
strength exponent.

Unlike in the HCF regime, fatigue experiments in the LCF regime are conventionally strain-
controlled. To describe fatigue behaviour mathematically, an approach according to Manson &
Coffin is used [17-19]. It describes the plastic strain amplitude €, ), as a function of the fatigue
ductility coefficient a’f, the number of cycles to failure Ny and the fatigue ductility exponent c.

cap =y - (Ny)° (2.3)

2.1.3 Stages of Fatigue

Fatigue behaviour of metallic materials can essentially be divided into four different phases, which
are displayed in figure 2.2. In the first stage of the fatigue process, dislocation reactions take
place. Depending on the material and the applied load, different dislocation structures such as vein
structures, persistent slip bands (PSB), forming a ladder-like structure, or dislocation cells can
occur [3,20,21]. In the second stage, micro-cracks are initiated at locations with increased stress
concentration, for example extrusions and intrusions. Micro-cracks are usually initiated at several
starting points and combine to form an effective macro-crack. The propagation of the macro-crack
is represented by stage III. Because of the reduced cross-section of the specimen as a result of the
macro-crack, the yield point of the material is exceeded at a certain point and final fracture occurs.
This final fracture is assigned to stage IV of the fatigue process.
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As the 20MnMoNi5-5 (1.6310) steel, examined within this thesis, is characterised by an increased
strength and therefore a consequently more brittle material behaviour, stages III and IV are of
minor importance. Especially stage I and II of figure 2.2, determine the majority of fatigue life.
For this reason, only these two aspects are explained in more detail within this section.

AN (log.)

Stage II: Crack initiation Stage I'V: Final fracture
* Consequence of irreversible * Reduced cross-section due
slipping processes to crack propagation
* Favoured by notch effect * Exceeding of the yield
* Several initiation points strength

| >
Stage I: Dislocation reactions Stage III: Crack propagation
. Cyclic softening/hardening ¢ Formation of macro-cracks

processes * Propagation of cracks
* Slip band formation « Description by linear fracture

» Extrusions and intrusions on the / mechanics
surface

Figure 2.2: Schematic representation of different stages regarding a fatigue process; Stage I: dislo-
cation reactions in the volume of the material [3], stage II: crack initiation at locations
with increased stress concentration, stage III: formation of macroscopic cracks and crack
propagation, which is described by fracture mechanics [22], stage IV: final fracture of
the specimen

Stage | and II: Dislocation Reactions and Crack Initiation

Especially since the fundamental research of Manson & Coffin, it is well-known that the phenomenon
of material fatigue is always a consequence of plastic strain. Even for stress amplitudes that are
evidently below the macroscopic yield strength R, failure of the material can occur as a result of
dynamic loading, leading to localised micro-plastic deformations. The irreversible deformation of
components resulting from the loading causes damage in each load cycle, which accumulates over
a large number of cycles to a critical damage value [3,23].

The driving force of plastic deformation in metals are the so-called dislocations in the lattice
structure, which interact with each other. As a result of shear stress, dislocation movements occur
in terms of slipping processes along defined crystallographic planes and directions. This dislocation
movement results in different dislocation structures, which in turn have influence on the mechanical
properties. The type of dislocation structure highly depends on the characteristic slipping behaviour
of the material, which represents a benchmark for the formation of three-dimensional dislocation
structures, such as cell structures. In literature, a distinction is made between planar and wavy
slipping material behaviour [20].
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Since there is no parameter that enables a direct quantification of slipping behaviour, the stacking
fault energy is used for an indirect assessment. The stacking fault energy describes the energy
stored in the lattice due to a displacement of atoms or atomic layers in relation to their idealised
lattice position. It is initially assumed that an increased stacking fault energy results in a decreased
splitting distance of partial dislocations and therefore facilitates the recombination of the splitted
screw dislocations.

Persistent
slip bands

Planar slip
Wavy slip

Mixed structures

Planar structures

v

Number of cycles to failure

P
<
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Figure 2.3: Schematic representation of different dislocation structures as a function of the plastic
strain amplitude and number of cycles to failure according to [24] with micrographs of
the different dislocation structures from [25-27]

Figure 2.3 provides an overview of the different dislocations structures as a function of the load
amplitude and the number of cycles to failure. In case of planar sliping behaviour, which is shown
in the lower part of figure 2.3, edge dislocations are arranged parallel to each other over the entire
volume of the material. Besides that, an independence of the planar structure from the respective
load amplitude can be determined. In contrast, wavy slipping behaviour is characterised by a
strong dependence on the load amplitude. For moderate load amplitudes, usually only one sliding
system is actuated, which leads to the formation of dislocation bundles or vein structures, that
are essential for the formation of PSB. If the load amplitude is increased, several slip systems are
activated and thus enable multiple slip, resulting in cell- or labyrinth structures [3,21].

Because of the localised high concentration of plastic deformation, PSB are highly important in
terms of fatigue damage in the HCF regime and are characterised by their ladder structure. The
term persistent goes back to the work of Thompson [28], who was able to prove that PSB reappear
in the same places even after a polishing process. Due to the high slipping activity within PSB,
surface roughness is formed in terms of extrusions and intrusions. These areas of increased stress
concentrations represent starting points for crack initiation.

The second stage of the fatigue process is characterised by crack initiation, following the dislocation



2 State of the Art

reactions. Because of the uncertain definition of a crack, a quantitative statement about when and
where a micro-crack is initiated is challenging. Technically, a crack is already present if local
interatomic forces are exceeded [29]. Furthermore, the differentiation between crack initiation and
propagation is demanding due to the dependency on the resolution of measurement devices. A
possible demarcation is given by Mughrabi. In his work, he suggested to define the crack initiation
process up to the point at which the crack has reached a size at which it can be described in terms
of the rules of fracture mechanics. As a result of this definition, early slow crack growth is also
included in the initiation stage [30].

According to Suresh [3], micro-cracks can emerge along PSBs, as well as along grain boundaries
and near inclusions or pores. Considering an HCF loading, crack initiation along PSBs is probably
the most important mechanism. The fact that the material surface usually serves as a starting
point for crack initiation can be explained by an increased plastic activity, which has two main
reasons. On the one hand, notch effects due to extrusions and intrusions or, more general, surface
roughness lead to local increased stress concentration. On the other hand, multiple slip is necessary
in polycrystalline materials to ensure compatibility of the deformation, which is associated with
higher shear stresses.

A method to describe the formation of surface protrusion is given by the EGM model according to
Efiman, Gosele and Mughrabi [31-34]. The model considers that dislocations can be newly formed
or annihilated as a result of dynamic loading. In case of annihilation of vacancy dislocation dipoles,
vacancies are formed causing material to emerge from the surface in form of extrusions.

For further crack initiation mechanisms such as crack initiation at grain boundaries, inclusions or
pores, additional literature can be taken into account [35-46].

2.2 Influencing Factors on the Fatigue Behaviour

The phenomenon of materials fatigue as a result of dynamic loading is a multi-parametric process.
The complexity of this material degradation is essentially caused by the large amount of influencing
factors. For a reliable lifetime prediction, it is therefore crucial to include these factors into the
different evaluations and calculation methods. However, this is only possible if the effects on fatigue
behaviour are sufficiently understood. Figure 2.4 divides influencing factors in three clusters: load
parameters, structural parameters and geometry parameters.

The presented research results mainly focus on the influence of surface integrity on fatigue be-
haviour, which is why surface roughness and residual stresses are of high importance. For this
reason, theoretical explanations in this chapter are limited to these two aspects, which is graphi-
cally illustrated by the green font in figure 2.4. Since the results of this doctoral thesis are not only
based on the ferritic-bainitic 20MnMoNi5-5 steel, but also further materials, such as normalised and
quenched-tempered un- and low alloyed steels and cast iron, additional parameters, as for instance
heat treatment and microstructure are investigated (blue font in figure 2.4).
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Figure 2.4: Schematic representation of the subdivision of influencing factors regarding fatigue be-
haviour of metallic materials (green: directly investigated parameters, blue: indirectly
investigated parameters, black: not considered within this work)

2.2.1 Surface Roughness

Considering an HCF loading, crack initiation from the specimen surface is proven to be most
prominent compared to other initiation mechanisms. Therefore, it can be concluded that the
fatigue behaviour of a material is highly influenced by the surface condition as a result of the
manufacturing process. Since different surface topographies lead to high variations regarding the
numbers of cycles to failure, parameters describing the surface must be integrated into lifetime
prediction. This chapter is intended to provide an overview of the possibilities to integrate surface
roughness values into the evaluation of fatigue behaviour, leading to a reliable assessment.

In previous research, it has been shown that cracks mostly initiate at locations with increased stress
concentration. Based on this finding, models were developed that describe the stress concentration
mathematically as a function of different surface parameters. Neuber [47,48] provided a semi-
empirical relation, given in equation 2.4. Within this approach, the stress concentration factor K
is a function of the surface height R, and the notch radius p. Furthermore, n represents the stress
state, whereas A is defined as the ratio of the spacing and the height, enabling an estimation of
surface irregularities.

Ki=1+n- 2% (2.4)
p

It should be noted that approaches using standard roughness parameters to calculate the stress
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concentration factor have the disadvantage of being insensitive to surface height distribution. To
ensure an improved estimation of the stress concentration factor, Arola & Ramulu [49,50] extended
the method proposed by Neuber. While investigating the influence of surface roughness on a high
strength low alloyed SAE 4130 steel, the authors defined an effective stress concentration factor
K, which is displayed in equation 2.5.

e () (2)

Within this equation, R,, R, and R, represent the standard roughness parameters. The effective
profile valley radius is given by p and n is the differentiation between tension and shear loads
according to Neuber. The stress concentration factor, calculated in equation 2.5 can subsequently
be used to derive the effective fatigue stress concentration K (equation 2.6), which is also dependent
on the notch sensitivity ¢ (equation 2.7). In addition to the effective profile valley radius, the notch
sensitivity is determined by a material-specific constant v, which is influenced by the tensile strength
Ry,.

Ky=1+q(K 1) (2.6)
1
T =0

The approach according to Arola & Ramulu is still subject of current research. Quan et al. [51]
used the correlation of equation 2.5 to investigate the roughness influence on a GH4169, which
is mainly applied in aerospace industry. In order to ensure a separate consideration of surface
roughness, a vacuum annealing process was carried out to reduce the effect of residual stresses,
originating from the manufacturing process. Apart from that, Starke et al. [52] explored the influ-
ence of different processing parameters on the fatigue behaviour of a quenched-tempered SAE 4140
steel implementing the Arola & Ramulu method. Within this research, different variations of feed
rate, depth of cut, cooling and polishing were considered. Based on the obtained data, conclusions
could be drawn about how changes in process parameters might effect changes in surface integrity
and therefore have an impact on the fatigue behaviour. A comparable study was carried out by
Javidi [53] on an SAE 4340 steel. Fatigue tests at specimens, manufactured with different feed
rates and nose radii of the cutting tool, were selected to assess the influence of the manufacturing
influence.

Another very common approach to consider the surface condition is given in the FKM guideline
(Forschungskuratorium Maschinenbau), which introduced a surface-factor Kr on the basis of equa-
tion 2.8. It uses material-specific constants such as ag and R, Nmin, as well as static values like
the tensile strength R, to predict the change in fatigue strength [54,55].

=t () (2 ) 29

Rm,N,min

10
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Under the assumption of periodic surface notches simulating surface roughness, Murakami [56-58|
developed the well known +/area-method. According to Murakami, the stress concentration factor
depends not only on the depth a, but also on the pitch 2b of cracks, since a decreased pitch leads
to decreased stress concentration factors as a result of crack interference. The maximum value for
the stress concentration factor is given by equation 2.9.

Kipmaz = 0.65 - 04\/ T/ area (2.9)

Depending on a and 2b, there are two definitions for /area, given in equation 2.10 and 2.11.

Varea/2b = 2.97 - (a/2b) — 3.51 - (a/2b)* — 9.74 - (a/2b)? (2.10)

Varea/2b = 0.38 (2.11)

A very frequently used parameter for the evaluation of fatigue behaviour, which considers influenc-
ing factors, is the fatigue strength o.. In their work, Murakami and Endo [58] proposed a relation
between the fatigue strength, the Vickers hardness (HV) of the material and \/area, depending on
the load ratio R, which is given in equation 2.12.

143 (HV +120) <1 - R>“ (2.12)

e = (Varea)l/s 2

Itoga et al. [59] used the aforementioned approach to investigate the effect of different surface con-
ditions on fatigue behaviour of high strength steels. Since crack initiation has a very prominent
influence on the fatigue process, especially in case of high strength materials, the objective of the
authors was to evaluate crack initiation mechanism-based. Therefore, additional SEM (Scanning
electron microscopy) micrographs were applied in order to validate the results. It could be shown
that the the influence is highly pronounced in terms of cycles lower than 10°, whereas higher num-
bers of cycles lead to a damage shift into the volume.

Similar results were achieved by Lai et al. [60]. Here, a model was presented, which, in addition to
various roughness values, also considered different microstructures. In order to realise this model, a
comparison between a high carbon steel (100CrMnMoSi8) and a medium carbon steel (SAE 4147)
was put into practice. It could be shown, that the high carbon steel tended to fail because of
inclusions in case of smooth surface condition, whereas higher surface roughness favored crack for-
mation at the surface. The result of the carbon content comparison showed a significantly reduced
sensitivity to surface influences in case of lower carbon contents.

The damage transfer into the bulk was investigated by Bayraktar et al. [61] on a Ti-Al alloy, which
is typically used in aerospace applications. Based on ultrasonic fatigue tests, it was demonstrated
that the surface roughness has no significant influence on the lifetime, considering VHCF loading.
The reason for this is given by low load amplitudes which lead to very high numbers of cycles in
the VHCF regime. The dominant damage mechanisms are transferred from the surface into the
volume of the material.

While investigating the influence of the surface finish effect on fatigue behaviour of forged steels

11
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with different hardness, McKelvey and Fatemi [62] used both the approach of Murakami to esti-
mate the fatigue limit of the materials and equation 2.6 (proposed by Arola & Ramulu) to calculate
the Fatigue Notch Factor. The authors concluded, that in case of higher hardness values, polished
surfaces lead to an improvement of the fatigue strength because of reduced critical stress locations.

Some of the previous presented research explored the integration of damage-relevant influencing
factors in fatigue assessment of conventionally manufactured specimens or components. In recent
years, additive manufacturing (AM) has become a significant alternative to subtractive machining.
Caused by the layer by layer manufacturing process in case of an SLM (Selective Laser Melting)
process, highly complex structures, for example in the aerospace, or nuclear energy industry, can
be produced. However, the manufacturing process can also lead to material inhomogenities, which
have a negative impact on fatigue behaviour. In particular, pores, unmelted powder nests, resid-
ual stresses and increased surface roughness should be mentioned at this point. Even a polishing
process to reduce surface roughness might be challenging to attain due to the complexity of AM-
components. For this reason, the investigation of the influence of these damage relevant parameters
is of great interest in recent research. A selection of references is given in [63-78].

Based on the experimental results of recent research, various models have been developed, allowing
the surface condition to be simulated and therefore lead to cost and time savings. Stopka et al. [79]
presented a microstructure sensitive model, which aimed to correlate the microstructure and the
surface condition with fatigue behaviour. To achieve this objective, a synthetic microstructure was
simulated, using the simulation software DREAM 3D, which included realistic roughness profiles.
Afterwards, a finite element method, called crystal plasticity was used to generate results.

A model for a relation between the surface roughness and fatigue behaviour of AM Ti-alloys was
given by Hu et al. [80]. In order to quantify the roughness influence, a parameter G, considering
surface height and correlation length was introduced. The basic idea of this research was, that
parameters like laser power, scanning speed or the diameter of particles lead to unmelted/partially
melted powder particles and therefore decrease the surface quality. The research provided a numer-
ical simulation model, in which material degradation is applied by continuum damage mechanics.
Additional research dealing with the simulation of different surface conditions is given in [81-89].

Apart from simulation models, Zhu et al. [90] provided analytical equations to estimate the stress
concentration factor, as well as the Fatigue Notch Factor for an SAE 4140 steel. Within this
study, experimentally determined roughness values were evaluated using a Fourier transformation.
According to [91,92], the surface height Z(z) can be modelled by the sum of cos-functions and
expressed as a function of the amplitude A; of the i wave, the wavelength \; and the phase ¢; of
the i*® wave. The relation is given in equation 2.13.

- 21 - x
Z(z) = _ZAi - cos < ) (2.13)
= Ai + @i

Considering surface grooves as multi-notches, the stress concentration factor is defined by equation
2.14.
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n
Az’ 2m -
K =1+4 — - ; 2.14
) =135 oo (T 401 (214)
By including the theory of critical distance, a relation for the Fatigue Notch Factor can be obtained,
which is shown in equation 2.15. The basic idea is, that the fatigue limit of specimens or components
is reached, when the effective stress amplitude, which is not in the notch root but % ahead, equals
the fatigue limit [90,93].

n A’L Ta 2 .
Kf(x)zl—l—élﬂZX(1—7ra0>.emo.cos( W‘x—i—goi) (2.15)

2.2.2 Residual Stresses

Macroscopic residual stresses are internal forces, occurring without the effect of external forces,
which are in equilibrium with themselves in the volume of the component. In general, loading a
component leads to a superposition of external loads with residual stresses. A distinction is made
between residual stresses of type I, II and III, which differ in their effective range. While residual
stresses of type I act over a macroscopic range, residual stresses of type II are only significant over
a range of several grains. Type III only occurs at an atomic level and extend over a small range of
atomic distances [94-96]. Because of the given definitions, type I residual stresses in particular need
to be considered in the design of dynamically loaded components. A schematic representation of
the different types of residual stresses mentioned and their effective zone within the microstructure
is shown in figure 2.5.

Figure 2.5: Schematic representation of different residual stress components regarding type I, 11
and IIT according to [96]
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Depending on their origin, residual stresses can be roughly categorised into thermal and mechanical
residual stresses. For instance, cooling parameters of a heat treatment are crucial for thermal
residual stresses, whereas mechanical residual stresses can occur due to plastic deformation as a
result of a machining process.

In addition to the general perception that the influence of residual stresses is very large and the
fact that compressive residual stresses lead to an increased fatigue lifetime, there are many studies
on the influence of residual stresses on fatigue behaviour.

Since the evolution of residual stresses strongly depends on the manufacturing method, research
regarding the influence of manufacturing parameters has been carried out in recent years. El-
Helieby [97] investigated the influence of different grinding parameters on residual stresses and
consequently on fatigue behaviour of a ferritic-pearlitic steel. It was shown that a gentle grinding
process evidently increased the fatigue strength, compared to conventional and abusive grinding
methods. The acting forces during a grinding process caused the material to become more elongated
at the surface than in subsurface layers, resulting in high compressive residual stresses. In case
of more abuse grinding parameters, thermal induced residual stresses were predominant compared
to mechanical induced stresses, leading to tensile residual stresses, which significantly reduced
the fatigue resistant of the steel. The reduction in fatigue life due to residual tensile stresses
could be explained by the fact that residual tensile stresses favour crack initiation and promote
the propagation of an existing crack, whereas compressive residual stresses greatly reduce crack
propagation [98]. Based on these insights, Webster [98] investigated the influence of residual stresses
on the stress intensity factor K, which mainly affects the crack propagation according to equation
2.16, where C' and m describe materials parameter and a the crack length.

da
W - CA g}f (216)
The stress intensity factor given in equation 2.17 consists of two parts: the maximum value for the

stress concentration facotr K., and the stress concentration factor as a result of residual stresses
K,es [98,99)].

AI(eff = Kmam + Kres (217)

Similar results were presented by Okamoto in his investigations about the influence of residual
stresses on growth behaviour of fatigue cracks [100]. In the work of Morikage et al. [101], a peening
process was used to induce compressive residual stresses in welded specimens, resulting in a reduced
crack growth rate and therefore in an increased lifetime. Since distribution and the magnitude of
residual stresses change during a fatigue process, Zhu [102] provided an approach considering the
distribution of residual stresses based on the diffusion theory of cavity.

A mathematical description regarding the consideration of mean stress effects as well as the influence
of residual stresses, was presented by Krug et al. [103] and is shown in equation 2.18.

o199(2) = 04(x) + M - o (x) + m - ors () (2.18)

In the approach of equation 2.18, M displays the mean stress sensitivity and m the residual stress

sensitivity. In addition to that, the permitted load amplitude U%ad(x) is characterised by the
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nominal stress amplitude o, (), the mean stress o,,(x) and the distribution of the residual stresses
ors(z). A comparable approach was chosen in the work of Starke et al. [52], in which the influence
of the damage-relevant parameters roughness and residual stresses on the fatigue behaviour of a
quenched-tempered SAE 4140 steel was investigated. Residual stresses were integrated into the
calculations, using an approach of Sines, which is specified in equation 2.19.

Ogeff =Ki-04 —m- Aok (2.19)
Within this approach, the effective stress amplitude o, s is given as a function of the stress con-
centration factor and the change of axial residual stresses Ac®3 . Ghanem et al. [104] compared
the effect of electro-discharge machining and milling processes regarding the microstructure and
near-surface residual stresses. The results of these investigations revealed a sharp drop in fatigue
strength in case of the electro-discharge, which can be attributed to a combination of phase trans-
formations, hydrogen embrittlement and tensile stresses.

Further results and approaches regarding the influence of residual stresses on fatigue life can be
found in the literature references [105-119].

2.3 Damage Accumulation Models

The main idea of damage accumulation models is to enable a lifetime prediction of structures or
components that are subjected to variable amplitude loading. In contrast to dynamic loading with
constant amplitudes, it is not possible to extract the lifetime directly from the S-N curve. There-
fore, the partial damage of each load step needs to be determined and accumulated. The results
presented in this doctoral thesis are based on the newly developed LPM MiDAcLife, which is based
on the the damage accumulation model according to Palmgren and Miner. Because of this, the
following chapter should give detailed insights of the state of the art with respect to existing dam-
age accumulation models. In a first step, the basics and developments will be explained in detail,
followed by a presentation of selected recent research results.

2.3.1 Basics of the Damage Accumulation in Fatigue

According to Fatemi and Yang [120], damage theories, especially before 1970, originated from
three basic concepts: linear summation, change in fatigue limit and the two stage damage process.
One of the most common method is the linear damage accumulation according to Palmgren and
Miner [12,13], in which Palmgren proposed a linear summation of all the emerging damage and
Miner summarised this approach mathematically. The partial damage D; of each load step is
defined as the relation of the number of applied cycles n; and the number of cycles to failure Ny ;
of the i*" load step.

D;=— (2.20)

To ensure the validity of equation 2.20, a constant load ratio is assumed [2]. The partial damage
is accumulated until a critical threshold value is reached. In terms of steels, this threshold is given
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by the value 1.

D=YDi=) =1 (2.21)

)

In general, there are three different main approaches of Miner’s rule in literature, which distinguish
the original, the elementary Miner rule and the Haibach rule [121]. In case of the elementary Miner
rule, it is assumed that there is no fatigue strength within the S-N curve. However, if there is a
pronounced fatigue strength, this means that damage below the fatigue strength is included in the
same proportions as damage above fatigue strength. This leads to a significant overestimation of
the total damage and consequently to a reduced number of cycles to failure [2]. As a result, the
original Miner rule differentiates two different settings. If the stress amplitude is greater than the
fatigue strength, damage contributions must be taken into account within the calculation and a
corresponding number of cycles to failure can be determined. Otherwise, the number of cycles are
regarded as infinite.

o —k
0g>0c:N=N,- (“) (2.22)
Oe
0q <0c: N =00 (2.23)

Within equation 2.22, the parameter k indicates the slope of the S-N curve, whereas the limiting
number of cycles is displayed by N.. Haibach [2] introduced a modified version of the original
Miner rule, which enables a consideration of fatigue strength as a function of progressive damage.
Within this approach, the S-N curve is expanded by a fictitious area, characterised with a lower
slope. The change in slope is expressed in a new exponent, which can be seen in equation 2.24.

—(2k—1)
‘7“) (2.24)

Nfictitious = Ne : (
Oe

Even if the above approach according to equation 2.21 is characterised by its great simplicity, it
also contains a number of disadvantages, leading to inapplicable lifetime predictions [122]. Because
of the linearity of the approach, load sequences and interactions between these loads are not con-
sidered [123]. A remarkable increase of failure of the linear damage accumulation model can be
noted if the load increases from a very low to a high load level. Since decreased load levels at
the beginning result in a strengthening of the material, lifetime prediction according to Palmgren
Miner is to conservative. More critical is a reverse load sequence, as in this case the linear approach
leads to an underestimation of the residual life [123,124].

Additional to that, the stochastic character of materials due to natural scattering as a result of
microstructural inhomogenities is not considered in terms of the limitation of equation 2.21. It
has already been proven, that, depending on the material group, failure can occur at an earlier
state [125].
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A possible solution could be found by methods basing on a change of fatigue strength. The two-level
step loading method according to Kommers and Bennett investigated the influence of pre-stressing
on fatigue strength [126]. The goal was to use the reduction of the fatigue strength because of pre-
stressing as a damage parameter. Additional models with respect to a change in fatigue strength,
which were able to integrate load sequence effects, are summarised in [120].

In 1966, Manson [17] proposed a method that differs from the initial linear approach by separating
the fatigue process into two phases: crack initiation and crack propagation. The linear damage rule
is than applied on both phases. Crack propagation is therefore empirically described by equation
2.25.

(AN); =P N}° (2.25)

P is a specific material constant, that needs to be estimated experimentally, testing the first part
of fatigue life at high load amplitudes and the remaining part at lower amplitudes. As a result,
some kind of knee-point can be obtained. Since fatigue life is determined by the summation of both
phases, crack initiation can be expressed by the following equation:

No =Ny —P-Np° (2.26)
Combining equation 2.25 and 2.26 and transferring it into the approach according to Palmgren

Miner, the double linear damage rule for crack initiation (equation 2.27) as well as for crack
propagation (equation 2.28) can be derived.

n n
3 i = 3 NP N (2.27)

Z (Azf)f = Z p ,7;\7]9.6 (2.28)

Even if Manson’s model was able to reduce the amount of deficiencies while maintaining simplic-
ity, the determination of the knee-point is among further aspects a weakness of the double linear
approach [127].

According to literature [120, 128], Marco and Starkey were the first researchers to introduce a
nonlinear load depended damage theory. The damage parameter D; of the fatigue damage process
was described using a stress-depended exponent z, in equation 2.29.

D; = <Nf> (2.29)

Because of the evidently increased accuracy in case of nonlinear damage accumulation models
compared to linear models, subsequent research focused on the development of new nonlinear
models.
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In 1976, Subramanyan [129] introduced a cumulative damage rule based on the knee-point of an
S-N curve. He proposed that microstructural changes and therefore, the damage induced into the
material are continuous but still can be divided in a certain number of stages. The iso-damage
curve displays the cycles required in order to reach a defined stage of damage plotted against the
corresponding stress amplitudes. The damage is then given as the ratio of the slopes tan(f) and
tan(6y) obtained from the iso-damage lines and the S-N curve.

—0

_ tan(8) _ TogtNy-togty _ log(Ni) — log(N)

 tan(0) Tog (V) iog(n) ~ log(Ny,) — log(n)

(2.30)

The number of cycles at the knee-point is defined as INj in equation 2.30, whereas o, represents
the fatigue strength of the material.

Under the assumption of pre-stressing with one amplitude and a substitution of the cycle ratio C;,
which is given in equation 2.31, Subramanyan’s equation 2.32, considering pre-stressing conditions,
can be obtained.

n;
C; = ﬁz (2.31)
Cy—1—C0 (2.32)

The exponent of equation 2.32 shows a dependency of the fatigue strength o., that is given by
equation 2.33.

a=22""7 (2.33)
01 — O¢

In case of multilevel stressing instead of just two different load levels, equation 2.32 can be gener-
alized by equation 2.34 [129,130].

Ci =1- [Ci—l + [Ci_g + ...+ (Cg + Cloz1>a2]ai,2]ai,1 (2.34)

Based on the fundamentals of the damage accumulation and the different approaches that have
been described, a large number of additional nonlinear methods have been developed recently. A
condensed summary is given by Hectors in [124].

2.3.2 Nonlinear Damage Accumulation - Recent Developments

Because of a very high deviation of lifetime prediction based on the linear damage accumulation
according to Palmgren and Miner, a large number of nonlinear damage accumulation models, based
on different physical approaches have been developed in recent years. The aim of this chapter is
to provide an overview of current research results in the field of nonlinear damage accumulation
models. However, because of the large number of existing publications, it should be noted at this
point, that only a representative selection is collected here without any claim to completeness.
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According to [131], nonlinear damage accumulation models can be divided into the following groups:
e Damage accumulation models based on static toughness exhaustion
e Damage curve approaches
e Damage accumulation models based on memory effect
e Damage accumulation based on S-N curve
e Mesmacque’s damage indicator

Ye et al. [132] were able to show that the static toughness, representing the strength, as well as
plasticity of metals, is a useful tool that can be correlated with the fatigue damage process. The
approach is based on the idea that a reduction of static toughness indicates the ability to absorb
energy inherently, which happens due to increasing fatigue damage and therefore can be used as
an indicator. In order to investigate static parameters after a fatigue process, specimens were
cyclically loaded up to a specific number of cycles, followed by a static load until failure. The
damage parameter D can be calculated using equation 2.35.

Dy, —1 N
D=_—"Y_"p|l1-— 2.
In(Ny) n[ Nf] (2.35)

DNf_l represents the critical cumulative damage after a total of N¢-1 cycles.

A very common method using damage curve approaches was given by Manson and Halford [133],
which uses the crack length to determine the damage parameter. However, even if the effect of
load sequence can be considered within the model, load interactions are not included. As a result,
further developments had to be initiated.

Benkabouche et al. [134] developed a finite element based method, which enables an estimation of
damage evolution and residual life, while considering multiaxial loading and load sequence effects.
In order to calculate the damage as a result of cyclic loading, the block loading data had to be
transformed into equivalent constant amplitude data by means of the Crossland criterion, given in
equation 2.36 [135].

oty =1/J2a+ P Jimaz < A (2.36)
It uses the second invariant of the deviatoric stress amplitude J2 , and the maximum hydrostatic
stress Jimae. In addition, fatigue strength in terms of pure tension p, as well as in pure torsion
A, is considered. Based on equation 2.36 and the model according to Mesmacque et al. [136], the

damage parameter can be mathematically formulated by equation 2.37.

Z?q _O.i,maz

Tu — Oeq

Within equation 2.37, Y77 represents the damage stress amplitude at the it load level. Besides

that, D; is described by the ultimate stress in torsion tests 7, and the maximum equivalent stress
O_é,qrnax
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Yu et al. [137] also focused on the integration of load sequence as well es load interactions, since
high load amplitudes favour crack initiation processes and therefore enable crack propagation under
lower amplitude conditions. The proposed model is based on the approach according to Aeran,
introducing a damage index d; [138] and aiming to predict fatigue life of roller bearings under
variable loading conditions.

—1.25
&_ZMNQ

(2.38)

Applying the damage index of equation 2.38, the damage parameter at the i*' load step is given

as:
n; 6i n; &
D;=abs |1—|1— - =|1-- -1 2.
as[ ( Nfi) ( Nfi) (2:59)

Compared to the model according to equation 2.37, the advantage in this case is that no additional
parameters need to be determined apart from the S-N curve itself. Apart from that, the applicability
to LCF as well as HCF has been proven by the authors.

Further methods dealing intensively with the integration of load sequence and load interaction
effects can be found in [123,138-150].

A model based on isodamage curves was proposed by Bjorheim et al. [151]. Due to the finding, that
an increased number of cycles caused an increased damage in the material, the following differential
equation can be derived.

AD e

D = q(o,m) - (2.40)

Derived from equation 2.40, ¢ is a parameter depending on the stress amplitude o, and a material
constant m. The solution of the differential equation is given by equation 2.41.

n q(o,m)
D=|— 2.41
(%) 241)

Additional literature focusing on isodamage curve-based accumulation models are compiled in [124,
130,152-154].

Within MiDAcLife, which is described in chapter 3, the nonlinearity is ensured by the integration
of the material response as a result of dynamic loading. This process-orientated, instead of lifetime-
orientated approach significantly differs from the aforementioned models.

2.4 Fatigue Characterisation Methods

2.4.1 Strain-Based Fatigue Characterisation

The plastic strain amplitude is an important indicator to determine plastic deformation during a
fatigue process. Therefore, especially in the LCF regime with significantly localised plastic defor-
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mation processes, strain measurements have established as state of the art and therefore require a
brief explanation.

The total strain amplitude ¢, during a fatigue test is divided in the elastic ¢, and plastic strain
amplitude 4. The elastic portion can be described in a linear way using Hookes law, whereas the
relation between the stress amplitude and plastic strain amplitude is given by a power law, which
is presented in equation 2.42 [155,156].

/

0o =K' (cap)" (2.42)

In this term, K’ is defined as the cyclic hardening coefficient and n’ represents the cyclic hardening
exponent. Since the total strain amplitude results from the summation of both portions, the relation
according to equation 2.43 arises, which is called the Ramberg-Osgood relationship [157-159].

1/n’

€at = €ae t Eap = % + (;;,) (243)
Important characteristics of the stress-strain hysteresis are given in figure 2.6. The area enclosed by
the hysteresis loop that can be described using the integral of equation 2.44, is linked to the energy
per unit volume dissipating during a load cycle [155]. Since the main part of the mechanically
induced energy dissipates as heat, this determination becomes important for temperature-based
fatigue testing in the following chapter.

2¢eqt

Figure 2.6: Schematic representation of a generalised stress-strain hysteresis loop including impor-
tant parameters
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21
E= f odey (2.44)
0

Based on the shape of the hysteresis in figure 2.6, conclusions can be drawn about microstructural
processes such as dislocation reactions. An increasing area thus indicates cyclic softening of the
material as a result of dynamic loading, whereas a decrease refers to cyclic hardening processes.
These effects in cyclic deformation behaviour are called cyclic transient behaviour.

In order to enable a lifetime estimation, especially in the LCF regime, a strain based approach
based on the work of Manson & Coffin can be used. It describes the total strain amplitude e, as a
function of the fatigue strength coefficient 0}, the fatigue strength exponent b, the fatigue ductility
coefficient £y and exponent c. Furthermore, it depends on the Young’s Modulus £ and the number
of cycles to failure [160,161].

/
9

5 (2Ny)* + €} - (2Ny)© (2.45)

Eat =
Since the LPM MiDAcLife, which is discussed later on within this thesis, is based on the damage
accumulation model according to Palmgren and Miner, correlations between the damage parameter
and parameters resulting from strain measurements need to be analysed.
In the work of Park and Ang in 1985 [162], a model considering the plastic strain energy in the
evaluation of the partial damage was presented.

. [dE
D= 5.
M

(2.46)

In equation 2.46, the partial damage D; consists of the relation between the maximum deforma-
tion peak under cyclic loading d,, and the ultimate displacement under monotonic loading d,,, the
yield strength R, and the incremental absorbed plastic strain energy [dFE [163,164], as well as a
non-negative material constant [.

Since the dissipated energy during fatigue is linked to plastic deformation and therefore to mi-
crostructural changes such as phase changes, residual stress evolution or the reaction and transla-
tion of dislocations, Duyi [132] proposed that fatigue damage can be defined as the relation between
dissipated plastic strain energy AE; and the total plastic strain energy E, given in equation 2.47.

Di=3" Ef' (2.47)

2.4.2 Temperature-Based Fatigue Characterisation

In recent years, temperature measurements have emerged to be a suitable tool for the evaluation
of fatigue behaviour of metallic materials. Especially the wide range of possible applications, the
possibility of accelerated non-destructive materials testing and the potential for increased infor-
mation content regarding microstructural changes as a result of the degradation process are the
reasons motivating research in the field of thermography. The first part of this chapter explores
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thermodynamic theories, which enable a correlation of the fatigue process and temperature. Spe-
cific application examples are given later on.

Considering mechanical loading of a specimen, energy induced in the material, leads to irreversible
plastic deformations. From a graphical point of view, this energy absorption can be monitored
with a stress-strain-hysteresis curve [3,165]. The main concept of temperature measurements in fa-
tigue testing is that the enclosed area of the hysteresis curve can be correlated with the dissipated
energy. A defined portion of this energy dissipates in terms of heat, whereas the other portion
remains within the material as stored energy [166, 167].

In case of dynamic loading, the mechanical energy, which is induced into the specimen, dissipates
to a large extend in terms of heat. According to Chrysochoos et al. [168], two different types of
dissipation can be distinguished: intrinsic and thermal dissipation. While intrinsic dissipation is
linked to material degradation processes, thermal dissipation is induced by heat diffusion. Fur-
thermore, [168] proposed that applied mechanical loads lead to two inner heat sources, which are
represented by the thermoelastic source wype as a result of thermoelasticity and the thermome-
chanical coupling source wyp., for example as a consequence of latent heat rate of phase change.
Assuming defined boundary conditions, the heat equation can be postulated.

Pheq * C’E,a%—f — kAT = wp, +7e (2.48)
While ppeq and C; , from equation 2.48 are material constants, r. displays a possible external heat
supply. The parameter wj;, combines effects due to dissipation d; as well as thermoelasticity wipe
as an overall heat source.
Based on these insights, Boulanger et al. [169] presented a method dealing with the separation
of thermoelastic and dissipative heat sources. This approach was driven by the urgent need to
distinguish between dissipated energy as a result of microstructural changes, which are mainly
responsible for occurring fatigue damage, and thermoelastic sources, characterised by reversible
thermal expansion. The required data was provided using an infrared camera system.
Assuming a homogeneous, uniaxial testing condition, Boulanger et al. [169] proposed a simplified
version of the heat equation, shown in equation 2.49.

dag 0

Pheq * Ce,a (dt + 7_@) = Wipe + d1 (2-49)

The heat equation according to equation 2.49 consists of material parameters, such as the density
Pheq and the heat capacity C:, of the material. Apart from that, equation 2.49 is characterised
by the temperature variation 6 with respect to the initial equilibrium state, as well as the heat
loss to the environment, which is displayed as 7.,. Considering the strain rate dependency of the
thermoelastic part of equation 2.49, the energy induced into the specimen can be formulated using
an integral representation, displayed in equation 2.50.

Whp = /wthe(é) + didN (250)
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Pioneering work in the field of thermography in combination with fatigue behaviour of materials
was carried out by La Rosa and Risitano [170]. In their work, they were able to develop a method
(Risitano method) that enables a short-time estimation of the fatigue strength of a material. In
general, the authors proposed that if the applied stress amplitude is beneath the fatigue strength,
there is nearly no increase within the change in temperature. If the stress amplitude exceeds the
fatigue strength, the material response can be divided into three main regions. In the first part, the
material response shows a great increase as a result of the dynamic loading. This part is followed
by a phase where the change in temperature and thus material response remains approximately
constant. This condition lasts until shortly before final fracture of the specimen occurs (phase
3). To summarise the Risitano method, fatigue strength values can be estimated by establishing
a relationship between the change in temperature and the corresponding stress amplitude. As a
result, the fatigue strength calculation is highly accelerated by the specimen reduction.

In addition to Risitano, Luong [171,172] provided important research results regarding IR ther-
mography. In his work, he used IR thermography in rotating bending tests as well as tension-
compression tests on connecting rods to observe the fatigue behaviour of materials. In order to
ensure comparability with conventional fatigue methods, a large number of experiments were carried
out, using the staircase-method. According to Luong, fatigue strength is determined graphically,
using an intrinsic dissipation - stress amplitude plot. The experimental effort could therefore be
significantly reduced.

Since temperature measurements are extremely sensitive to external noise, an extension of the
already existing methods was presented by De Finis [173]. In addition to previous research, this
research focused on a martensitic steel, which is characterised by a brittle behaviour and therefore
exhibits small deformations and decreased values for the change in temperature. According to
De Finis, temperature is a function of three different terms, which are given in equation 2.51.
It consists of the temperature due to dissipation T, the temperature transferred from the servo-
hydraulic testing machine into the specimen 73, and the environmental temperature 7T,,,p.

T(xv Y, t) = f[Td(l', Y, t), Tamb(t)v ,Tlm(x7 Y, t)] (251)

The goal of the proposed research was to separate each part of equation 2.51 to correctly estimate
the dissipative source as a fatigue damage indicator. To determine the influence of environmental
heat sources, a reference measurement was made on a black body, which was then considered as
Toump- The influence of the environmental temperature could therefore be eliminated, subtracting
it from the measured temperature data. The determination of the machine contribution was based
on the assumption of a linear temperature increase and is estimated using fitting procedures.

In addition to previous considerations, entropy can also be applied as a thermodynamic parameter
to characterise fatigue behaviour. One approach is carried out by Liakat [174,175]. Within this
research, the fatigue fracture entropy was used to describe fatigue degradation processes, deploying
equation 2.52.

Ny AFE; Ny /k
= / ( ) dN +/ (th . (gradT)2> dN (2.52)
0 T 0 T2
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In equation 2.52, the fatigue fracture entropy vrr is a function of AF;, the temperature T, the
thermal conductivity k;;, and the number of cylces N. It can be concluded that the fatigue fracture
entropy is given by the summation of the entropy generation as a result of plastic strain energy
generation and heat conduction [174].

Teng et al. [176] also utilised entropy as a parameter to describe the damage accumulation process
in the HCF regime of a normalised SAE 1045 steel. According to Teng, the damage parameter D,
given in equation 2.53, is a function of the critical Damage Dy, the critical entropy generation s.
and the maximum entropy generation s;.

D
D=—"Y (1 - S) (2.53)
i (1-5) Sf

Further research characterising the fatigue behavior and the fatigue strength of metallic materials
is assembled in [177-188].

2.4.3 Electrical Resistance-Based Fatigue Characterisation

Besides temperature measurement using IR camera systems or thermistors as described in chapter
2.4.2, electrically based measurements represent a powerful tool to investigate material degradation
due to dynamic loading. Electrical resistance in particular is highly influenced by the microstruc-
ture, since electrons are scattered by inhomogeneities, such as dislocations, inclusions and grain
boundaries [189).

In 1966, Harting [190] established a relation between the change in electrical resistance and fatigue
parameters, which is shown in equation 2.54.

AR = K- (5R — 80) . nhez (2.54)

In equation 2.54, AR displays the change in electrical resistance, ¢z the maximum reversed strain
and ¢( the strain at fatigue strength. The parameters K. and h.; are material constants, and n
represents the number of applied load cycles.

Charsley [191] investigated the change in the electrical resistance during dynamic loading of copper
foil. Apart from that, the dependency of parameters like different strain amplitudes, the grain size
and testing frequency were determined. According to Charsley, the obtained plot consisting of the
change in electrical resistance and numbers of cycles can be separated into two main portions. In the
first part, the change in temperature increases steadily. This can be traced back to accumulation
processes of defects like dislocations and point defects. In the second part, an extremely fast
increase can be observed, which is caused by macro-cracks within the material.

A method to enable a real-time monitoring of fatigue damage evolution in an SAE 316 L steel was
presented by Nobile [192]. Within this approach, change in electrical resistance AR is measured via
four-wire configuration. This technique is characterised by two external electrodes, through which
current is applied into the specimen. The resistance calculation is based on the determination of
the voltage drop, which is measured via two internal electrodes. Since the electrical resistance is
highly influenced by temperature, equations 2.55 and 2.56 take the change in resistance because of
temperature effects into account [192-194].
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AR=R—Ry= Ay AT (2.55)

ARdamage = ARear:p - ARth (2'56)

While the change in the electrical resistance AR is influenced by the initial resistance Ry and the
resistance temperature coefficient A.;, the sum of the variations induced by temperature changes
can be used to calculate variations induced by fatigue damage ARgumage-

The mechanical properties of cast materials are characterised by different influencing factors com-
pared to steels. In particular, parameters like the shape of graphite precipitate, micro-cracks
and composition of the matrix play a distinctive role. Therefore, Germann et al. [195] used the
electrical resistance to obtain detailed information regarding defect density and cyclic deformation
behaviour. According to the authors, electrical resistance measurements are very well suited in case
of small plastic deformations. In order to correlate the measured signals with defined fatigue stages,
SEM micrographs were used as reference. In addition to the in-situ measurement of the electrical
resistance, the initial resistance Rg already provides important information. It can therefore gen-
erally be stated that an increased initial value of the electrical resistance leads to a reduced lifetime.

Starke et al. [196] investigated the cyclic deformation behaviour of a quenched and tempered SAE
4140 steel and an EN-GJS-600 cast iron, using a conventional stress-strain hysteresis, temperature
measurements as well as the change in electrical resistance. Within this research, the authors were
able to provide insights about the progression of the electrical resistance in terms of dynamic load-
ing. At the beginning, a decrease was detected, which was explained by the closing of micro-cracks
during compression half cycles. After reaching a saturation state, the change in electrical resistance
increased because of graphite-matrix debonding and micro-crack initiation and growth.

Since the evaluation of fatigue damage evolution is often correlated with the damage parameter D,
Sun et al. [197] proposed a method, combining the change in electrical resistance and the damage
parameter.

(1+eap) o - R

D=1-
(1 —éap) p- R

(2.57)

In case of equation 2.57, p and p’ represent the electrical resistivity and the resistivity of the dam-
aged specimen, whereas ¢, is the plastic strain amplitude. At this point, it should be noted that
the resistivity is highly influenced by an increased defect density (e.g. dislocations, vacancies, or
inclusions).

A more microstructure-based method was proposed by Omari [198,199], analysing the dislocation
density by electrical resistance measurements and SEM analysis. Starke et al. [200] presented a
correlation between the change in electrical resistance and change in dislocation density. There-
fore, ICE R7 wheel steel specimens were used. Furthermore, the authors also used load free
sequences to enable an estimation of the fatigue damage process. By inserting load-free sequences,
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a temperature-unaffected value for the electrical resistance can be obtained. In addition to NDT-
measurements, a transmission electron microscope was exerted to characterise the microstructure
resulting from cyclic loading. Starke et al. concluded, that the change in dislocation density over
the entire fatigue test is relatively small. Rearrangement processes of dislocations offer an expla-
nation for the, nevertheless, increasing material response.

Further research focusing on the evaluation of fatigue behaviour using electrical resistance mea-
surements to detect microstructural changes is compiled in [201-212].

2.5 Fatigue Evaluation Methods

2.5.1 Conventional Characterisation of Fatigue Behaviour

When it comes to designing dynamically loaded components, fatigue strength is often defined as a
decisive parameter for assessing fatigue properties. In this case, a very frequently used method is
the staircase method, which is characterised by the sequential execution of follow-up tests. Each
experiment is dependent on the result of the previous one, leading to a clustering of data points
around the fatigue strength [1]. The schematic procedure of the staircase method is given in figure
2.7.
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Figure 2.7: Schematic representation of the staircase procedure to estimate the fatigue strength of
metallic materials

As a first step of the staircase method, a critical stress amplitude for the first specimen has to
be estimated. If the specimen breaks before reaching a defined number of cycles to failure, the
following specimen is loaded with a decreased stress amplitude. Otherwise, the stress amplitude is
increased [2]. As shown in figure 2.7, equidistant load levels are selected for these experiments. In
order to avoid high scattering of the fatigue strength estimation, the step increase or decrease must
be selected sufficiently precise [1]. Even if the method is a reliable approach to estimate fatigue
strength, the high number of specimens required with approximately 40-50 specimens according to
Maenning [213] is a disadvantage.

Although the method was already developed by Dixon and Mood in 1948 [214] and further modified

27



2 State of the Art

by Ransom and Hiick [215,216], the staircase method is still subject of current research concerning
fatigue strength estimation. According to the work of Thompson et al. [217], another disadvantage
of the staircase method is the assumption of a normal distribution, which means that a bimodal
behaviour of components as a result of material inhomogenities from manufacturing is not taken into
account. Therefore, the staircase method tends to overestimate the fatigue strength. Within his
research, Thompson compared the results of the staircase method with fatigue strength estimation
according to step loading, with the outcome that the fatigue strength is significantly lower using
step loading for estimation.

Pollak et al. [218] analysed the effect of step size and specimen size on the prediction accuracy of
the staircase method using numerical simulation models, whereas Miiller et al. [219] provided a
comparison of the accuracy of different evaluation models using Monte Carlo simulations. Further
research results regarding the staircase method are given in [220-224].

Since the previously presented staircase method only estimates the fatigue strength of materials,
additional approaches must be used to determine the S-N curve. A recognised method, especially
for small amounts of specimens, is the step-down approach. Within this approach, fatigue tests are
carried out on different load levels, with the 50 % S-N curve resulting from the regression of all data
points. In order to enable a statistical evaluation of fatigue behaviour, all data points are transferred
parallel to the regression line on a common virtual load level. Therefore, different distribution
models can be used to generate scatter bands, which display different failure probabilities [225].
Figure 2.8 provides an overview of the step-down method including the translation of CAT data
points on one load level.
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Figure 2.8: Schematic representation of the step-down procedure to estimate the S-N curve of metal-
lic materials including scatter bands

Although the proposed method offers the advantage of a reduced number of specimens (approx-
imately 8-12), one disadvantage is the generalisation of the scattering caused by the shift of the
CAT data points on one common load level. This means that the increased scattering in case of
lower stress amplitudes cannot be taken into account [22,225].

Since microstructural inhomogenities cause scattering in fatigue life even on one load level, it is
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highly eminent to carry out statistical evaluations regarding lifetime on different load levels, which
is shown in figure 2.9. Within this method, approximately 2-5 load levels, that are located within
the HCF regime, are defined. At least 6-10 specimens should be tested on each load level. In
contrast to the step-down method that was described previously, statistical evaluations are carried
out independently for each load level in a probability plot.

Stress amplitude ,, MPa

Number of cycles to failure N

Figure 2.9: Schematic representation of the statistical evaluation on different load levels

2.5.2 Accelerated Lifetime Prediction Methods

Conventional methods to analyse fatigue behaviour of metallic materials are usually characterised
by a high level of statistical reliability. However, a large number of specimens are mostly required
to generate an S-N curve, which is very time-consuming and expensive. In addition, these S-N
curves are only valid for given environmental conditions and influencing factors. If one parameter
changes, a new S-N curve needs to be estimated.

Furthermore, the lifetime-orientated assessment of the fatigue process results in high safety-factors,
which lead to an over-dimensioning of components and therefore counteract the lightweight con-
struction potential. For these reasons, there is great interest in the accelerated provision of fatigue
data, using LPMs, which are based on different physical approaches.

In order to reduce the amount of specimens required to generate an S-N curve, the information
content from an experiment must be increased. This can be achieved through a process-orientated
evaluation of the fatigue process using NDT-related measurement methods, which are sensitive to
microstructural changes and therefore provide a good possibility to monitor material degradation.
By combining fracture mechanics parameters and temperature measurements, Kim [226] developed
a method to determine the lifetime of three different materials (steels for welded structures and
cast iron). In previous research, the author was able to show a correlation between the logarithmic
lifetime and the J-integral J. under consideration of the strain amplitude. Since the relation of the
strain amplitude and the change in temperature AT could be proven to be linear, equation 2.58 was
developed to describe the number of cycles to failure as a function of the change in temperature.
The parameters of the linear regression are represented by o’ and '
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log(Ny¢) = o'/ J. - AT + 3 (2.58)

In their investigations regarding the LCF regime of Cr-alloyed steels, Wang et al. [227] proposed a
new approach, which enables the consideration of different parameters, such as temperature, strain
amplitude and holding time as well as the holding direction. Therefore, a combined approach
according to Manson & Coffin and Basquin, displayed in equation 2.59, was modified by the inte-
gration of temperature dependency of the involved parameters, using the homologous temperature
and the integration of the damage coefficients D; for tensile hold and D, for compressive hold.

comene e = [ N e 2y (2.59)
a a,e a,p B f f f ’
o’ (T) IN, \ @) IN, \ D)
! f , f
a — Ca.e a,p — . T) - 2.
€a = Caet Cap ( E ) (DtDC) +e5(T) (DtD) (2.60)

Especially in case of structures or components that are designed for long-term use application, such
as wind turbines (20-25 years), or components applicated in nuclear energy technology, accelerated
testing is becoming increasingly important as a result of the reduced costs. As an example, methods
that offer a possibility to determine the lifetime of offshore wind turbines under given environmental
conditions have been developed in literature [228,229]. In this work, a high focus had to be placed
on integrating the influence of corrosion on fatigue behaviour into the calculations.

In order to enable a rapid lifetime determination of aluminium and stainless steels, Amiri [230]
used the slopes of cyclic deformation curves as an index for the lifetime prediction. Within their
work, Fargione et al. [231] applied temperature measurements not only to estimate the fatigue
strength, but also to implement this on an entire S-N curve. For this purpose, the authors used the
fact that plastic deformation energy is nearly proportional to the dissipated heat during a fatigue
test and introduced the parameter ®, which is defined as the integral of the temperature function
AT = f(N) and is shown in equation 2.61.

Ny
o = / ATdN (2.61)
0
A wide-ranging overview of further thermo-based LPMs was provided by Teng [232].

A physically based short-time procedure was proposed by Starke et al. [233], where the authors
used a combination of the approaches according to Morrow and Basquin. Since the proposed
method only requires data from one LIT and two CATs (constant amplitude tests), the experimen-
tal effort could be highly reduced. Based on the pioneering work by Starke et al., several LPMs
have been developed at Saarland University and University of Applied Sciences Kaiserslautern in
recent years. All methods combine non-destructive testing techniques and destructive testing, as
well as a combination of different empirical approaches, such as Basquin, Manson & Coffin or the
approach according to Palmgren and Miner. The short-time procedure SteBLife [234-236] uses a
stepped shape specimen geometry, resulting in different values of the stress amplitude depending
on the corresponding diameter. The method is based on the material response, which is measured
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using NDT-methods during constant amplitude loading. The monitored data serves as input for
the Morrow-equivalent-plot which is defined as the relation between the material response and the
corresponding stress amplitude. The trend S-N curve regarding the HCF-regime is then calculated
using generalised Morrow and Basquin approaches. In addition to SteBlife, further methods have
been developed that enable a reliable lifetime prediction under strain-controlled testing conditions
(StrainLife) [237,238] or differentiate between a global or local assessment of fatigue properties.
In particular, the further development and modification of the LPM StressLife and the new de-
velopment of the MiDAcLife method, which is based on the linear damage accumulation model
according to Palmgren and Miner and thus significantly differs from the previously mentioned
models, are part of the presented doctoral thesis. For this reason, the procedure of both methods
will be explained in detail in the following chapter.
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3 Materials and Methods

3.1 Material

Because of the extremely high safety requirements of components used in nuclear energy technol-
ogy, the right material selection is of crucial importance to avoid critical failure during operation.
The aim is to use as few different materials as possible, which are nevertheless characterised by
their high qualification with regards to respective demands. The basis for this is a profound un-
derstanding of the microstructural composition of each material and the resulting physical and,
in particular, mechanical properties. Especially fatigue properties are highly dependent on the
respective microstructure of the material. The influence of different microstructural parameters
such as carbon content, alloying elements or microstructural changes as a result of heat treatment
is a major part of chapter 4.

In nuclear power plants, reactor pressure vessels and spraylines are mainly made of low alloy ferritic
fine-grained steels, whereas austenitic materials are used for smaller connecting pipes. Until the
1970s, the 22NiMoCr3-7 steel was mainly used [239]. Even though the steel was considered qual-
ified for the application, it was replaced by the 20MnMoNi5-5 (similar grades: 16MND5 and SA
533B1) steel due to its improved properties. Compared to the 22NiMoCr3-7 steel, 20MnMoNi5-5
is characterised in particular by improved toughness properties and reduced affinity for cracking
during welding and heat treatment.

In order to be able to reliably evaluate the mechanical properties of the 20MnMoNi5-5 steel consid-
ering dynamic loading, a basic characterisation of the material is required. In the following chapter,
the material is analysed regarding its microstructural composition and resulting mechanical prop-
erties. Apart from that, focus is on the investigation of different machined surface conditions,
resulting in various residual stresses and roughness conditions. Both parameters are significantly
relevant regarding the damage assessment. In particular, the influence of surface roughness on the
fatigue behaviour as well as the integration of roughness parameters into the newly developed life-
time prediction method MiDAcLife is a key objective of the presented research. Therefore, precise
information concerning the surface condition is of crucial importance.

The investigations presented within this chapter span from a macroscopic assessment of damage-
relevant factors (e.g. roughness influence) to microscopic investigations regarding phase distribu-
tions, grain size and occurring precipitates, based on different analytical methods such as light
microscopy, digital microscopy, laser-scanning microscopy and scanning electron microscopy.

3.1.1 Microstructural Characterisation

In a first step of the microstructure evaluation, micrographs were taken using a light optical micro-
scope type Axioplan 2 by the company Carl Zeiss Microscopy Deutschland GmbH. In addition to
that, the microstructure was examined regarding grain size and phase distribution, using a digital
microscope type DSX1000 of the company EVIDENT Europe GmbH. The results are given in
figures 3.1 and 3.2.
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Figure 3.1: Microstructural investigation based on light microscopy (a) Overview of the microstruc-
ture (b) Detailed consideration of the microstructure regarding a 20MnMoNi5-5 steel

In addition to an overview micrograph, figure 3.1(b) contains a more detailed examination regarding
the microstructure of the 20MnMoNi5-5 steel. It can be observed that the majority of the structure
consists of more whitish ferrite areas. An accurate quantification of the bainite components is
difficult due to the low magnification in case of light microscopy. Despite the comparatively low
magnification, the carbide structure of the material can already be identified. In particular, an
increased occurrence of carbides can be observed at grain boundaries. However, it is not possible
to provide information regarding the type of carbides based on figure 3.1. Nevertheless, considering
the chemical composition of the steel, Mn-carbides can be assumed.

Figure 3.2: Microstructural investigation based on digital microscopy (a) Grain size determination
(b) Phase fraction determination regarding a 20MnMoNi5-5 steel
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A more precise investigation regarding the microstructure is given in figure 3.2, displaying the grain
size distribution and an analysis of the phase fraction. Based on the results of figure 3.2(a), a grain
size number of G = 14.11 can be found, which corresponds to an average grain area of 7.28 pm?.
The comparatively small grain size is a result of the heat treatment process of the material. As a
result of the carbide structure, a precise phase analysis becomes challenging. Nevertheless, figure
3.2(b) leads to the insight that ferrite portions, shown as green grains, represent the majority of
the microstructure.

Since an important aspect of this research is to investigate the influence of different surface condi-
tions on fatigue behaviour of metallic materials, the microstructure in near-surface regions are of
great interest. In order to assess the influence of manufacturing parameters on the respective mi-
crostructure, cross-sections of the 20MnMoNi5-5 specimens, taken with a laser-scanning microscope
type OLS5100 of the company EVIDENT Europe GmbH, are summarised in figure 3.3, considering
machining processes with different feed rates of 0.05 mm/min and 0.4 mm/min. Based on this,
two important differences can be highlighted from the illustration. On the one hand, an increase in
feed rate demonstrably leads to an increase in surface roughness, which can be observed in figure
3.3(b). Apart from that, a significant deformation of the grains located near the surface can be
seen in case of figure 3.3(b), whereas a reduced feed rate in terms of figure 3.3(a) does not cause
any noticeable changes within the grains.
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Figure 3.3: Microstructural investigation based on laser-scanning-microscopy concerning the surface
area as a result of different feed rates (a) f = 0.05 mm/min (b) f = 0.4 mm/min regarding
a 20MnMoNi5-5 steel

In order to provide more detailed insights regarding the microstructure of the 20MnMoNi5-5 steel,
scanning electron microscopy was used in addition to light microscopic investigations. These results
are presented within the following section of this chapter.

The results provided within figures 3.4, 3.5 and 3.6 were obtained using a scanning electron micro-
scope (SEM) type Clara by the company TESCAN.
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Figure 3.4: Microstructural investigation based on scanning electron microscopy regarding phases
and precipitates (a) Overview of the microstructure including ferrite and bainite content
as well as carbides (b) Detailed illustration concerning carbides within the volume of a
20MnMoNi5-5 steel

An investigation of the base material, shown in figure 3.4(a), leads to the insight that the microstruc-
ture of the 20MnMoNi5-5 steel can be divided into three main components. While the majority of
the microstructure consists of ferritic grains, additional areas, characterised by an increased degree
of inhomogeneity, can be observed. These grains might indicate the bainitic structure of the mate-
rial. A selection of those regions is marked within figure 3.4(a). A striking attribute regarding the
microstructure is the pronounced number of precipitates. Apart from that it can be stated that
especially along grain boundaries, an increased occurrence of those precipitates is detectable. Fig-
ure 3.4(b) displays a more detailed consideration of the precipitates. Based on previous research,
it has already been shown that these are mainly FesC and MaC carbides [240,241].

83.9 ym 10.00 mm

10 keV' 2024-09-28

Figure 3.5: Microstructural investigation based on scanning electron microscopy regarding the sur-
face area of different batches (a) Near-surface microstructure of the batch N3 (b) Near-
surface microstructure of the batch N8 regarding a 20MnMoNi5-5 steel
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Figure 3.6: Microstructural investigation based on EBSD analysis in order to illustrate grain re-
finement of different surface finishes (a) Near-surface microstructure of the batch N3
(b) Near-surface microstructure of the batch N8 regarding a 20MnMoNi5-5 steel

Since previous investigations (figure 3.3) have already demonstrated the deformation of near-surface
grains as a function of manufacturing parameters, figures 3.5 and 3.6 serve to provide more de-
tailed insights regarding this influence. Within the presented SEM examinations, N3 and N8 are
compared with each other as these batches illustrate the most distinctive differences. While fig-
ure 3.5(a) reveals almost no deformation of near-surface areas in terms of N3, the microstructure
of N8, which is given in figure 3.5(b) is highly dependent on the distance to surface. Consider-
ing near-surface grains, a pronounced grain refinement of the microstructure can demonstrably be
shown. Apart from that, the specimen assigned to N8 exhibits micro-cracks at the surface, which
significantly affects the later discussed fatigue behaviour. In order to evidently visualise grain re-
finement concerning N3 and N8, additional EBSD (electron backscatter diffraction) measurements
were performed (Figure 3.6).

3.1.2 Mechanical Characterisation

The mechanical characterisation includes hardness measurements of the 20MnMoNi5-5 steel, as
well as the determination of mechanical parameters from tensile tests. The macro-hardness of the
steel was measured on the basis of ten HV50 measurements. With an average value of 211.36 HV,
it is evidently lower than the micro-hardness with 250.95 HV (HVO0.05). This can be attributed
to the increased proportion of the elastic component in case of the decreased testing force. Based
on empirical relationships, the tensile strength of the material can be estimated from the hardness
values. The experimental measured data results in an estimated tensile strength of 679.06 MPa. To
verify this derived value, as well as to determine additional significant mechanical parameters, four
experimental tensile tests were carried out as part of the presented research project. The results
are summarised in figure 3.7.
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Figure 3.7: Investigation of the mechanical properties based on tensile tests regarding a
20MnMOoNi5-5 steel

Based on this outcome, a pronounced yield point can be derived from the curve progressions. This
indicates that after reaching the higher yield point R.j, the required stress initially decreases to a
lower value. The reason for this is given by the presence of alloy atoms, settling on dislocations and
therefore accumulating to Cottrell Clouds. To enable dislocation movements, an initial increase
in the applied load is needed. Assuming an average maximum tensile strength of 673.2 MPa and
a yield strength of 577.6 MPa, the yield point ratio is approximately 0.86. Since this ratio is
defined by the correlation of the yield strength and tensile strength, it is well suited to provide
information regarding the material behaviour. Higher values indicate a more brittle behaviour,
whereas lower values suggest ductile behaviour. The most important parameters describing the
mechanical properties of the 20MnMoNi5-5 steel under static loading are summarised in table 3.1.

Table 3.1: Mechanical properties considering static loading of a 20MnMoNi5-5 steel

E [GPa] Re, [MPa] Ry [MPal R,0.2 [MPa] R,, [MPa] A; [%)]
198.2 586.3 557.2 563.8 693.6 25.36
266.4 580.3 552.8 551.5 681.3 23.73
194.5 576.4 532.1 537.2 664.3 26.32
218.1 567.4 525.8 528.3 653.5 25.99
219.3 577.6 541.9 545.2 673.2 25.35

3.1.3 Surface Conditions

As already described in chapter 2.2.1, the fatigue behaviour of metallic materials is highly influ-
enced by the surface condition. The reason for this are localised increased stress concentrations,
which promote crack initiation from the surface, especially in the HCF regime. Consequently, an
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overarching objective of the presented research is the scientific quantification of this influence.

A total of five different surface topographies are analysed with regard to their fatigue properties.
Prior to specimens manufacturing, a universally valid classification of different surface qualities
needs to be introduced. The standard DIN EN ISO 1302 [242] divides surface conditions into the
groups N1-N12 regarding their roughness value R,, which covers a roughness range of 0.025 pm -
50 pm. A combination of several factors is used in order to machine the specimens (table 3.2). In
addition to varying turning parameters such as feed rate and cutting speed, tool wear is simulated
by mechanically modified cutting tools, leading to an increased surface roughness. Besides that,
two batches are subjected to mechanical polishing, that effects not only surface roughness but also
residual stresses.

Table 3.2: Summary of the machining parameters regarding the different batches N3-N9 of a
20MnMoNi5-5 steel

Batch Feed Rate [mm/rev] Rotational Speed [rpm)] Cooling
N3 0.05 600 v
N5 0.05 600 v
N7 0.20 600 v
N8 0.20 600 v
N9 0.20 600 v

Batch Pre-Grinding Polishing Mod. tools
N3 v v X
N5 X v X
N7 X X X
N8 X X v
N9 X X v

(a) : S 33.663

pm

1280 pm

-25.735

400 pm

Figure 3.8: Investigations based on laser-scanning-microscopy concerning surface roughness of the
mechanically polished batch N3 machined with unworn cutting tools (a) 2D-mapping
of the surface (b) 3D-mapping of the surface regarding a 20MnMoNi5-5 steel
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The machining parameters summarised in table 3.2 can therefore be used to manufacture specimens
from batches N3, N5 and N7-N9. The defined machining parameters result in different surface con-
ditions which are illustrated in figures 3.8, 3.9, 3.10, 3.11 and 3.12. All conditions were investigated
using a laser-scanning-microscope type LEXT OLS5100 by the company EVIDENT Europe GmbH.
Figure 3.8 and figure 3.9 provide information regarding the two mechanically polished batches N3
and N5, which differ only in the preliminary grinding process in terms of N3.

(a) H 11 iﬁﬁ:&
1280 pm
400 pm
— |

Figure 3.9: Investigations based on laser-scanning-microscopy concerning surface roughness of the
mechanically polished batch N5 machined with unworn cutting tools (a) 2D-mapping
of the surface (b) 3D-mapping of the surface regarding a 20MnMoNi5-5 steel
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Figure 3.10: Investigations based on laser-scanning-microscopy concerning surface roughness of the
batch N7 machined with unworn cutting tools (a) 2D-mapping of the surface (b) 3D-
mapping of the surface regarding a 20MnMoNi5-5 steel
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In addition to the homogeneity of the surfaces, that can be attributed to the polishing process,
almost no difference between N3 and N5 can be monitored as a result of the comparable manufac-
turing process parameters. Nevertheless, table 9.3 of journal contribution 4 in part II of this thesis
shows that the grinding process has a significant influence on surface integrity since the residual
stresses are highly reduced.

The evidently increased surface roughness of the batch N7 compared to N3 and N5, which is shown
in figure 3.10, can be explained on the one hand by the lack of polishing process, but also the
increased feed rate. Despite higher surface roughness, a certain homogeneity in form of recurring
grooves can still be assumed. The previous illustrations (figures 3.8, 3.9 and 3.10) refer to surface
conditions, that are machined using non-worn cutting tools. In addition to process parameters,
however, tool wear and its influence on surface integrity is an important factor, which also needs
to be considered for real manufacturing applications.

Based on this finding, the cutting tools for the machining of batches N8 and N9 are mechanically
pre-processed in order to simulate different tool wear conditions and therefore generate significantly
increased roughness values. Figures 3.11 and 3.12 show the 2D-, as well as the 3D-mapping of those
surface conditions. In Particular, in case of batch N9, which represents the most critical tool wear
condition, the inhomogeneity of the surface compared to the other conditions becomes apparent.

1280 pm

-25.735

1280 pm

4

Figure 3.11: Investigations based on laser-scanning-microscopy concerning surface roughness of the
batch N8 machined with worn cutting tools (a) 2D-mapping of the surface (b) 3D-
mapping of the surface regarding a 20MnMoNi5-5 steel
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Figure 3.12: Investigations based on laser-scanning-microscopy concerning surface roughness of the
batch N9 machined with worn cutting tools (a) 2D-mapping of the surface (b) 3D-
mapping of the surface regarding a 20MnMoNi5-5 steel

A general overview of the manufactured surfaces is given in figure 3.13, in which the periodic peaks
in terms of the N7 surface are particular striking. In order to enable a more detailed examination
of the N7 surface topography, a detailed illustration is shown in figure 3.14.

Figure 3.13: Comparison of the surface roughness based on the results of the laser-scanning-
microscopy regarding surface batches N3-N9 of a 20MnMoNi5-5 steel
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While the peaks in terms of N5 can still be roughly recognised, surface N3 exhibit no pronounced
roughness peaks as a consequence of the grinding process. Therefore, it can be concluded that
although the mechanical polishing process leads to significantly improved surface conditions, kine-
matic roughness cannot be completely removed. Considering the harsh manufacturing conditions
of N8 and N9, kinematic roughness is superimposed by vibration processes of the machine. This is
a consequence of the increased feed rate as well as the wear condition of the cutting tool. Within
figure 3.14, the measured surface height (AR) is given as a function of the gauge length (GL). The
distance between the roughness peaks is equal to 200 pm and therefore corresponds to the ma-
chining feed rate of 0.2 mm - rev—'. The theoretical surface roughness R,,q, consists of geometric
contribution of the tool tip radius r. and the feed rate f. The relation between those parameters

is given in equation 3.1.

f* (3.1)

Assuming a feed rate of 0.2 mm - rev—! and a tool tip radius of 0.8 mm, the theoretical surface
roughness can be calculated as R4, = 6.25 pm , which is in high agreement with the experimental

data.

Surfice beig/; £ um

Figure 3.14: Investigation of the surface roughness based on the results of the laser-scanning-
microscopy regarding the surface batch N7 of a 20MnMoNi5-5 steel

As it does not appear to be sufficient to consider only average surface values for a reliable assessment
of surface roughness influence on fatigue behaviour, distribution functions are used within this
research (figure 9.7 of journal contribution 4). As a result, conclusions can be drawn regarding the
scattering of the surface roughness. In order to be able to generate distribution functions, sufficient
data points must first be collected. Figure 3.15 shows graphically at which positions of the fatigue
specimen surface roughness is measured. By determination of data points in the middle of the
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gauge length, as well as at the transition to the radius, a total number of twelve data points per
specimen is obtained.

Figure 3.15: Schematic representation regarding the localisation of the measuring points for the
roughness investigations of a 20MnMoNi5-5 steel

3.2 Methods

The main aspect of this research is the description and validation of the new LPM MiDAcLife,
which is developed as part of this doctoral thesis. In addition to that, distinctive changes have been
made regarding the already existing method StressLife. Therefore, it is also explained in more detail
within this chapter. Both methods have in common that they are based on the combination of NDT-
related measurement techniques with conventional fatigue testing and thus enable an accelerated
provision of fatigue data, especially in the HCF regime. While StressLife requires a total of three to
four fatigue specimen, resulting in a rather global assessment of fatigue properties, the experimental
effort in case of MiDAcLife can be reduced to a minimum of only one fatigue specimen and one
fatigue test. This allows fatigue data to be derived very locally. This chapter aims to explain the
basics of both procedures. In the following chapter 4, the methods are compared and evaluated in
terms of their applicability and accuracy with data from conventional fatigue analyses.

3.2.1 StressLife

The StressLife method is characterised by the accelerated provision of fatigue data under consider-
ation of elastic, elastic-plastic and plastic portions of the material response as a result of dynamic
loading. Even if the load amplitudes occurring during a fatigue process are mainly below the static
yield strength, micro-plastic deformations still take place in favourably oriented grains. This em-
phasises the importance of taking multiple degradation portions into account, which is an advantage
of StressLife compared to other lifetime prediction methods.
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Figure 3.16: Schematic representation of the lifetime prediction method StressLife

The basis of StressLife is a LIT, which can be used to obtain several important information regarding
fatigue properties. From the curve progression of the material response it can be deduced whether
the material exhibits a merely cyclic softening or additional cyclic hardening processes. Depending
on these cyclic deformation curves, it can be assessed if the material is characterised by a rather
brittle or more ductile behaviour.

The second important information that can be derived from the LIT is the fatigue strength. By
gradually increasing the stress amplitude and detecting the material response, the stress amplitude
above which a non-linear increase in material response and therefore material degradation occurs
can be determined. This value serves as an accelerated estimation of the fatigue strength of the
material. Furthermore, the LIT is used to determine the values for the cyclic hardening exponent
n’, as well as the cyclic hardening coefficient K’, which are essential for further calculations of
StressLife parameters. Figure 3.16 provides a schematic overview of how an S-N curve is obtained
according to StressLife.

Journal contribution 1 entitled "StressLife: A Short-Time Approach for the Determination of a
Trend S-N Curve in and beyond the HCF Regime for the Steels 20MnMoNi5-5 and SAE 1045" in
part II contains a detailed description of the relations used within StressLife. However, the most
important insights are summarised at this point.

The averaged material response is determined for each load step of the LIT and plotted in a Morrow-
equivalent-plot. This designation originates from the representation of the stress amplitude as a
function of the plastic strain amplitude introduced by Morrow [243]. By using an allometric fit,
given in equation 3.2, both an elastic n. and a plastic portion of the cyclic hardening exponent
n, can be derived. The total cyclic hardening exponent 1444 results from the summation of both
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components.

0o = K - (MR)" (3.2)
— . ap .
Ntotal = ap+5 Ne + ap + 5 Ny (33)

The abbreviation M R of equation 3.2 represents the material response, whereas the parameter a,
describes the amount of data points localised in the plastic range of the Morrow-equivalent-plot.
An increased value therefore indicates a more ductile material behaviour. In the elastic range, only
five data points are considered, as otherwise the dependence on the starting stress amplitude would
become too pronounced.

In case of StressLife, the stress amplitude is dependent on several parameters that are illustrated
in equation 3.4.

oo =K'-[B-(2Np)b +C - 2Ny ™ (3.4)

In contrast to the LIT, K’ and n’ describe the cyclic hardening coefficient and exponent under
consideration of constant amplitude loading. The parameters B and C indicate the Basquin coef-
ficient accoring to Basquin [11] and the ductility coefficient proposed by Manson-Coffin [17,19]. In
order to estimate the Basquin exponent b and the ductility exponent ¢, the relations introduced by
Morrow [243] are applied, which are shown in equation 3.5 and 3.6.

—Ntotal
b= ——"—— 3.5
5 Ntotal 1 ( )
—1
c= ————— 3.6
5+ Ntotal 1 ( )

The determination of the remaining coefficients B and C' requires two further equations that can be
derived from the material response of two additional CATs. For this purpose, the material response
is observed after half of the number of cycles to failure and transferred into the Morrow-equivalent
plot. Using an allometric fit and recognising that the entire material response consists out of elastic
and plastic components that can be described according to Basquin and Manson & Coffin, both
parameters can be calculated. Based on the CAT data points, a third CAT can be calculated
virtually. Fitting these CATs in the Morrow-equivalent plot results in the possibility to obtain the
parameters K’ and n’ of equation 3.4

3.2.2 MiDAclLife

In contrast to StressLife, MiDAcLife (Miner Damage Accumulation Lifetime Prediction) is charac-
terised by the fact that only one fatigue test (LIT) is required to provide an S-N curve in the HCF
regime. Furthermore, both methods are based on different empirical approaches. While StressLife
is based on relations according to Basquin and Manson & Coffin, MiDAcLife is based on the linear
damage accumulation model, which was firstly introduced by Palmgren and Miner.
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Figure 3.17: Schematic representation of the lifetime prediction method MiDAcLife

The LPM uses the material response to draw conclusions about the partial damage introduced
during a load cycle. Knowing the number of applied cycles, a virtual number of cycles to failure
can be estimated. An allometric fit according to conventional methods subsequently leads to the
S-N curve. A schematic representation of the steps required for MiDAcLife is given in figure 3.17.
As can be seen in figure 3.17, the basis of the LPM is the linear damage accumulation model
according to Palmgren and Miner. This approach defines the induced partial damage D; as the
ratio of the applied number of load cylces n; and the number of cycles to failure Ny.

1
D; = Ff (3.7)
In order to calculate the partial damage D;, the correlation of the material response with the stress-
strain-hysteresis is utilised as part of the process, as it can therefore be assumed that a change in
material response is equivalent to an applied damage. Analogue to the evaluation according to
StressLife, the averaged material response of each load step is determined and plotted as a function
of the stress amplitude. The partial damage results from the integral consideration of the material
response ¥ at a defined stress amplitude o,; and the subsequent normalisation to the entire area
enclosed by the cyclic deformation curve.

fﬁa,¢+1 Ydo
1 a

Oa,i

fo'a,end ﬁdo-a

Oa,start

D; = (3.8)
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In order to investigate the total area enclosed by the cyclic deformation curve, equation 3.8 in-
tegrates the curve with the limits o, stqrt, Which represents the first step of the LIT and o, ¢na,
indicating the last load level of the LIT. Similar to the previous chapter, a more detailed summary
of the procedure is provided in the corresponding publications within part II of this thesis (Paper
2-4).

Figure 3.17 shows that there is a further key aspect called "Individualised consideration" between
the determination of the partial damage and the provision of an S-N curve. This aspect results from
the key objective of this research to integrate important damage-relevant parameters into the life-
time prediction. In future research this should enable an individualised S-N curve provision instead
of a global consideration of fatigue properties. In addition to surface roughness, which is considered
within this research, other influencing factors such as testing frequency, ambient temperature and
corrosive influences must also be considered in future work.
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The journal contributions attached in part II of this doctoral thesis mainly relate to the development
and introduction of new LPMs and their applicability to various steels. The basis of this published
research is the implementation of NDT-related measurement techniques, such as thermography and
electrical resistance measurements, in destructive materials testing. Essentially, three main research
aspects can be derived from the attached journal contributions. In addition to the modification of
the StressLife method, which enables a global lifetime prediction based on three fatigue specimens,
a particular focus is on the newly developed LPM MiDAcLife. Besides the evaluation of local fatigue
properties, damage-relevant influencing factors can be integrated into the calculation method. This
results in a significant reduction of the experimental testing effort. Since the individual subjects are
considered separately within the respective publications, this chapter serves to link the individual
aspects and to give a comprehensive overview regarding accelerated lifetime prediction.

A graphic illustration of the structure within this discussion section is provided in figure 4.1 and
is intended to serve as guideline through the chapter. As part of a method development, focus is
usually on an initial model material. However, validation tests on a single material appear to be
insufficient in order to prove the applicability of an entire method. For this reason, both methods
(StressLife, as well as MiDAcLife) were applied to different un- and low alloyed steels. Experimental
data resulting from other research projects is taken for given validation purposes. These tests are
labelled with a footnote at the relevant positions.

Material Surface condition
(* Quantification of microstructural \ [« Evaluation of the influence of

influences on the fatigue behaviour surface conditions on fatigue
* Illustration of cyclic softening and/or behaviour
hardening processes using NDT-related * Investigation of surface-
measurement techniques dependency on the material
* Application of new developed lifetime response
prediction method on different * Integration of roughness
materials (ductile and brittle behaviour) MiDAcLife parameters into lifetime
and different groups of materials Kprediction methods
\ (steels, cast iron) /
Constant StressLife
amplitude
Quality tests Testing frequency

* Assessment of the prediction quality of Load
lifetime prediction methods increase tests
* Comparison with experimental data
* Comparison of StressLife and
MiDAcLife, including an assessment of
their applicability regarding important
influencing factors

* Application of new developed
lifetime prediction methods to
higher testing frequencies

* Modelling changes in fatigue

life as a result of the testing

frequency using virtual
numbers of cycles to failure

Figure 4.1: Schematic representation of the presented research results

From a materials science perspective, these materials most notably differ in their microstructural
composition, which in turn depends on various factors. It is therefore essential to analyse parameters
that mainly influence the microstructure. In the following, the impact of alloying elements, the
influence of carbon content and the effect of heat treatment on cyclic deformation curves regarding
CATs, as well as LITs is investigated. Apart from that, both LPMs, described in chapter 3.2, are
examined with regard to their validity depending on material condition.
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In addition to the consideration of influencing factors on a microscopic scale and their effect on test
procedures and lifetime prediction, further mesoscopic and macroscopic factors as well as external
conditions must be considered to ensure a reliable assessment of fatigue properties. Both LPMs
are examined concerning their ability to incorporate parameters into lifetime calculations, such as
increased surface roughness, which lead to a decreased lifetime, or increased testing frequency, that
can result in higher numbers of cycles to failure.

The reduced testing effort in context of the accelerated provision of fatigue data naturally raises
the question regarding the accuracy of the presented methods. In order to assess the quality of the
lifetime estimation, a comparison with results of conventional models is sought within this research.
However, it should be noted at this point that the accelerated LPMs do not claim to completely
replace the conventional procedure of generating S-N curves, but should rather be regarded as
a useful and highly informative extension of fatigue research. Consequently, a combination of
conventional methods for validation and accelerated NDT-related methods for intial assessment
and important indications of ongoing mechanisms appears to be the most sensible solution. Apart
from the comparison with conventional determined S-N curves, both LPMs are compared with
regard to their quality in order to identify possible limitations.

The ferritic-bainitc 20MnMoNi5-5 steel, which has already been described in chapter 3.1, serves as
reference material for the presented results. In order to adequately illustrate different influencing
factors, the results are supplemented by further materials at the respective sections.

4.1 Microstructural Influence on Fatigue Behaviour

4.1.1 Influence of Carbon Content

Depending on the application, certain requirements are placed on construction materials, particu-
larly in terms of their mechanical properties. A change in properties of the material can be achieved
by changing the chemical composition with alloying elements. To understand the influence of al-
loying elements on the cyclic behaviour of metallic materials, the effect of the most important and
essential alloying element, carbon, must be considered first. As a result of elastic distortions caused
by carbon atoms in the octahedral lattice gaps of the bce a-Fe, the solubility of carbon atoms in a-
Fe is severley limited. While a maximum of 0.001 wt.-% can be dissolved at room temperature, the
solubility increases with rising temperature to a maximum value of 0.02 wt.-%. A further increase
in carbon content leads to the formation of a second phase within the material, the so-called ce-
mentite. The microstructure therefore no longer consists only of ferritic components, but of ferrite
and pearlite, which is characterised by a lamellar structure of cementite and ferrite lamellae. As
a result of the orthorhombic lattice structure concerning cementite, a higher pearlite content leads
to increased strength values but consequently to a more brittle behaviour of the material. Addi-
tionally, dislocation movement, which is responsible for plastic deformation, is severely restricted
by the lamellar structure of pearlite, leading to an increased fatigue strength. In summary, it can
be stated that plastic deformation processes take place in ferritic areas of the microstructure and
that an increase in carbon content leads to embrittlement of the material. Apart from that, an
increase in fatigue strength is expected as a result of the dislocation movement restriction.

To ensure the highest possible comparability with the reference material 20MnMoNi5-5, the influ-
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ence of carbon content is investigated using an SAE 1020! steel, which is characterised by similar
carbon content compared to the 20MnMoNi5-5 steel and an SAE 1045 steel®. Both steels are in
a normalised condition, which is indicated by the suffix N in the material designation. Figure 4.2
shows the cyclic deformation curves of both steels considering LITs as well as CATs.
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Figure 4.2: Investigations regarding the influence of carbon content on the fatigue behaviour based
on cyclic deformation curves (a) Load increase test with f = 5 Hz, 04 start = 100 MPa,
Acg = 20 MPa and AN = 6000/9000 (b) Constant amplitude tests with f = 5 Hz and
04 = 212/320 MPa regarding the SAE 1020 N and SAE 1045 N steels

The LITs shown in figure 4.2(a) depict an indispensable part of the results presented within this
thesis. It serves not only as input for both LPMs, but also enables a characterisation of the cyclic
material behaviour regarding brittleness or ductility and an accelerated estimation of the value
for the fatigue strength. Since both examined steels in figure 4.2 only imply carbon as alloying
element, a rather ductile material behaviour is expected as a result of the high ferrit content.
The pronounced material responses confirm this assumption. A common feature of both change
in temperature curves is the occurrence of cyclic-softening and -hardening processes within the
volume of the material as a result of dislocation formation, annihilation and rearrangements. Since
the change in temperature directly correlates with the enclosed area of the stress-strain-hysteresis
loop, an increase in material response indicates cyclic softening, whereas a decrease is linked to
cyclic hardening. However, a comparison of the two curve progressions also reveals substantial
differences. The first significant difference lies in the intensity of the material response, which is

!Experimental results
Project: STA 1133/10
University: University of Applied Sciences Kaiserslautern
Institude: Department of Materials Science & Materials Testing (WWHK)
Project manager: M. Sc. Haoran Wu
2Experimental results
Project: STA 1133/6
University: Saarland University
Institude: Chair for non-destructive testing and quality assurance (LZfPQ)
Project manager: M. Sc. Haoran Wu
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evidently more pronounced in terms of the SAE 1020 steel. Considering half of the numbers of
cycles to failure as reference points, the more ductile SAE 1020 steel already exhibits 4.4 % of the
maximum change in temperature regarding the third last load level. A comparison with values
of the last two load levels is not appropriate, since the values of the change in temperature are
evidently dependent on the position of the measuring fields as a result of the continuous expansion
of macro-cracks. The material response of the SAE 1045 steel is significantly lower, at 1.8 % of the
reference temperature value.

Although comparing individual values provides important initial indications, it is prone to errors as
a result of the measurement scattering. For this reason, the area enclosed by the cyclic deformation
curves is considered as an additional evaluation parameter within this research. This integral
approach is intended to reduce the influence of measurement inaccuracies on the evaluation. The
ratio of both enclosed areas of figure 4.2(a) results in a scaling factor of 2.06, which confirms
previous results and assumptions. Besides the intensity of the material response, it can also be
stated, that a change in material response occurs at lower stress amplitudes in case of the SAE
1020 steel. While the specimen failure of the SAE 1020 steel appears at a stress amplitude of
Oa,end = 260 MPa, the first material response can be observed at the transition from 200 MPa to
220 MPa. Therefore, the fatigue strength can be estimated as 200 MPa. An analogue consideration
in terms of the SAE 1045 steel leads to a failure level of 380 MPa and a fatigue strength of 280 MPa.
The most important findings of the LIT evaluations displayed in figure 4.2(a) are summarised in
table 4.1.

Table 4.1: Summary of the load increase test results to quantify the influence of different carbon
content regarding the normalised SAE 1020 and SAE 1045 steels

Material Stress amplitude failure [MPa] Fatigue strength [MPa] Scaling factor
SAE 1020 N 260 200 906
SAE 1045 N 380 280 '

An additional type of experimental tests, which is mainly required for the StressLife evaluation, is
the conventional CAT. It is characterised by a constant stress amplitude. Beside the inclusion of
CAT data into the LPM StressLife, these tests are used to validate calculated S-N curves and serve
as the basis for conventionally determined S-N curves.

Figure 4.2(b) displays the CAT results of both unalloyed steels. Each curve progression is divided
into three characteristic regions. After an initial rapid increase of the material response in case of
low cycle numbers, a plateau is reached, which is kept at a constant level over a large part of fatigue
life. Briefly before failure of the specimen, a severe increase in material response is detectable.
This change of the temperature curve can be attributed to frictional processes of fracture surfaces.
An established method for assessing the material response of a CAT is the consideration of the
change in temperature after half the numbers of cycles to failure. As already shown for the LITs
in figure 4.2(a), the increased carbon content causes a greatly reduced change in temperature
(ATsag1020 = 712 K; ATsag1045 = 2.96 K). An integral consideration, as in the terms of the LIT,
provides a scaling factor of 2.2 that is in accordance with the scaling factor of table 4.1. A notable
finding regarding the scaling factors is, that in both cases the scaling factor corresponds nearly
exactly with the factor of the carbon content. This correlation could be investigated in further
research. By correlating material response and carbon content, it might be possible to generate
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virtual cyclic deformation curves.

Based on previous analyses, it can be concluded that an increased carbon content has a major
influence on the test results of CATs and LITs. As a result of the increased pearlite content, the
material response decreases and the fatigue strength is increased. In the following, these insights
will be transferred to the lifetime prediction. Based on the NDT-related approaches according to
MiDAcLife (green line) and StressLife (dashed orange line), the S-N curves of the SAE 1020 N
and SAE 1045 N steels are given in figure 4.3. To assess the prediction quality, both LPMs are
compared with results from conventional fatigue testing, which are represented by black lines.
CATs used for validation purposes are illustrated as blue triangles. In order to gain an impression
of the microstructure-related scatter of the respective material, figure 4.3 contains the S-N curves
concerning failure probabilities of 10 %, as well as 90 % in addition to the 50 % S-N curve. To
consider the material scatter within the fatigue strength estimation, fatigue strength is specified in
terms of a stress amplitude range instead of an absolute value, which is indicated by a grey shaded
area in figure 4.3. At this point, a significant advantage regarding performance of LITs becomes
evident. A comparison of the fatigue strength values estimated in the LITs (figure 4.2(a)) matches
the data determined conventionally and according to LPMs with a very high degree of accuracy.
Assuming a limited cycle number of 2 - 10%, conventional fatigue strength calculations result in a
fatigue strength of 191.3 MPa for the SAE 1020 N steel, which corresponds to a deviation of 4.5 %.
Besides that, the estimated fatigue strength values according to LPMs are also characterised by
an extremely low deviation of 0.7 % in terms of the evaluation according to MiDAcLife and 1.3 %
regarding StressLife.
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Figure 4.3: Investigations regarding the influence of carbon content on the fatigue behaviour based
on accelerated determined S-N curves according to MiDAcLife and StressLife in com-
parison to conventionally determined S-N curves including different failure probabilities
of 10, 50 and 90 % (a) SAE 1020 N steel (b) SAE 1045 N steel

While the global lifetime analysis according to StressLife in figure 4.3 is particularly adequate in
estimating data points of the SAE 1045 N steel, MiDAcLife exhibits a very high level of agreement
regarding the conventionally determined 50 % S-N curve. Applying the allometric approach to
the conventional curve of the SAE 1020 N steel, results in a slope of b = 0.044, which exactly
corresponds to the slope according to MiDAcLife. Although there is a slight difference in the slope
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of the SAE 1045 N steel with b = 0.074 according to the conventional method and 0.076 according
to MiDAcLife, the deviation becomes nearly negligible with 2.7 %.

Table 4.2: Summary of the parameters concerning the lifetime prediction methods MiDAcLife and
StressLife in comparison to conventional methods regarding the normalised SAE 1020
and SAE 1045 steels

Method Material Parameters
a [MPa] k]
SAE 1020 N
Conventional 58.43 -22.84
SAE 1045 N a [MPa] k-]
38.93 -13.49
SAE 1020 N ot [MPa] b []
MiDAcLife 364.75 -0.044
SAE 1045 N op [MPa b []
793.02 -0.076
K' [MPa-K' BI[K] C[K] b [ c [ n' [-]
StressLife SAE 1020 N 176.7 1.115 5190 -0.099 -0.503 0.098
SAE 1045 N K MPa-KT - B[] C[K b cH W'
213.5 6.926 758.0 -0.086 -0.570 0.365
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Figure 4.4: Investigations regarding the quality of the lifetime prediction methods MiDAcLife and
StressLife considering the influence of carbon content on the fatigue behaviour in com-
parison to conventionally determined S-N curves including different failure probabilities
of 10, 50 and 90 % (a) Comparison between the experimental numbers of cycles to failure
and calculated numbers of cycles to failure (b) Deviation of MiDAcLife and StressLife
from conventionally generated S-N curve of a SAE 1020 N steel
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Figure 4.5: Investigations regarding the quality of the lifetime prediction methods MiDAcLife and
StressLife considering the influence of carbon content on the fatigue behaviour in com-
parison to conventionally determined S-N curves including different failure probabilities
of 10, 50 and 90 % (a) Comparison between the experimental numbers of cycles to failure
and calculated numbers of cycles to failure (b) Deviation of MiDAcLife and StressLife
from conventionally generated S-N curve of a SAE 1045 N steel

Based on previous analyses, it can be stated that MiDAcLife can be used regardless of carbon
content. StressLife also enables a reasonable lifetime prediction, but with greater deviations in case
of the two different materials. To determine the quality of the respective methods in a more efficient
way, figures 4.4 and 4.5 contain a comparison of the experimental and the calculated numbers of
cycles to failure. Apart from that, the results of the accelerated lifetime prediction are compared
to conventionally generated S-N curves. By relating the calculated results to the experimental data
points in figure 4.4(a), it can be concluded that both the virtual numbers of cycles according to
MiDAcLife and the conventionally determined numbers of cycles to failure are arranged around the
bisector and therefore precisely reflect fatigue behaviour of the SAE 1020 N. Additionally, figure
4.4(a) reveals that StressLife tends to an overestimation of fatigue lifetime, particularly in the region
of lower cycle numbers. This increased deviation is illustrated in figure 4.4(b). While StressLife
approaches conventional data points as the number of cycles increases, the deviation of MiDAcLife
for the considered specimen remains almost constant at 20 %. This deviation can be interpreted
as an offset, which results from the specimen reduction to only one specimen. Some values of the
deviations, especially in terms of the StressLife evaluation, appear very high at first. However,
the scattering of the material on respective load levels must urgently be taken into account at this
point, as LPMs are only capable of calculating one data point on a load level. The so-called range
of scatter T, which is determined using equation 4.1, is frequently used to characterise the scatter
of the material [22].

Npgoy
Ty = —22 4.1
Npioy (4.1)

According to equation 4.1, the range of scatter can be derived from the ratio of cycles regarding a
failure probability of 90 % (Npggy ) and 10 % (Np1gy ), respectively. This results in a range of scatter
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of Ty = 2.39 in terms of the SAE 1045 N, corresponding to a deviation of approximately +69.5%
and Ty = 2.79 (£89.9%) for the SAE 1020 N. Taking these values into account, only the first data
point of the StressLife evaluation is located outside the scatter of the material. Apart from that,
the precision of the lifetime prediction according to MiDAcLife becomes more apparent considering
a deviation of 20 % compared to conventional values despite a material scatter of 4=89.9 %.

The quality assessment for fatigue evaluation concerning the SAE 1045 N is displayed in figure 4.5.
The comparison of experimental and calculated data points from figure 4.5(a) suggests a more re-
duced deviation between the LPMs and the conventional S-N curve than in case of the SAE 1020 N.
This assumption is confirmed by figure 4.5(b). The results of the MiDAcLife evaluation are char-
acterised by a reliably low deviation from the conventional data regardless of the changed carbon
content. Besides that, the prediction quality of StressLife is greatly improved compared to the
results of the SAE 1020 N.

A final summary of important parameters and the accuracy of the LPMs is given in table 4.3.
Within this table, the range of scatter is displayed by T and the fatigue strength by o.. The
fatigue strength coefficient and exponent are indexed with a} and b. As each value is assigned to a
certain deviation in comparison to conventional calculations, the deviation is defined as the variable
d;. From previous insights, it can be assumed that MiDAcLife particularly leads to comparable val-
ues in relation to conventional evaluations. Despite the increased deviations in terms of StressLife
compared to MiDAcLife, mainly in the region of lower cycle numbers, the calculated numbers of
cylces to failure are mostly within the range of scatter of the materials. The applicability of both
NDT-related methods could therefore be demonstrated regarding different carbon contents.

Table 4.3: Comparison of the parameters concerning the lifetime prediction methods MiDAcLife
and StressLife with conventional methods regarding the normalised SAE 1020 and SAE
1045 steels

SAE 1020 N
Method Tn [%] o. [MPa] do, [%0] a} [MPal 6U} (%] b [-] o (%]
Conventional 191.3 361.1 -0.044
MiDAcLife +89.9 192.7 0.732 364.7 0.997 -0.044 0.457
StressLife 193.8 1.306 384.5 6.480 -0.047 6.818
SAE 1045 N
Method Ty [%] o. [MPa] S, [%0] a} [MPa] (50} (%] b [-] o (%]
Conventional 261.4 765.9 -0.074
MiDAcLife +69.5 263.0 0.612 793.0 3.538 -0.076 2.703
StressLife 275.4 5.356 771.2 0.692 -0.072 2.703

4.1.2 Influence of Alloying Elements

For many applications, the properties of materials that can be adjusted by changing the carbon
content are not sufficient. Especially with regard to improved mechanical properties or resistance to
corrosion, other alloying elements are frequently used in addition to carbon. Apart from that, the
use of defined alloying elements also has an influence on the machining process, since chip formation
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is significantly affected by these elements. An increased proportion of alloying elements generally
leads to increased strength values. One reason for this is the lattice distortion by differences in
the atomic radii compared to iron atoms. These lattice distortions lead to a greater restriction of
dislocation movement and therefore, higher stress amplitudes are required to induce damage into the
material. Another reason for the increase in the material strength is the formation of precipitates,
for example in terms of carbides, as it becomes apparent in the example of the reference material
20MnMOoNi5-5 (described in chapter 3.1).

The materials 20MnMoNi5-5 and SAE 1020 QT? steel are used in the following section to analyse
the influence of alloying elements on the testing methods CAT and LIT, as well as the LPMs
MiDAcLife and StressLife. By choosing these steels, the previously evaluated influence of carbon
content can be neglected, which means that the focus is on the remaining alloying elements. Since
the heat treatment of the 20MnMoNi5-5 steel is strictly regulated by the KTA (Kerntechnischer
Ausschuss), where the steel is subjected to a quenched and tempering-process, data from a quenched
and tempered SAE 1020 steel is used. To ensure differentiation from the previously investigated
SAE 1020 N steel, the quenched and tempered steel is labelled with the suffix "QT". As a result
of the heat treatment of the material, increased strength values can be expected, which, however,
also lead to a more brittle behaviour considering dynamic loading. A more detailed discussion on
the influence of heat treatment will follow in a later section of this chapter. Analogue to figure 4.2,

figure 4.6 displays the cyclic deformation curves of both testing materials regarding LITs, as well
as CATs.

Number of cycles Ngy; 1020 o1» 10°

0 36 72
420 }1‘;_}”“""6 of alloying elements I (a) 0 M.A 7% Ml; 30 Influence of alloying elements (b)
s ) P 5 CATs
400 2H€SS amp}ftuje iOMﬂll\él;T)"D-5 150 % 150 g Mﬁ 251 Change in temperature 20MnMoNi5-5, 380 MPa N
s Suess amplitude SAE 1020 QT s S ) Change in temperature SAE 1020 QT, 290 MPa
Change in temperature 20MnMoNi5-5 = <
E 380 A Change in temperature SAE 1020 QT = % )
L 140 5440 2 250 ]
© 360 > < g
3340 ;30% 30 5 %15' ]
= A < ]
S 3204 rr,—"'_‘_r ------ 5 5 &
§ 300 J_r'_,_l_‘ ____________ / % g 20 g g 107 // ]
@ 7 2 8 °
) ——f I quzdos B //
n / i 5 s 57 " ]
2601 o = 2 5 __..-—'"
20+ 1P gy & 0 " ]
T T T T T U T
0 36 72 108 144 180 216 10% 10°

Number of cycles Nogpvonis.sr 10°

Number of cycles N

Figure 4.6: Investigations regarding the influence of alloying elements on the fatigue be-
haviour based on cyclic deformation curves (a) Load increase test with f = 5 Hz,
Oa,start = 250/260 MPa, Ao, = 5/6 MPa and A N = 6000 (b) Constant amplitude tests
with f = 5 Hz and 0, = 380/290 MPa regarding the 20MnMoNi5-5 and SAE 1020 QT

steels
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4 Results and Discussion

A striking difference between figure 4.2(a) and 4.6(a) is the different curve progression of the stress
amplitude. While an increase in the stress amplitude of 20 MPa is selected for both unalloyed
steels in figure 4.2(a), figure 4.6(a) contains different values for the load increase. Furthermore, the
LITs do not start at the same initial starting stress amplitude. Both can be attributed to the fact
that a more brittle material behaviour with higher strength values can be expected as a result of
alloying elements. A load increase of 20 MPa would lead to a demonstrably low number of data
points within the plastic range considering a more brittle behaviour, as it is to be expected in case
of the 20MnMoNi5-5 steel. As a result of this reduction of data points, an evaluation according
to the LPMs becomes significantly more difficult or even impossible. However, a starting stress
amplitude of 100 MPa with a decreased load step results in very high numbers of cycles. On the
one hand, this leads to longer test durations, but also to an accumulation of damage, which is not
representative for real material behaviour.

The increased strength and as a result the increased brittleness of the 20MnMoNi5-5 steel com-
pared to the SAE 1020 QT steel can be inferred from the change in temperature curves of figure
4.6(a). The cyclic deformation curve of the 20MnMoNi5-5 steel, displayed as a green line, shows
no significant material response over a large period of the specimens lifetime. A distinct increase
of material response can only be observed shortly before specimen failure. Because of this, only
cyclic softening processes within the material can be monitored, while the noticeably more ductile
SAE 1020 QT steel exhibits slight hardening processes. Besides that, the intensity of the mate-
rial response differs significantly. While the SAE 1020 QT steel shows a temperature difference of
8.37 K after half of the number of cycles to failure, the 20MnMoNi5-5 steel is characterised by an
increase of 0.05 K, which is completely obscured by the measurement signal due to the thermoelastic
effect. This results in a percentage value of 16.94 % for the unalloyed steel in relation to the total
material response, whereas no reaction can be observed in terms of the low-alloyed 20MnMoNi5-5
steel. The scaling factor introduced in chapter 4.1.1 is even more distinctive with a value of 3.277.
As a result of the microstructure and chemical composition, dislocation movement is already en-
abled at evidently lower stress amplitudes regarding the SAE 1020 QT steel. The first material
response can be detected at a stress amplitude of approximately 278 MPa. In comparison, the
fatigue strength of the 20MnMoNi5-5 steel is estimated to 370 MPa. The most important outcomes
of the data given in figure 4.6(a) are summarised in table 4.4.

Table 4.4: Summary of the load increase test results to quantify the influence of alloying elements
regarding the 20MnMoNi5-5 and SAE 1020 QT steels

Material Stress amplitude failure [MPa] Fatigue strength [MPa] Scaling factor
SAE 1020 QT 326 278 3977
20MnMoNi5-5 410 370 '

A comparison of the material response progression considering dynamic loading with a constant
stress amplitude in case of the CATs provides similar results. Figure 4.6(b) compares CATs with
numbers of cycles to failure that are alike. A stress amplitude of 380 MPa is therefore selected
for the 20MnMoNi5-5 steel, whereas the SAE 1020 QT steel is tested with a stress amplitude of
290 MPa. With an absolute value for the material response of 12.91 K after half of the number of
cycles to failure, the change in temperature of the SAE 1020 QT steel is higher with a factor of

58



4.1 Microstructural Influence on Fatigue Behaviour

3.316 compared to the 20MnMoNi5-5 steel (AToorrnaronis—s = 3.89 K). An integral consideration
as described in chapter 4.1.1, provides a scaling factor of 3.553, which is in close agreement with
the data from the LIT of figure 4.6(a). The slight increase in this value of the scaling factor can
be attributed to the difference in the number of cycles to failure of the individual CATs of approx-
imately 50,000 cycles.

The theoretical approaches presented with regard to the influence of alloying elements, as well as
the experimental test results illustrated in figure 4.6 are used in the following section to investigate
fatigue properties with regard to lifetime prediction. Figure 4.7 provides conventionally determined
S-N curves including different failure probabilities, as well as the S-N curves generated according
to MiDAcLife and StressLife.
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Figure 4.7: Investigations regarding the influence of alloying elements on the fatigue behaviour
based on accelerated determined S-N curves according to MiDAcLife and StressLife in
comparison to conventionally determined S-N curves including different failure proba-
bilities of 10, 50 and 90 % (a) 20MnMoNi5-5 steel (b) SAE 1020 QT steel

Similar to the evaluation of the carbon content influence, figure 4.7 is characterised by a precise
agreement between MiDAcLife and the conventional S-N curves. Analysing the SAE 1020 QT
steel, an increased deviation is detectable for the StressLife evaluation, especially in the range of
very low and high numbers of cycles to failure. This can be explained by the demonstrably higher
scattering of the material compared to the normalised condition. As the global lifetime prediction
according to StressLife consists of a combination of LITs and CATs, it is more error-prone than the
local consideration according to MiDAcLife. The results of calculation presented in figure 4.7(a)
and (b) indicate a fatigue strength of approximately 255 MPa in terms of the SAE 1020 QT steel,
whereas the 20MnMoNi5-5 steel is characterised by an increased fatigue strength of approximately
340 MPa. A comparison with table 4.4 shows that the fatigue strength values for both materials
are slightly overestimated within the LIT. This can be attributed to the progression of the material
response. The more brittle material behaviour due to alloying elements (and heat treatment)
leads to a reduced output of the material response as a result of dynamic loading. This makes
early monitoring of the first response more difficult and can lead to minor deviations. However,
with a deviation of approximately 9 % regarding the SAE 1020 QT steel and 8 % regarding the
20MnMoNi5-5 steel, these are moderate deviation values, which can nevertheless be used for an
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4 Results and Discussion

accelerated estimation of the fatigue strength. All parameters of the LPMs shown in figure 4.7 are
given in table 4.5.

Table 4.5: Summary of the parameters concerning the lifetime prediction methods MiDAcLife and
StressLife in comparison to conventional methods regarding the 20MnMoNi5-5 and
SAE 1020 QT steels

Method Material Parameters
o [MPa] N
SAE 1020 QT
Conventional aii/fga] —}{9?}6
20MnMoNi5- ’
OMnMoNIE-5 73.75 -26.64
SAE 1020 QT oy [MPa] b L]
MiDAcLife 491.9 -0.046
. o [MPa] 38
20MnMoNi5-5 /
O 561.2 -0.034
SAE 1020 QX [MPa- K' BIK] C[K  b[] cll 0[]
StressLife 159.3 58.36 20,536  -0.146  -0.689  0.205
oOMuMoNiss K MPa- KT B[K]  C[K]  b[] ckl [
352.3 1.149 79,993  -0.018 -0.909 0.081
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Figure 4.8: Investigations regarding the quality of the lifetime prediction methods MiDAcLife and
StressLife considering the influence of alloying elements on the fatigue behaviour in
comparison to conventionally determined S-N curves including different failure proba-
bilities of 10, 50 and 90 % (a) Comparison between the experimental numbers of cycles
to failure and calculated numbers of cycles to failure (b) Deviation of MiDAcLife and
StressLife from conventionally generated S-N curve of an SAE 1020 QT steel
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4.1 Microstructural Influence on Fatigue Behaviour

The increased strength of the 20MnMoNi5-5 steel compared to the unalloyed SAE 1020 QT carbon
steel can be derived very well from the position parameters of the individual methods. The position
of the S-N curve is defined by the parameter a concerning conventional evaluations, 0} in terms
of the evaluation according to MiDAcLife and K’ according to the StressLife method. All of these
parameters exhibit greater values for the low alloyed steel than for the unalloyed steel. In order
to be able to examine the influence of alloying elements on the accelerated lifetime prediction, the
calculated numbers of cycles to failure are again compared with the experimental data in figures
4.8 and 4.9. The quality assessment of StressLife in terms of the SAE 1020 QT steel in figure
4.8 provides the insight that the experimental data points can be described with a high degree of
precision in the range of 10* — 10° cycles. In the transition area to the LCF regime and for cycle
numbers greater than 10°, the deviation increases rapidly. This is a consequence of an excessively
high slope of the generated S-N curve, which can also be seen in figure 4.7(a). If the plastic portion
is considered too intensely, the lifetime of the specimens at low stress amplitudes is underestimated,
whereas at higher load amplitudes, it is overestimated. In contrast, the virtual numbers of cycles
to failure according to MiDAcLife are characterised by very low deviation values in the range of
0% - 20 % compared to the conventional S-N curve. At this point, it must be emphasised that an
increase in the deviation of figure 4.8(b) is not equal to a poor quality of the lifetime prediction.
While MiDAcLife shows an average deviation of 48.6 % regarding the experimental numbers of cy-
cles to failure, the conventional method deviates from these data points by 48.4 %. Especially data
points at lower stress amplitudes can be estimated with a higher prediction quality by MiDAcLife.
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Figure 4.9: Investigations regarding the quality of the lifetime prediction methods MiDAcLife and
StressLife considering the influence of alloying elements on the fatigue behaviour in
comparison to conventionally determined S-N curves including different failure proba-
bilities of 10, 50 and 90 % (a) Comparison between the experimental numbers of cycles
to failure and calculated numbers of cycles to failure (b) Deviation of MiDAcLife and
StressLife from conventionally generated S-N curve of a 20MnMoNi5-5 steel

An almost identical behaviour is given in figure 4.9 for the reference material 20MnMoNi5-5. Even
if an increase in deviation compared to conventional data points can be detected as the number of
cycles increases, the experimental data points in the range of high cycle numbers can be represented
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4 Results and Discussion

in a more accurate way by MiDAcLife. Therefore, the high potential of this method can be derived
from these results. Apart from that, figure 4.9(b) displays high deviation values for StressLife in
the range of higher numbers of cycles to failure. Considering both elastic and plastic portions, a
double-logarithmic plot for StressLife does not result in a linear relation. As a consequence, the
curve runs into a plateau, which corresponds to the natural behaviour of the material. The fact
that the S-N curve tails off in the direction of the fatigue strength, is one of the advantages of
StressLife compared to purely elastic approaches.

In summary, the influence of alloying elements on fatigue behaviour of metallic materials can
be demonstrated in various ways. By using NDT-related methods (in this case, thermography),
the influence can already be shown in cyclic deformation curves of the materials SAE 1020 QT
and 20MnMoNi5-5. A rather brittle material behaviour leads to pure cyclic softening processes
within the volume of the material and reduces the material response. As a result of the reduced
material response and thus the superimposition with the scattering of the measurement devices,
the estimation of fatigue strength resulting from LITs is more challenging. However, deviations of
less than 10 % are still acceptable for a first accelerated estimation. When it comes to lifetime
prediction, the results of MiDAcLife agree with the results of conventional calculations regarding a
low-alloyed steel. Particularly in the range of low stress amplitudes, experimental data points can be
estimated with improved accuracy in some cases. Despite higher deviation of the results according
to StressLife, the determined data points are within the range of scatter of the materials and the
natural behaviour at the transition to the VHCF regime can be demonstrated in a representative
way. All important findings are summarised in table 4.6.

Table 4.6: Comparison of the parameters concerning the lifetime prediction methods MiDAc-
Life and StressLife with conventional methods regarding the 20MnMoNi5-5 and
SAE 1020 QT steels

SAE 1020 QT
Mothod Tv %]  oc[MPa] &, (%] o} MPa] 6, %] b 0 %]
Conventional 245.3 520.9 -0.052
MiDAclLife +264.7 250.8 2.242 450.0 13.61 -0.046 11.54
StressLife 236.7 3.506 569.3 9.291 -0.062 19.23
20MnMoNi5-5
Method T %] oc MPa] o5, (4] o MPa] 0, [%] bE & %]
Conventional 339.9 585.9 -0.037
MiDAcLife +39.61 344.2 1.265 561.2 4.216 -0.034 8.108
StressLife 350.9 3.236 535.8 8.551 -0.030 18.92

4.1.3 Influence of the Heat Treatment

Apart from chemical composition, the heat treatment of metallic materials is a distinctive factor in
achieving desired properties. This process utilises a property of iron, known as allotropy. Depending
on temperature, iron changes its lattice structure from body-centered cubic (bce) to face-centered
cubic (fcc) and vice versa. Therefore, the solubility of dissolved atoms changes due to the fact
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4.1 Microstructural Influence on Fatigue Behaviour

that the octahedral gaps in bce are smaller than in the fcc lattice. As a consequence of the lower
solubility, the dissolved atoms precipitate in terms of an additional phase during cooling phase.
However, this requires diffusion processes. Rapid quenching of the specimen from the austenite
region prevents atoms from diffusing and therefore results in a forced solute state. The excess of
dissolved atoms lead to a pronounced distortion of the lattice. Even if this state is characterised by
extremely high hardness and strength values, the significantly reduced toughness is not sufficient
for many applications. For this reason, the material is tempered at defined temperatures to enable
a controlled diffusion movement and consequently ensure an optimum compromise between high
strength and sufficient toughness of the material.

Since the heat treatment of the reference material 20MnMoNi5-5 is standardised by the KTA and
therefore only one heat treatment condition is available within the scope of this research, the influ-
ence of heat treatment is investigated using an SAE 5120 steel®. As a result of the carbon content
and alloying elements, both steels are comparable to a good approximation. The evaluation re-
garding CATs and LITs, as well as the assessment of the LPMs, is based on both previous chapters
4.1.1 and 4.1.2.
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Figure 4.10: Investigations regarding the influence of heat treatment on the fatigue behaviour based
on cyclic deformation curves (a) Load increase test with f = 5 Hz, 0, gtart = 100 MPa,
Ao, =20 MPa and A N = 9000/6000 (b) Constant amplitude tests with f = 5 Hz and
04 = 252/420 MPa regarding the SAE 5120 N and SAE 5120 QT steels

Figure 4.10 illustrates the cyclic deformation curves of the SAE 5120 steel for LITs, as well as
CATs. To investigate the influence of the heat treatment, a normalised and a quenched-tempered
condition of the material is considered at this point. As a consequence of the quenching process,
the dislocation movement within the SAE 5120 QT steel is significantly more limited than in case
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of the SAE 5120 N steel. Based on the progression of the change in temperature, a pure cyclic
softening of the quenched and tempered steel can be inferred, whereas the normalised SAE 5120
steel tends to cyclic hardening and softening processes similar to the SAE 1020 steel from previous
chapters. A scaling factor of 5.9 concerning the LITs presented in figure 4.10(a) and even 2.2 in
terms of CATs shown in figure 4.10(b) confirms the higher intensity of the material response in the
normalised condition. An overview of the estimated values for the fatigue strength and the scaling
factors is given in table 4.7.

Table 4.7: Summary of the load increase test results to quantify the influence of heat treatment
regarding the SAE 5120 N and SAE 5120 QT steels

Material Stress amplitude failure [MPa] Fatigue strength [MPa] Scaling factor
SAE 5120 N 300 220 5.9
SAE 5120 QT 460 420 '

Table 4.8: Summary of the parameters concerning the lifetime prediction methods MiDAcLife
and StressLife in comparison to conventional methods regarding the SAE 5120 N and
SAE 5120 QT steels

Method Material Parameters
a [MPa] k [-]
SAE 5120 N
Conventional a4[17\/'[2f?a] ‘}{756
SAE 5120 QT S04t o
SAE 5120 N oy [MPal b[]
MiDAcLife ,4[71?4-123 ] %??5
o a _
AE 5120 QT f
> 5120 Q 635.8 -0.036
K'[MPa-K'] B[K C[K] b -] cl-l n' [
StressLife SAE 5120 N 208.0 7.194 31,548 -0.065 -0.673  0.082
SAEs120Qr 1 MPa K7 B[ C[K] b  cf] o[]
383.8 2.661 27,276  -0.030 -0.851  0.076

S-N curves for both material conditions are provided in figure 4.11. The significant increase in
fatigue strength by a factor of approximately 1.8 from 220 MPa to 390 MPa in terms of the quenched
and tempered condition is remarkable at this point. For the evaluation according to MiDAcLife, an
almost identical progression of the S-N curve compared to the conventional curve can be confirmed.
Only small differences within the slope of the S-N curves lead to the deviations shown in figure 4.12.
Within these results, StressLife provides more precise values in the normalised condition than in
the quenched-tempered condition. As in the previous chapter, the high deviation in the range
of higher numbers of cycles to failure results from the progression of StressLife into a plateau.
However, both figures 4.12 and 4.13 demonstrate the high prediction quality of MiDAcLife and
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4.1 Microstructural Influence on Fatigue Behaviour

StressLife considering the influence of different heat treatment conditions. Table 4.9 summarises
the parameters of each evaluation and their deviation from conventional data.
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Figure 4.11: Investigations regarding the influence of heat treatment on the fatigue behaviour based
on accelerated determined S-N curves according to MiDAcLife and StressLife in com-
parison to conventionally determined S-N curves including different failure probabili-
ties of 10, 50 and 90 % (a) SAE 5120 N (b) SAE 5120 QT
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Figure 4.12: Investigations regarding the quality of the lifetime prediction methods MiDAcLife and
StressLife considering the influence of heat treatment on the fatigue behaviour in
comparison to conventionally determined S-N curves including different failure proba-
bilities of 10, 50 and 90 % (a) Comparison between the experimental numbers of cycles
to failure and calculated numbers of cycles to failure (b) Deviation of MiDAcLife and
StressLife from conventionally generated S-N curve of a SAE 5120 N steel
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Figure 4.13: Investigations regarding the quality of the lifetime prediction methods MiDAcLife and
StressLife considering the influence of heat treatment on the fatigue behaviour in
comparison to conventionally determined S-N curves including different failure proba-
bilities of 10, 50 and 90 % (a) Comparison between the experimental numbers of cycles
to failure and calculated numbers of cycles to failure (b) Deviation of MiDAcLife and
StressLife from conventionally generated S-N curve of a SAE 5120 QT steel

Table 4.9: Comparison of the parameters concerning the lifetime prediction methods MiDAcLife
and StressLife with conventional methods regarding the SAE 5120 N and SAE 5120 QT

steels
SAE 5120 N
Method Tn [%)] o [MPa] 05, [%0] a} [MPa] 60} (%] b [-] op (%]
Conventional 213.0 486.6 -0.057
MiDAcLife +151.7 215.6 1.221 479.2 1.521 -0.055 3.509
StressLife 232.1 8.268 381.8 21.54 -0.035 38.59
SAE 5120 QT
Method Tn [%] oe [MPal 0o, [%0] o’ [MPal O, (%] b [-] & (%]
Conventional 374.8 620.4 -0.035
MiDAclLife +99.89 374.7 0.027 635.8 2.482 -0.037 5.714
StressLife 400.6 6.884 504.6 18.67 -0.016 54.29

Concluding the discussed derivations and insights of this chapter, the independence of the LPMs
MiDAcLife and StressLife from microstructural influences can be confirmed. In particular, the local
consideration of fatigue behaviour according to MiDAcLife provides results that almost completely
correspond to the data of the conventional S-N curve determination. In certain cases, the experi-
mental numbers of cycles to failure can be described even more precisely by MiDAcLife. Smaller
deviations are not attributable to the method itself, but to the scattering of the material. These
deviations might be remedied by a moderate increase of the number of experiments. Considering
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the reduction of experimental effort by more than 90 % in certain cases, MiDAcLife is characterised
by a high level of prediction quality. Due to the combination of NDT-signals from several tests
and test methods, StressLife is significantly more error-prone than MiDAcLife. However, the global
assessment of fatigue behaviour is also of great importance, as the progression of the S-N curve,
especially in the transition to the VHCF regime, is closer to the expected material behaviour.

4.2 Influence of Surface Condition on Fatigue Behaviour

After the microstructural influence on fatigue behaviour and the effect on the LPMs MiDAcLife
and StressLife have been investigated in detail in chapter 4.1, this chapter aims to explore the
influence of increased surface roughness on fatigue behaviour of the 20MnMoNi5-5 steel. Journal
Contribution 3 and 4, presented in part II of this thesis already provide an initial approach of how
to integrate surface roughness parameters into the LPM MiDAcLife. A review of the applicability
of StressLife regarding different surface conditions is still to be carried out. An additional objective
of this chapter is to enable comparability with results of already existing, frequently used methods.
The focus here is on a comparison with the FKM-guideline and the approach according to Mu-
rakami, which are both described in chapter 2.2.1. Analogue to the previous chapter, the lifetime
prediction quality is evaluated in relation to the conventional S-N curve generation. At first, the
respective CATs and LITs of different surface topographies are analysed, followed by a section that
deals with the lifetime prediction under increased surface roughness.

In general, crack initiation and propagation starting from the specimen surface is the dominant
failure mechanism in terms of cyclic loading within the HCF regime. At this point, it must be
noted that this mainly applies for more homogeneous microstructures. If a material exhibits an
inhomogeneous structure, as it is the case with for example cast materials, other damage mecha-
nisms take place. Further information regarding cast materials are given in chapter 4.5.

Within the scope of this research, investigations are carried out on five different surface qualities,
which are categorised into the groups N3, N5 and N7-N9. The reference surface is given by batch
N3, which is characterised by the lowest surface roughness with R, = 0.1 pm. The results of the
cyclic deformation curves concerning CATs regarding batch N3 are given in figure 4.14.
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Figure 4.14: Investigations regarding the influence of surface condition on the fatigue behaviour
based on cyclic deformation curves of constant amplitude tests concerning the surface
batch N3 of a 20MnMoNi5-5 steel

In addition to the material response, the induced damage D; is plotted as a function of the numbers
of cycles in figure 4.14. For all CATs, the change in temperature purely rises with increasing numbers
of cycles. Therefore, a cyclic softening behaviour of the material can be observed. Apart from that,
it can be concluded that an increase in the load amplitude leads to an earlier and demonstrably
more pronounced material response. While a stress amplitude of 410 MPa results in an increase
of the material response starting from approximately 10% cycles, an increase regarding 370 MPa
loading can only be detected from a number of approximately 2-10% cycles. Within figure 4.14,
the values of the change in temperature after half of the number of cycles to failure are represented
by unfilled circles. This illustrates the increase of the material response as a function of the stress
amplitude.

Another way of confirming this relation is to compare the values of the applied partial damage.
While the maximum value of the partial damage with regards to the 370 MPa CAT is given by
9-1073, the material is subjected to a damage of 1.7 -10~! considering a 410 MPa loading. The
reason for the given correlation can be found in the mobility of the dislocations. In order for
dislocations to move, they must be displaced by an atomic distance. This requires a critical shear
stress. As the dynamic loading is situated below the static yield strength, dislocation movement
is only possible in favourably oriented grains. With an increased stress amplitude, dislocation
movement and dislocation reactions can be initiated in more grains, whereas in terms of lower
stress amplitudes, damage results from the accumulation of a high number of cycles.

The cyclic deformation curves of the remaining surface conditions are displayed in figure 4.15 and
4.16. The batches N5 and N7, presented in figure 4.15, are both characterised by a machining
process with unworn cutting tools. The difference between the two batches results from a different
feed rate and a mechanical polishing process in terms of N5. In contrast, figure 4.16 illustrates
batches N8 and N9, which were machined with worn cutting tools and therefore exhibit higher
roughness values. A more detailed description of each surface is included in chapter 3.1.3. In order
to enable an assessment of the influence of surface roughness on the cyclic deformation curves
regarding constant amplitude loading, CATs with identical stress amplitudes are compared with
each other. The CAT of batch N3 with a stress amplitude of 380 MPa (shown as yellow curve
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4.2 Influence of Surface Condition on Fatigue Behaviour

in figure 4.14) serves as a reference point. Analogue to previous evaluations, several factors are
considered for the determination of roughness influence. Firstly, the material response after half
of numbers of cycles to failure is compared for each surface condition. Secondly, the material
behaviour is assessed on the basis of the area enclosed by cyclic deformation curves. In addition
to that, the respective numbers of cycles to failure are analysed. As the lifetime of the specimens
is significantly reduced as a result of the increased surface roughness in terms of N9 specimens,
experiments were mostly carried out with lower stress amplitudes. Since there is no experimental
result concerning a stress amplitude of 380 MPa, the results of a specimen loaded with 370 MPa
are considered.
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Figure 4.15: Investigations regarding the influence of surface condition on the fatigue behaviour
based on cyclic deformation curves of constant amplitude tests concerning (a) surface
batch N5 (b) surface batch N7 of a 20MnMoNi5-5 steel
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Figure 4.16: Investigations regarding the influence of surface condition on the fatigue behaviour

based on cyclic deformation curves of constant amplitude tests concerning (a) surface
batch N8 (b) surface batch N9 of a 20MnMoNi5-5 steel

Considering the N3 batch, a loading with 380 MPa leads to a lifetime of 97,356 cycles. The material
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response can be characterised either by the absolute value of the change in temperature after half
of the number of cycles to failure ( AT = 3.96 K), or the integral value 7, which represents the
area enclosed by the cyclic deformation curve (7 = 4.70). Since the enclosed area does not depend
on the material response exclusively, but also on the number of cycles, it must be normalised to
the number of cycles to failure. Although batches N3 and N5 exhibit identical turning parameters
and have both undergone a polishing process, the CAT of N5 reaches an increased lifetime at
830,634 cycles. The material response is also significantly reduced with a change in temperature
of AT = 1.045 K and an integral value of 7 = 0.829. The difference between both batches can be
explained by the manufacturing process of the specimens and the resulting residual stresses. While
specimens of surface N3 are grinded before the mechanical polishing, this process step is omitted
for specimens of N5. The resulting compressive residual stresses are therefore significantly reduced
by a factor of two, which explains the reduced lifetime of N3. An overview of the parameters
describing the influence of different surface conditions on CATs is given in table 4.10.

Table 4.10: Comparison of the cyclic deformation curves of the constant amplitude tests concerning
different surface conditions with the reference surface batch N3 of a 20MnMoNi5-5 steel

20MnMoNib5-5

Batch Ny [ on, [%] AT(N;/2), [K] oar %] 7 [ 5, %]
N3 97,356 3.955 4702
N5 830,634 753.2 1.045 73.58 0.829 82.37
N7 102,076 4.848 0.195 95.07 0.170 96.38
N8 32,667 66.44 2.395 39.44 2.489 47.06
N9 26,158 73.13 0.650 83.56 0.718 84.73

A consideration of the numbers of cycles to failure from table 4.10 leads to an important finding
regarding the influence of surface roughness. Even though the roughness of batch N7 is noticeably
increased compared to N3, there is no remarkable difference in the numbers of cycles to failure.
As already mentioned, the lifetime extension of the N5 specimen can be explained by compressive
residual stresses, since these are greater than the external stress amplitudes. As a result, the
effect of surface roughness only seems to become meaningful above a certain threshold value. This
observation is highly significant e.g. when it comes to manufacturing of components, as machining
parameters can be adjusted to maximise production efficiency without risking a reduction in the
fatigue lifetime of the specimen or component. However, the increased roughness regarding the
surfaces N8 and N9 causes a serious deterioration in fatigue properties. While the specimen assigned
to N8 is characterised by a lifetime reduction of nearly 67 %, even a reduced stress amplitude of
10 MPa in terms of the N9 specimen causes a lifetime reduction of 73.13 %. It can therefore be
stated that the influence of surface condition is highly distinctive concerning the surface batches N8
and N9. It should be noted that roughness is assumed to be a static value within the context of this
analyses. A dynamic change in surface topography as a result of slip bands is not taken into account.
However, neglecting extrusions and intrusions appears to be a permissible simplification since the
roughness resulting from machining process is extremely high compared to surface protrusion. A
comparison of the temperature data of N8 and N9 reveals that the material response is more
prominent in case of the N8 specimen. This is because of two possible circumstances. On the one
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4.2 Influence of Surface Condition on Fatigue Behaviour

hand, the stress amplitude is increased by 10 MPa, which makes a comparability more difficult.
The dependence of the material response on the stress amplitude has already been demonstrated in
previous studies. Another explanation is the increased surface roughness of the specimen N9. This
leads to a larger surface area of the specimen compared to N8. Consequently, a greater surface area
is exposed to the lab air which leads to more effective cooling of the specimen and thus reduces
the measured values. The specimens machined with unworn cutting tools support this approach.
Resulting temperature data of the lowest surface roughness N3 is demonstrably higher compared
to batches N5 and N7. Besides that, N7 exhibits lower values for the change in temperature at half
of the number of cycles to failure and 7 than Nb5.

Having shown the influence of surface roughness on the cyclic deformation curves of CATs, the
influence on LITs is analysed analogue in the following section.
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Figure 4.17: Investigations regarding the influence of surface condition on the fatigue behaviour
based on cyclic deformation curves of load increase tests concerning the surface batch
N3 of a 20MnMOoNib5-5 steel

In addition to the assessment of fatigue behaviour under the influence of different surface condi-
tions and the development of a new LPM, a further aim of this research is to integrate different
NDT-related measurement devices into destructive fatigue testing. The advantage of varying the
measurement technology is that different methods react sensitively to different damage mecha-
nisms. As this aspect is already covered in the journal contributions of part II (especially within
journal contribution 3), only a brief overview is provided at this point. Besides IR-thermography,
two other methods are used to monitor the material response during cyclic loading. Especially
electrical resistance measurements (4 point method) have the decisive advantage that defects in the
volume of the material can be detected with high resolution. This would be particularly important
in terms of VHCF loading of the material, where the initial damage is transferred into the volume
of the material. Apart from that, fatigue tests are instrumented with a tactile extensometer to
record the total strain amplitude. Even if this is not an NDT-related method, strain measurement
represents the state of the art and is therefore suitable for validation purposes. The plastic strain
amplitude shown in figure 4.17 is determined in a post-processing MATLAB calculation based on
the stress-strain-hysteresis.

Because of the higher material strength and therefore rather brittle material behaviour and the re-
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sulting lower values of the material response regarding the 20MnMoNi5-5 steel, it is more complex
to estimate the fatigue strength in comparison to a more ductile behaviour. To ensure a reliable
observation of the first material response, a moving average (red line) is used in addition to the
original data of the temperature measurement (black line). This prevents an increase in material
response from being superimposed by thermoelastic effects. An analysis of the respective measure-
ment signals leads to an estimated fatigue strength range of 355 MPa - 370 MPa for the specimen
of the N3 batch. Similar to the influence of microstructure discussed in the previous chapter, the
cyclic deformation curve of N3 is used as a benchmark. The material response of the remaining
LITs from batches N5-N9 is given in figure 4.18 and 4.19.
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Figure 4.18: Investigations regarding the influence of surface condition on the fatigue behaviour
based on cyclic deformation curves of load increase tests concerning (a) surface batch
N5 (b) surface batch N7 of a 20MnMoNi5-5 steel
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Figure 4.19: Investigations regarding the influence of surface condition on the fatigue behaviour
based on cyclic deformation curves of load increase tests concerning (a) surface batch
N8 (b) surface batch N9 of a 20MnMoNi5-5 steel
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For reasons of comparability, important parameters of the curve progressions from figures 4.17,
4.18 and 4.19 are summarised in table 4.11. Within this table, the load level at which specimen
failure occurs is labelled with 0, cng. The data evidently depicts the difficulty of assessing the
influence of surface roughness on fatigue behaviour based on the material response of a LIT. Even
if the material response has a decreasing tendency, which is proven by 7, the estimation of fatigue
strength is apparently subject to errors. Only in case of batch N9, a reduction in fatigue strength
can be noticed, which is in contrast to previous expectations based on the evaluation regarding
CATs. A comparison of the stress amplitude at which failure occurs does not provide any signifi-
cant insights into the influence of surface roughness. However, it must be considered that the N9
LIT is performed with an increase in stress amplitude of 20 MPa and therefore the number of cycles
to failure is decreased. To ensure an accurate assessment, identical test parameters would have to
be chosen in further tests in comparison with N3.

Table 4.11: Comparison of the cyclic deformation curves of the load increase tests concerning dif-
ferent surface conditions with the reference surface batch N3 of a 20MnMoNi5-5 steel

20MnMoNib5-5

Batch Oa,end [MPa] 8oy ona 1 %0] 7 [-] 5 [%] oe [MPa] o, [%0]
N3 410.0 1.148 355.0
N5 410.0 0.000 1.406 22.47 340.0 4.225
N7 405.0 1.219 0.470 59.06 370.0 4.225
N8 380.0 7.317 0.392 65.83 355.0 0.000
N9 400 2.439 0.286 75.09 240.0 32.39

In summary, the CAT data provide more accurate information regarding the influence of surface
topography. Based on the CAT analyses, significantly reduced numbers of cycles to failure are ex-
pected for the lifetime prediction in terms of N8 and N9, whereas fatigue properties of N3, N5 and
N7 should be similar. The assessment of the LPMs and their dependency on surface roughness is
divided into two main parts. Firstly, the prediction quality is determined on the basis of a compar-
ison with conventional data in accordance with chapter 4.1. The focus here is primarily on whether
both methods, MiDAcLife and StressLife, are capable of modelling the influence of increased sur-
face roughness. In the attached publication (journal contribution 4), the Fatigue Notch Factor
has already demonstrated a possibility of integrating roughness values as a preliminary factor in
the MiDAcLife evaluation. This enables a generation of virtual S-N curves for different surface
conditions based on the reference surface N3. Common methods such as the FKM guideline or
the approach according to Murakami only use static values to consider increased roughness. The
second part of this section therefore compares the virtually calculated S-N curves with the FKM
guideline and Murakami’s approach, which emphasises the quality of the local, NDT-related Mi-
DAcLife method.

The S-N curves that are generated with the different LPMs are given for the reference surface N3 in
figure 4.20. Figure 4.20(a) displays the high level of agreement between the data points according
to StressLife, MiDAcLife and the validation test results. Within the HCF regime, both curve pro-
gressions of MiDAcLife and the conventional method are similar to a good approximation. Only in
transition regions to LCF and VHCEF, a slight deviation regarding curve progression can be found.
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StressLife equally enables a precise description of the fatigue behaviour of the polished N3 speci-
mens. Figure 4.20(b) reflects the prediction quality by providing a relation between experimental
test results and calculated numbers of cycles to failure. The majority of data points determined
according to MiDAcLife are located within a deviation of 20 % compared to the validation CATs.
Specific details concerning deviations of the LPMs from conventional S-N curves are given at the
end of this chapter in table 4.12.
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Figure 4.20: Investigations regarding the influence of surface roughness on the fatigue behaviour
considering surface batch N3 (a) Accelerated determined S-N curves according to
MiDAcLife and StressLife in comparison to conventionally determined S-N curves in-
cluding different failure probabilities of 10, 50 and 90 % (b) Comparison between the
experimental numbers of cycles to failure and calculated numbers of cycles to failure
of a 20MnMoNib-5 steel
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Figure 4.21: Investigations regarding the influence of surface roughness on the fatigue behaviour
considering surface batch N5 (a) Accelerated determined S-N curves according to
MiDAcLife and StressLife in comparison to conventionally determined S-N curves in-
cluding different failure probabilities of 10, 50 and 90 % (b) Comparison between the
experimental numbers of cycles to failure and calculated numbers of cycles to failure
of a 20MnMoNi5-5 steel

The S-N curves of the polished batch N5 are presented in figure 4.21(a). As already mentioned, these
specimens were not subject to a preliminary grinding process before polishing, what significantly
increases compressive residual stresses. Especially in the region of lower stress amplitudes, this
results in a demonstrably increased lifetime of the specimens compared to those of N3 in figure 4.20.
Considering all experimental CATs, the slope of the conventional curve is vastly flattened compared
to the MiDAcLife curve. Accordingly, MiDAcLife is characterised by a high deviation, despite the
improved description of the validation points in the area of higher load amplitudes. Figure 4.21(a)
reveals a decisive advantage of StressLife. While MiDAcLife cannot precisely depict the distinct
increase in lifetime due to residual stresses in the range of high cycle numbers, the multi-parameter
approach according to StressLife describes the data points with considerable accuracy and also
significantly improved quality in contrast to conventional methods. In general, N5 is characterised
by a substantially increased material scattering, which is illustrated in figure 4.21(b).
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Figure 4.22: Investigations regarding the influence of surface roughness on the fatigue behaviour
considering surface batch N7 (a) Accelerated determined S-N curves according to
MiDAcLife and StressLife in comparison to conventionally determined S-N curves in-
cluding different failure probabilities of 10, 50 and 90 % (b) Comparison between the
experimental numbers of cycles to failure and calculated numbers of cycles to failure
of a 20MnMoNi5-5 steel

Although specimens assigned to N7 exhibit slightly increased surface roughness due to the absence
of the polishing process, the residual stresses are evidently lower and more homogeneous. Because of
the homogeneity of the material properties as a result of the manufacturing process, a comparably
limited scattering of the material under dynamic loading can be assumed, which is confirmed by
figure 4.22. The experimental CATs depict a very low scatter and MiDAcLife as well as StressLife
are characterised by an almost non-existent deviation from the conventional data. The decreased
scatter is further illustrated by the lower width of the scatter bands of the 10 % S-N curve and the
90 % S-N curve. While the numbers of cycles calculated according to MiDAcLife are all within a
deviation of less than 20 % in figure 4.22(b), only one data point occurs outside this scatter band
in the conventional description and the description according to StressLife. An examination of
fatigue strength values of batches N3-N7 confirms the hypothesis already established on the basis
of the data received from the CATs and LITs, meaning that roughness does not have any significant
influence on fatigue lifetime below a defined threshold value. While N3 and N7 are characterised
by the same value regarding fatigue strength, an increased value can be observed in terms of N5 as
a result of the increased compressive residual stresses.

The results of the roughness influence on the progression of the S-N curves of N8 and N9 are given
in figures 4.23 and 4.24.
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4 Results and Discussion

A very important insight can be obtained from both illustrations. The S-N curves generated
according to StressLife are proven to be too flat compared to the validation test results. This
leads to an overestimation of the lifetime in the HCF regime and an underestimation in the LCF
regime. The overestimation is more critical at this point. The reduced lifetime of the specimens
as a result of increased stress concentration on the surface can therefore not be reliably modelled
with the current version of StressLife. In comparison, calculations according to MiDAcLife appear
to be independent of roughness influence. The estimated numbers of cycles to failure only differ
slightly compared to the conventional S-N curve and are characterised by an accurate agreement
with respect to experimental validation tests. As shown in figures 4.23(b) and 4.24(b), the deviation
of StressLife is particularly severe in the range of high cycle numbers.

Table 4.12: Summary of the parameters concerning the lifetime prediction methods MiDAcLife and

StressLife in comparison to conventional methods regarding different surface batches of
the 20MnMOoNib5-5 steel

Method Batch Parameters
a [MPa] k[
N3 73.75 -26.65
a [MPa] k[
N5 95.15 -34.79
. a [MPa] k[
Conventional N7 53.60 18.83
a [MPa] k [-]
N8 45.17 “15.74
a [MPa] k [-]
N9 31.48 -10.58
- o/, [MPa] b [
561.2 -0.034
o/, [MPa] b [
N f
g 614.8 -0.040
MiDAcLife N7 o [MPa] b[]
724.1 -0.055
o', [MPa) b [-]
N f
8 781.7 -0.069
o [MPa] b [
N f
) 1,148 0.113
N3 K'[MPa-K' B, [K] C,[K] b [] c [ n' [
352.3 1.149 79,993  -0.018  -0.909  0.081
N5 K'[MPa - K']  B[K] C [K] b [] c [ n' [-]
372.6 1577 14,174 -0.046  -0.771  0.059
. K [MPa-K! B K| C K] b [ ¢ [ n ]
StressLife NT 376.0 0.248 48,203  -0.021  -0.805  0.076
N8 K'[MPa-K']  BIK] C [K] b [] c [ n' [-]
355.0 0.078 979.5  -0.091  -0.543  0.078
N9 K'[MPa-K']  BI[K] C [K] b [] c [ n' [-]
420.4 1.289 53.20 -0.104  -0.480  0.346
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4.2 Influence of Surface Condition on Fatigue Behaviour

In addition to that, both figures display the striking advantage of MiDAcLife in generating reliable
values within the range of a 20 % deviation even under the influence of an increased surface rough-
ness. The most important parameters deriving from previously obtained findings are compiled in
table 4.12. A comparison of the previously provided parameters of table 4.12 is concisely concluded
within table 4.13. It should be mentioned that the deviation compared to conventional S-N curves
is consequently evaluated when it comes to the assessment of the quality concerning LPMs. A
comparison with individual validation points is challenging, since it is highly influenced by the
scatter of the material. However, as the scatter is considered within the conventional S-N curve, a
comparison with the function of the conventional method appears to be most representative. In or-
der to investigate deviations in terms of StressLife, it must be considered that the multi-parametric
approach is simplified to a two-parametric approach.

Table 4.13: Comparison of the parameters concerning the LPMs MiDAcLife and StressLife with
conventional methods regarding different surface batches of the 20MnMoNi5-5 steel

N3
Method Tn [%] o. [MPa] 3o, [%0] a} [MPa] 5(,} [%] b [-] oy (%]
Conventional 339.9 585.9 -0.037
MiDAcLife +39.13 384.3 13.06 561.2 4.216 -0.034 8.108
StressLife 350.9 3.236 535.8 8.551 -0.030 18.92
N5
Method Tn [%)] o [MPa] 0o, [%0] a} [MPa] 6(,} (%] b [-] 0p [%0]
Conventional 357.8 542.9 -0.029
MiDAcLife +446.9 342.5 4.276 614.8 13.24 -0.040 37.93
StressLife 370.3 3.494 493.1 9.173 -0.020 31.03
N7
Method Tn [%)] oe [MPa| do, |%] o’ [MPal 50} (%] b [ o (%]
Conventional 325.0 702.3 -0.053
MiDAcLife +23.25 324.1 0.277 724.1 3.104 -0.055 3.774
StressLife 337.3 3.785 631.2 10.12 -0.044 16.98
N8
Method Tn [%] o. [MPa] S, [%0] J} [MPal 50} (%] b [-] oy (%]
Conventional 295.0 741.5 -0.064
MiDAcLife +44.99 289.1 2.000 781.7 5.421 -0.068 6.250
StressLife 320.8 8.746 583.0 21.38 -0.041 35.94
N9
Method Tn [%] o. [MPa] 3o, [%0] a} [MPa] 5(,} [%] b [-] oy (%]
Conventional 239.5 943.5 -0.095
MiDAcLife +87.55 223.9 6.514 1,148 21.67 -0.112 17.89
StressLife 277.6 15.91 785.4 16.76 -0.073 23.16
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4 Results and Discussion

In conclusion, the influence of surface roughness on the accelerated lifetime prediction can be
analysed from the presented research. As the results of the CATs have shown before, the S-N curve
can also be used to demonstrate that roughness only seems to have an influence on the lifetime
above a certain limit value. The process-oriented local evaluation of fatigue behaviour according to
MiDAcLife enables a generation of S-N curves independent of the corresponding surface roughness.
StressLife, on the other hand, is characterised by a precise agreement in the area of low surface
roughness values, but loses accuracy with increasing roughness influence.

Another advantage of MiDAcLife that should be emphasised is the possibility of calculating virtual
S-N curves for different surface conditions based on just one reference surface. For this purpose,
roughness is included in the calculation as a Fatigue Notch Factor. A detailed description of the
method can be found in journal contribution 4 of part II within this thesis. Using the approaches
according to the FKM guideline and the proposed /area-method by Murakami, roughness influence
can be estimated in a simple approximation. The use of static values leads to considerable deviations
compared to the NDT-related method MiDAcLife. A comparison of the results of all three methods
is shown in the following section. Within figures 4.25, 4.26, 4.27 and 4.28, the virtual S-N curves
based on the surface N3 are displayed by a green line. The methods of the FKM guideline and
Murakami are illustrated as grey and yellow lines, respectively.
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Figure 4.25: Investigations regarding the influence of surface roughness on the fatigue behaviour
based on the reference surface batch N3 considering surface batch N5 (a) Comparison
of the virtual estimated S-N curve using the Fatigue Notch Factor in MiDAcLife with
approaches according to the FKM-guideline and Murakami. (b) Comparison between
the experimental numbers of cycles to failure and calculated numbers of cycles to
failure of a 20MnMOoNi5-5 steel

The relation of the fatigue strength of N3 and the stress concentration factor according to the FKM
guideline results in the fatigue strength value of the new surface. As the fatigue strength can be
derived from the S-N curve as well as from the LIT, both variants are considered within the figures
above. For reasons of comparability, S-N curves according to MiDAcLife are given additionally as
dashed green lines. This allows the virtual S-N curve to be compared to the original MiDAcLife
curve. A comparison with conventional data is omitted because of the detailed analyses in previous
sections, as a precise correspondence between MiDAcLife and conventional S-N curves has already
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4.2 Influence of Surface Condition on Fatigue Behaviour

been proven.
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Figure 4.26: Investigations regarding the influence of surface roughness on the fatigue behaviour

based on the reference surface batch N3 considering surface batch N7 (a) Comparison
of the virtual estimated S-N curve using the Fatigue Notch Factor in MiDAcLife with
approaches according to the FKM-guideline and Murakami. (b) Comparison between
the experimental numbers of cycles to failure and calculated numbers of cycles to
failure of a 20MnMoNi5-5 steel
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Figure 4.27: Investigations regarding the influence of surface roughness on the fatigue behaviour

based on the reference surface batch N3 considering surface batch N8 (a) Comparison
of the virtual estimated S-N curve using the Fatigue Notch Factor in MiDAcLife with
approaches according to the FKM-guideline and Murakami. (b) Comparison between
the experimental numbers of cycles to failure and calculated numbers of cycles to
failure of a 20MnMoNi5-5 steel

81



4 Results and Discussion

20MnMoNi5-5 /N9

T .
=
46041 - (@) “a Ny experimental 26 (b)
—— S-N curve MiDAcLifepgr z 10° oo
&y 440 — = S-N curve MiDAcLife D)
1420 ——S-N curve FKM, ; =5 %
= —~ = S-N curve FKMg ~
<
O 400 SN QU s & MR
st 8
= 380 - 2 o . o S
= : > —_— " Quality of the lifetime prediction
g, 360 U~ = g 10°4° . 20MnMoNi5-5 / N9
g 340 4 ~ E [3) O MiDAcLifepy
© N L‘a ® Murakami
$ 320 S B o ® FKM;
E=] N N 2 B o FKMg,
n E S b G 3 ——0 % Deviation
300 g
i = 2 A B 10 % Deviation
Z —— 20 % Deviation
280 T T 1 04 = T T
10 10° 106 10* 10° 10
Number of cycles to failure N, Number of cycles to failure Ni o crimental

Figure 4.28: Investigations regarding the influence of surface roughness on the fatigue behaviour
based on the reference surface batch N3 considering surface batch N9 (a) Comparison
of the virtual estimated S-N curve using the Fatigue Notch Factor in MiDAcLife with
approaches according to the FKM-guideline and Murakami. (b) Comparison between
the experimental numbers of cycles to failure and calculated numbers of cycles to
failure of a 20MnMOoNi5-5 steel

Except for the evaluation regarding N8, Murakami’s approach leads to an overestimation of the
lifetime concerning the 20MnMoNi5-5 steel. The reason for this could be the consideration of
surface roughness as a periodic structure in which the ratio of the distance between two grooves
and their height is regarded as constant. However, real surface conditions are characterised by
a surface roughness that deviates greatly from periodic structures. More pronounced roughness
peaks, that result in a significant lifetime reduction, can therefore not be taken into account within
the calculations. Another obstacle is the determination of the values required for this approach.
The aperiodic topography of the surfaces inevitably results in a subjective assessment of the data,
leading to inaccurate results.

A consideration of the approach according to the FKM guideline reveals a distinct tendency with
increasing surface roughness. While the lifetime of the 20MnMoNi5-5 steel is underestimated
in case of lower roughness values, an increased surface roughness results in an overestimation
of the fatigue data, which is evidently more critical. The deviation in the evaluation regarding
batches N3 to N7 can be attributed to the fact, that the FKM guideline is characterised by the
implementation of safety factors. Although this can prevent premature component failure, excessive
safety factors lead to over-dimensioning of components, which runs counter to the potential for
lightweight construction. A great potential of the NDT-related methods can be derived from this
finding, as safety factors can be reduced depending on the material response through a process-
orientated fatigue consideration. In order to explain the overestimation of the lifetime prediction at
very high surface roughness, it is firstly necessary to consider which parameters are included within
the calculation. According to equation 2.8, the stress concentration factor is essentially influenced
by the tensile strength R,, in addition to the roughness height R,. Because of high shear stresses
compared to fatigue testing, surface condition only is assigned to have a minor effect and therefore
cannot be reliably integrated into lifetime prediction of N8 and N9.

In contrast, the virtual lifetime prediction according to MiDAcLife enables demonstrably precise
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4.3 Integration of Statistical Approaches into the Accelerated Lifetime Prediction

results for the fatigue assessment regarding all surface conditions. All of the presented S-N curves
in figure 4.25, 4.26, 4.27 and 4.28 are based on the data of just one LIT of surface N3, as well
as the estimation of the fatigue strength using the specific hardness. A more detailed explanation
of the procedure can be found in the corresponding journal contributions from part II (journal
contribution 4). In addition to virtually generated S-N curves, the presented figures contain the
original S-N curve according to MiDAcLife based on the respective LIT of each surface condition.
To assess the quality of the virtual curves, table 4.14 provides a comparison with original parameters
of the MiDAcLife evaluation.

Table 4.14: Summary of the parameters concerning the lifetime prediction method MiDAcLifepng
regarding different surface conditions of the 20MnMoNi5-5 steel

20MnMoNi5-5

Batch o’ [MPal 50} [%] b [-] & [%]
N5 651.0 5.888 -0.044 10.00
N7 713.0 1.537 -0,055 0.722
N8 759.0 2.900 -0.065 4.412
N9 1,000 2.891 -0.098 2.083

4.3 Integration of Statistical Approaches into the Accelerated Lifetime
Prediction

Local changes in the microstructure of materials as well as different local stress concentrations, for
example in case of increased surface roughness, lead to an influence on fatigue properties, as shown
in chapter 4.1 and 4.2. The fact that the mentioned differences are usually very localised, results
in a material-dependent scattering of the data, which must urgently be considered within lifetime
prediction. Statistical distribution functions are used to illustrate the scatter, which enable an esti-
mation of S-N curves regarding different failure probabilities. According to conventional methods,
either the scatter of each load level is evaluated or the results of the CATs are transferred to a
virtual load level and analysed via Log-Normal or Weibull distribution. However, in both cases,
a very high number of fatigue tests is necessary, which again increases the costs and experimental
time effort enormously.

The aim of future research must therefore be to integrate statistical approaches into the acceler-
ated lifetime prediction. Based on conventionally determined scatter bands, some kind of lifetime
prediction bands are to be presented, considering the material-dependent scatter of defined load
levels. As a first approach, the following section shows how a combination of several MiDAcLife
evaluations can be used to enable a statistical assessment of fatigue behaviour in terms of the
20MnMoNib5-5 on the basis of just six fatigue specimens and six fatigue tests. Since it has already
been demonstrated in chapter 4.2 that the surface condition for N3 to N7 has no significant in-
fluence on the lifetime, the results of the respective CATs are summarised in order to enlarge the
database of the statistical investigation. The result of this analysis is given in figure 4.29.
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Figure 4.29: Investigations regarding the integration of statistical approaches into the accelerated
lifetime prediction method MiDAcLife based on the results of four load increase tests
(a) Accelerated determined S-N curves according to MiDAcLife in comparison to con-
ventionally determined S-N curves including different failure probabilities of 10, 50
and 90 % (b) Comparison between the experimental numbers of cycles to failure and
calculated numbers of cycles to failure of a 20MnMoNi5-5 steel

Within figure 4.29, data points virtually calculated using MiDAcLife are illustrated as unfilled green
circles, while experimental CATs are displayed by blue triangles. The green filled circles represent
data points shifted to an average virtual load level, which are used for a statistical evaluation of
MiDAcLife. While the black lines display conventional statistical evaluations, the lifetime prediction
bands are shown as green lines. By combining the data of six LITs, a database of 40 numbers of
cycles to failure can be generated. This corresponds to an increase of approximately 48 % compared
to conventional experimental data (27). At the same time, the experimental effort is reduced by
nearly 78 %.

Two key aspects can be derived from figure 4.29. Firstly, both the conventional S-N curve including
determined scatter bands and the MiDAcLife curve including lifetime prediction bands describe the
experimental validation points with a very high degree of accuracy. With exception concerning two
of the 27 data points, all validation tests can be found within the predicted scatter range for both
evaluation methods. In addition to that, the positions, as well as the slopes of the MiDAcLife
approach are almost identical to those of the conventional method. The marginally increased slope
of the accelerated method can be seen primarily in figure 4.29(b), as there is a slight deviation
from the bisector in the range of the transition to the LCF regime and at high numbers of cycles
to failure. The parameters of the S-N curves, as well as the respective deviations are given in
table 4.15. The extremely small deviations of less than 5 % of the parameters presented in table
4.15 indicate the potential regarding the integration of statistical approaches into the accelerated
lifetime prediction. In particular, the fatigue strength hardly differs from conventional data with
values of less than 1 %. An important next approach in future research will be the investigation
of further statistical methods. Apart from conventional distribution functions, distributions that
are optimised for small amounts of specimens or even non-parametric functions could also be used
to generate lifetime prediction bands and thus provide a major advance in the safety of lifetime
prediction methods.
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Table 4.15: Comparison of the parameters concerning the lifetime prediction method MiDAcLife
including statistical approaches with conventional methods regarding different failure
probabilities of the 20MnMoNi5-5 steel

10 % S-N curve

Method oe [MPa] 3o, [%0] o’ [MPal Ot [%] b [] & (%]
Conventional 328.4 595.9 -0.041
MiDAcLife 328.3 0.030 612.7 2.819 -0.043 4.878
50 % S-N curve
Method oe [MPa) 0o, %) o’ [MPal 50} (%] b [-] o (%]
Conventional 340.1 617.2 -0.041
MiDAcLife 338.5 0.470 631.8 2.366 -0.043 4.878
90 % S-N curve
Method oe [MPa) 0o, %) oy [MPa] 6(,} (%] b [-] o (%]
Conventional 352.3 639.2 -0.041
MiDAcLife 349.1 0.908 651.4 1.909 -0.043 4.878

4.4 Applicability of MiDAcLife Under Consideration of Increased
Testing Frequencies

In addition to material-related factors, fatigue behaviour of metallic materials can be influenced
by external conditions. The results shown up to this chapter refer to a testing frequency of 5 Hz.
Since dislocation movement and therefore plastic deformation of the material is a highly time-
dependent process, the fatigue lifetime can be strongly influenced by a change in testing frequency.
An increased frequency leads to a reduction within reaction time of dislocations, resulting in an
increased lifetime of the specimen. Additional effects, such as self-heating phenomena due to
insufficient heat dissipation, are not considered, but must be investigated in more detail in future
research. This research focuses primarily on the newly developed method MiDAcLife. As the
comparability with conventional data has already been demonstrated in previous chapters and a
comparison to the LPM StressLife has also been drawn, the following results only relate to the
evaluation according to MiDAcLife. Figures 4.30 and 4.31 display the results of the MiDAcLife
evaluation for testing frequencies of 80 Hz and 260 Hz. The experimental data of an SAE 1045 steel
in a normalised condition, that was used for these investigations, originates from a DFG (Deutsche
Forschungsgemeinschaft) funded project with the grant number STA 1133/22-1°.

Similar to previously provided results, the MiDAcLife curve is illustrated with a green line, whereas
the conventional S-N curve is shown as a black line. The experimental validation tests are still
marked as blue triangles.

SCAT data points for validation
Project: STA 1133/22-1
University: University of Applied Sciences Kaiserslautern
Institude: Department of Materials Science & Materials Testing (WWHK)
Project manager: M. Sc. Jonas Anton Ziman
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Figure 4.30: Investigations regarding the influence of increased testing frequency on the fatigue
behaviour considering a frequency of 80 Hz (a) Accelerated determined S-N curve
according to MiDAcLife in comparison to the conventionally determined S-N curve
(b) Comparison between the experimental numbers of cycles to failure and calculated
numbers of cycles to failure of a 20MnMoNi5-5 steel
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Figure 4.31: Investigations regarding the influence of increased testing frequency on the fatigue
behaviour considering a frequency of 260 Hz (a) Accelerated determined S-N curve
according to MiDAcLife in comparison to the conventionally determined S-N curve
(b) Comparison between the experimental numbers of cycles to failure and calculated
numbers of cycles to failure of a 20MnMoNi5-5 steel

In both figures 4.30 and 4.31, the influence of the testing frequency on the LPM is characterised
by an demonstrably comparable relation of MiDAcLife and the conventional S-N curves regarding
previously presented results of other influencing factors. Despite the increased scatter concerning
the conventionally performed CATSs, the calculations according to MiDAcLife provide S-N curves
that are in precise agreement with the conventional curves in terms of slope and position for
both frequencies. Deviations regarding the slope and the location of the curve progressions are
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summarised in table 4.16, whereas a comparison regarding the calculated numbers of cycles to
failure according to both methods is given in table 4.17.

Table 4.16: Comparison of the parameters concerning the lifetime prediction method MiDAcLife
with conventional methods regarding different testing frequencies of a 20MnMoNi5-5

steel
20MnMoNi5-5
Frequency, [Hz| Method o’ [MPal 50} (%] b [ o (%]
20 Conventional 409.0 -0.041
MiDAcLife 397.3 2.860 -0.039 4.878
9260 Conventional 659.2 -0.072
MiDAcLife 662.0 0.424 -0.072 0.278

Table 4.17: Summary of the numbers of cycles to failure according to the lifetime prediction method
MiDAcLife regarding different testing frequencies of a 20MnMoNi5-5 steel

SAE 1045 N, 80 Hz

Oqa [MP&] Nf,e:vperimental H Nf,Conventianal H 6Nf [%} Nf,MiDAcLife H 5Nf [%]
245 290,102 261,268 9.939 248,739 14.26
243 411,000 318,954 22.39 307,084 25.28
249 172,621 176,158 2.049 164,037 4.973
247 221,340 214,362 3.152 201,826 8.816
253 141,114 119,522 15.30 108,897 22.83
253 225,675 119,522 47.04 108,897 51.75
243 138,735 318,954 129.9 307,084 121.3
250 50,007 159,785 219.5 147977 195.9

SAE 1045 N, 260 Hz

Oq [MPa] Nf,experimental H Nf,Conventional H 5Nf [%} Nf,MiDAcLife H 5Nf [%]
275 232,186 190,997 17.74 211,636 8.849
275 588,000 190,997 67.52 211,636 64.01
300 54,000 56,924 5.415 62,822 16.34
280 171,768 148,647 13.46 164,573 4.189
290 76,505 91,229 19.25 100,839 31.81
313 56,839 31,549 44.49 34,749 38.86
280 72,894 148,647 103.9 164,573 125.8
285 80,623 116,202 44.13 128,546 59.44
275 75,000 190,997 154.66 211,636 182.2
265 166,027 319,767 92.59 354,928 113.8
260 400,000 416,797 4.199 463,036 15.76
253 515,260 609,292 18.25 677,742 31.53
253 1565,745 046,072 65.12 607,198 61.22
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4 Results and Discussion

An increase in testing frequency by a factor of 16 to 80 Hz results in a deviation of the fatigue
strength coefficient of approximately 3 % compared to conventional calculations. Additionally, the
slope of the MiDAcLife curve only differs insignificantly from the conventional determined results
by 4.9%. The explicit correlation concerning the calculated parameters is even more pronounced
considering a testing frequency of 260 Hz. Within these results, deviations of less than 0.5% for
the slope as well as the fatigue strength coefficient can be determined, which is negligible in view of
the material-dependent scatter. An average calculation regarding the deviation of all experimental
obtained data points leads to a value of 56 % in case of a testing frequency of 80 Hz and 51 %
for 260 Hz considering the conventional fatigue life determination. In contrast to this, MiDAcLife
provides a deviation of 56 % and 58 %, respectively, which again demonstrate the high level of
agreement between the accelerated lifetime prediction and the conventional method. Based on the
presented results, the applicability of the LPM MiDAcLife regarding increased testing frequencies
can be verified.

4.5 Expansion of MiDAcLife to Cast Materials

The results presented so far have focused primarily on the lifetime prediction of un- and low alloyed
steels. These materials are characterised by a more homogenious microstructure. Especially within
the HCF regime, fatigue damage essentially originates from the specimens surface. The sum of
the partially induced damage can be assumed to be equal to 1. The activation of further dam-
age mechanism leads to a more complicated evaluation of fatigue properties, since the scattering
increases enormously. For this reason, the applicability for cast materials is tested within this chap-
ter. For these investigations, an EN-GJS-1050-6° is used, which is characterised by an ausferritic
matrix. Furthermore, spheroidal graphite precipitates are embedded within this matrix. Since the
morphology and the size of the graphite precipitates are subjected to statistical deviations, the
increased scatter of the material can be explained. The S-N curves of the material are given in
figure 4.32. As in previous chapters, the quality of the LPM is assessed on the basis of a comparison
with conventional data. Figure 4.32(a) illustrates the lifetime evaluation according to MiDAcLife
under the assumption of D = 1 (green unfilled circles), which corresponds to a total damage of
100 %. In particular, the comparison with the conventional S-N curve for a failure probability
of 90 % provides an insight into the challenge that is associated with cast materials. In terms of
such inhomogeneous microstructures, specimen failure does not occur exclusively from the surface.
Besides graphite-matrix detachment processes, pores and shrinkage resulting from manufacturing
processes are also of crucial importance. Since these factors lead to a great reduction of the life-
time, the assumption of a specimen failure at 100 % damage is idealised and therefore results in
an overestimation of the lifetime compared with real data. This overestimation becomes highly
critical, particularly with regard to safe component design.

SCAT data points for Validation
Project: LeKoGuss WEA (0324279A)
University: RWTH Aachen University
Institude: Chair and Institute for Materials Applications in Mechanical Engineering (IWM)
Project manager: M. Sc. Felix Weber
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4.5 Expansion of MiDAcLife to Cast Materials
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Figure 4.32: Investigations regarding the influence of different damage mechanisms on the fatigue
behaviour considering cast materials (a) Accelerated determined S-N curve according
to MiDAcLife in comparison to conventionally determined S-N curves concerning a
damage sum of 1 and 0.4 (b) S-N curve generation according to MiDAcLife using the
distribution of the material response in order to assess the damage factor process-
orientated of an EN-GJS-1050-6 cast iron

To account for cast material specific microstructural artefacts, Schoenborn et al. [244] examined
the values of the real applied damage sum in comparison to a total damage that is equal to 1.
Depending on the material, significantly reduced values of the total damage can be estimated at
which premature specimen failure already occurs. In addition to the virtual data points calculated
under the assumption of 100 % damage, figure 4.32(a) contains the results of MiDAcLife (filled
circles) with a defined total damage of D = 0.4. The data points indicate the strong influence of
the total damage on the lifetime. The solid green-coloured S-N curve in figure 4.32(a) represents
the average curve progression resulting from the outcomes of a damage of D = 0.4 as well as D = 1.
From the illustration, it can be stated that the consideration of a smaller value for the total damage
enables a more accurate approximation to the real data. Additionally, the numbers of cycles to
failure are no longer overestimated. The parameters of the conventional S-N curve determination
as well as the accelerated method according to MiDAcLife, taking into account different types of
total damage, are given in table 4.18.

Table 4.18: Comparison of the parameters concerning the lifetime prediction method MiDAcLife
with conventional methods regarding different damage mechanisms in terms of cast

materials
EN-GJS-1050-6
Damage Method o’ [MPa] 50} (%] b [] & [%]
1 Conventional 3114 -0.164
MiDAcLife 4653 49.42 -0.189 14.02
04 Conventional 3114 -0.164
’ MiDAcLife 3462 11.18 -0.166 1.219
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4 Results and Discussion

The parameters in table 4.18 demonstrably emphasise the improved quality of the lifetime predic-
tion, considering the reduced values for the total damage. While the results of MiDAcLife exhibit
a deviation of nearly 50 % for a} in case of D = 1, the deviation can be reduced to a value of
11.18 % by considering D = 0.4. Even the slope of the S-N curve, which is already an acceptable
approximation of the conventional data in the original evaluation, with a deviation of 14 % , can
be reduced to 1.219 %.

However, using the factor 0.4 leads to an expansion of the scatter bands, which deviate significantly
from the conventional data. The reason for this is that a simplification is made by only considering
the limit values of the damage. Accordingly, a possibility must be introduced, by which the factor
for the respective LIT can be calculated in a specific way. Based on this finding, the area enclosed
by the cyclic deformation curve is determined for each LIT and normalised to the respective number
of cycles to failure. This enables the generation of a distribution function for the results, which can
be used to define the factor considering the deviation from the maximum value of the distribution
function. The recalculated data points, including the scatter bands, are shown in figure 4.32(b),
whereas the density function according to Weibull is given in figure 4.33.

3.0 T

Damage factor determination
Density function according to Weibull

2.5 ; ]

2.0 : ]

1.51 i ]

Density

1.0+

0.5 3 J

0.0

0 4 8 12

Normalised material response

Figure 4.33: Investigations regarding the influence of different damage mechanisms based on the
damage factor determination using the normalised material response and statistical
approaches concerning an EN-GJS-1050-6 cast iron

Due to the integration of the material response, the scatter bands can be estimated in demonstrably
precise approximation to the conventional scatter bands. All parameters regarding the distribution
function and the resulting factors are displayed in table 4.19.

Based on the results and analyses of figure 4.32 and table 4.18 as well as table 4.19, it can be
concluded that the accelerated lifetime prediction method MiDAcLife can also be extended to more
inhomogeneous materials such as cast materials. However, more complex damage mechanisms must
be taken into account in the calculations in order to prevent an under-dimensioning of components
as a result of an overestimated lifetime. A simplified assumption of D = 1 is not permissible at
this point, which means that the investigation of the appropriate damage parameter is of great
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4.5 Expansion of MiDAcLife to Cast Materials

importance for the quality of the lifetime prediction. Considering the illustration according to
figure 4.32, the examination of the material response in order to determine the damage factor can
be inferred as a promising approach.

Table 4.19: Summary of the parameters regarding the damage factor determination based on an
integral consideration of the material response of an EN-GJS-1050-6
EN-GJS-1050-6

Specimen number Norm. material response Max. value distribution Damage factor
1 2.357 1.443
2 1.910 1.781
3 6.607 3402 0.515
4 9.370 0.363

91






5 Summary and Outlook

5.1 Summary

The presented doctoral thesis deals intensively with the possibilities of an accelerated provision
of fatigue data. Combining non-destructive and destructive materials testing can therefore sig-
nificantly reduce the amount of specimens and consequently achieve remarkable cost savings. A
large proportion of the presented research is carried out on un- and low alloyed steels with par-
ticular focus on the 20MnMoNi5-5 steel. This ferritic-bainitic steel was mainly used in spraylines
of German nuclear power plants. In order to reliably evaluate fatigue properties of a material,
a precise knowledge of its microstructural composition is required. For this purpose, both light-
as well as scanning electron microscopic investigations were applied, which are described in chap-
ter 3.1. Apart from that, an important and central aspect of this research is the consideration of
damage-relevant factors such as surface integrity. For this reason, a total of five batches regarding
different surface conditions were machined and also characterised in chapter 3.1. In addition to
that, the development of a new lifetime prediction method that enables the provision of virtual
S-N curves based on a demonstrably reduced amount of specimens is an overarching objective of
this research. Based on the journal contributions of part II and the preceding discussion section, a
variety of research hypotheses can be formulated, which were examined and validated within the
scope of the presented thesis. A selection of central key research aspects is listed below.

e The information content regarding fatigue testing of metallic materials can demonstrably
be increased by the application of NDT-related measuring techniques as an extension to
conventional destructive methods.

e The acquired process-orientated data can be used as an input for newly developed lifetime
prediction methods and therefore lead to a significant improvement concerning the prediction
quality.

o The newly developed lifetime prediction method MiDAcLife, which is based on the linear dam-
age accumulation model according to Palmgren and Miner, enables an accelerated provision
of fatigue data based on only one fatigue test.

o By integrating the material response into the approach according to Palmgren and Miner
instead of the control variable, virtual numbers of cycles to failure can be calculated in
addition to the more localised consideration of fatigue properties.

e Despite various influencing factors such as roughness, carbon content, alloying elements or
heat treatment, the lifetime prediction methods MiDAcLife and StressLife are characterised by
an enhanced prediction quality, which makes them comparable to conventionally determined
S-N curves.

e The influence of the surface roughness on the fatigue behaviour of a 20MnMoNi5-5 steel can
evidently be shown.

e By calculating a Fatigue Notch Factor and the newly introduced specific hardness of a ma-
terial, surface roughness parameters can be integrated into the lifetime prediction method
MiDAcLife and therefore enable a generation of virtual S-N curves based on only one refer-
ence condition.
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5 Summary and Outlook

e The proposed lifetime prediction methods are capable of the extension to additional damage
mechanisms concerning further material classes such as cast materials.

e Despite the reduced amount of required specimens in case of a lifetime prediction according
to MiDAcLife, statistical approaches can be integrated and therefore lead to the possibility
of generating lifetime prediction bands.

Especially journal contribution 1 and journal contribution 3 provide a noteworthy input to the in-
tegration of non-destructively determined measurement signals into the lifetime prediction. While
the discussion section is mainly based on thermographic data, the sensitivity of electrical resistance
methods could be demonstrated within these publications. Furthermore, journal contribution 3
proved that NDT-related methods are able to provide additional information compared to con-
ventional strain-based methods, especially in terms of low plastic deformations. Monitoring the
material response as a result of dynamic loading also enables the estimation of important charac-
teristic values as well as the assessment of the material behaviour. Especially the reliability of the
accelerated estimation of fatigue strength could be shown in context of this thesis. Besides that,
the integrated material response was used as an assessment parameter to evaluate the influence of
different damage-relevant factors.

A primary focus of this research is the development of a new lifetime prediction method called
MiDAcLife (chapter 3.2.2 and journal contributions 2-4), based on the approach according to Palm-
gren and Miner. Because of the assumption of linearity, the approach proposed by Palmgren and
Miner leads to significant deviations in the predicted results. However, the integration of the mate-
rial response within the framework of MiDAcLife leads to a non-linear consideration of the damage
progression, enabling a high level of accuracy in the lifetime prediction. In addition to that, the
method is characterised by the fact that a process-orientated parameter is included in the calcu-
lation instead of the control variable. This allows very local and individualised conclusions to be
drawn regarding the fatigue behaviour. The number of required specimens can also be reduced
significantly using the new method MiDAcLife, which results in time and cost savings. Besides
the development of MiDAcLife, the prediction method StressLife was modified within this thesis
(journal contribution 1). It provides another example of using the material response as an input
parameter of the lifetime prediction. Besides the data resulting from load increase tests, the ma-
terial response after half of the number of cycles to failure from different constant amplitude tests
was used.

To assess the prediction quality of the lifetime prediction methods MiDAcLife and StressLife, the
calculated date points were examined within the journal contributions and the discussion section
using conventionally conducted experimental constant amplitude tests. Therefore, the high de-
gree of correlation between experimental and virtual data points could be demonstrated. Apart
from that, the discussion section includes a comparison of conventionally determined S-N curves
and the S-N curves according to the proposed accelerated methods. Especially regarding MiDAc-
Life, a precise agreement was observed. The increased deviation of the data points according to
StressLife could be explained by the multi-parametric approach, which differs from the purely elas-
tic approach of MiDAcLife and the conventional method. In order to further validate the newly
developed method MiDAcLife, various factors such as different carbon content, the influence of
alloying elements and heat treatments were considered within this research. The validity of the
method was demonstrated independently of the previously mentioned influencing factors.

The surface roughness of a specimen is an important factor that can significantly influence fatigue
behaviour of steels, particularly in the high cycle fatigue regime. The investigations presented in
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chapter 4.2 led to the conclusion that the surface roughness must exceed a defined threshold value
in order to have a significant effect on the lifetime of the specimen. While the S-N curves of batches
N3-N7 were characterised by a similar curve progression, a highly notable lifetime reduction could
be observed regarding N8 and N9. The findings are particularly important from a manufacturing
point of view, as they allow manufacturing parameters to be adjusted accordingly, and therefore
ensuring a more effective manufacturing process. In order to be able to include the lifetime reduc-
tion into the evaluation according to MiDAcLife, roughness was modelled mathematically using
a Fourier-transformation (journal contribution 4). This allowed roughness to be included as Fa-
tigue Notch Factor in the calculation of the slope concerning the virtual S-N curve based on the
reference surface N3. To determine the location parameter of the S-N curve, a new variable, the
specific hardness, was introduced, which allows an estimation of the fatigue strength of a material.
In particular, the comparison of the virtual generated data with conventional data in chapter 4.2
highlighted the advantages of this process-orientated approach.

Within the journal contributions of part II, lifetime prediction methods could only be validated on
different un- and low alloyed steels. These materials are characterised by similar failure mechanisms,
especially in the high cycle fatigue regime. Considering other materials, such as cast iron, however,
additional aspects must be taken into account because of the inhomogeneity of the microstruc-
ture (e.g. graphite matrix delamination). For this reason, MiDAcLife was examined regarding its
applicability to cast materials in chapter 4.5. Especially, the significantly increased scattering of
the material compared to steels is challenging. Comparable to chapter 4.3, a methodology was
developed that enables a consideration of the scattering within the lifetime by introducing lifetime
prediction bands, despite the significantly reduced amount of specimens.

5.2 QOutlook

On the basis of the presented results, four central research aspects for future research projects can
be derived. Even though the applicability to casting materials already provides a first step towards
the expansion of MiDAcLife to additional material groups, the method is to be applied to further
materials in future research. In this context, an expansion with regard to additively manufactured
specimens, as well as austenitic materials and welded components, would be a promising approach,
particularly in view of the nuclear energy origins of the research projects EKusaP. In this case,
additional factors such as a highly increased material response in terms of austenitic specimens or
unmelted powder nests of additively manufactured specimens would have to be considered in the
lifetime prediction. From a manufacturing point of view, the influence of manufacturing parameters
of an SLM process is also of great importance.

Apart from that, this thesis is intended to provide the basis for the provision of individualised
S-N curves. In order to ensure a cost-effective but reliable lifetime prediction, different influencing
factors are to be investigated in future research and included as parameters into the virtual calcu-
lations. This has already been demonstrated for the influence of surface roughness considering the
Fatigue Notch Factor. In future, further variables such as the ambient temperature, the testing
frequency or the presence of a corrosive medium should be integrated into MiDAcLife as factors or
functions.

As a result of the drastically reduced number of specimens, the proposed method needs to be
further developed regarding statistical validation. By improving the integration of statistical ap-
proaches, the lifetime prediction can be significantly optimised with regard to the assessment of
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the scattering. Therefore, a compromise must be found between the number of specimens required
to obtain reasonable results and the specimen reduction in order to minimise time- and cost-effort.
The last aspect to be mentioned is the load sequence of the fatigue tests. As part of the investiga-
tions regarding StressLife and MiDAcLife, load increase tests with a step wise increase of the load
amplitude were selected. Due to the pure increase of the stress amplitudes, sequence effects cannot
be taken into account sufficiently within the calculations. In future research, the load sequence
should be selected in a progressively more complex manner, building on a simple load sequence, in
order to ensure a step towards a reliable component design with regard to operationally relevant
loading conditions.
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StressLife: A Short-Time Approach for the Determination of a Trend
S-N curve in and beyond the HCF Regime for the Steels
20MnMoNi5-5 and SAE 1045

Abstract

Within the scope of this research, a new short-time procedure designated as StressLifecrp was
developed. Through a combination of classic fatigue testing and non-destructive monitoring of the
material response due to cyclic loading, a process-oriented fatigue life determination can be carried
out. A total of two load increase and two constant amplitude tests are required for this procedure.
By using data from non-destructive measurements, the parameters of the elastic approach according
to Basquin and the plastic approach according to Manson-Coffin are determined and combined
within the StressLifegcp calculation. Furthermore, two additional variations of the StressLifegcp
method were developed in order to be able to accurately describe the S-N curve over a wider range.
The main focus of this research is on a 20MnMoNi5-5 steel, which is a ferritic-bainitic steel (1.6310).
This steel is widely used for spraylines in German nuclear power plants. In order to validate the
findings, tests were also performed on an SAE 1045 steel (1.1191).

6.1 Introduction

For components, structures and specimens subjected to dynamic loads, the understanding of fatigue
behavior is of great importance to avoid unexpected material failure. The well-known S-N curve,
also called Wohler curve, is typically used to determine the lifetime of materials, which is necessary
for industrial design or material selection for specific applications. It shows the relation between
the applied load and the fatigue life of a material [21,245]. The S-N curve is typically separated into
different ranges, which differ mainly in their fatigue damage process. Conventionally, experiments
in the Low Cycle Fatigue regime (LCF) are strain-controlled. The mathematical description is
based on the approach of Manson and Coffin, which is given in equation 6.1 [17-19]. The equation
is composed of the following parameters: the plastic strain amplitude ¢, ), the fatigue ductility
coeflicient s} and the fatigue ductility exponent c.

€ap =€y (2- Ny)© (6.1)

In contrast to the LCF regime, experiments in the Very High Cycle Fatigue (VHCF) regime are
mainly carried out stress-controlled. Due to the low stress amplitudes, a purely elastic description
of the fatigue behavior according to Basquin is assumed [11]. With the stress amplitude o,, the
Basquin coefficient B and the fatigue strength exponent b, equation 6.2 can be obtained.

0a=B-(2-N;s)° (6.2)

The High Cycles Fatigue (HCF) regime of an S-N curve is characterised by an elastic-plastic material
behavior. Therefore, a superimposition of the approaches according to Basquin (equation 6.2) and
Manson-Coffin (equation 6.1) is used in order to describe the S-N curve. The resulting Manson-
Coffin-Basquin approach is given in equation 6.3 [246].
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In equation 6.3, g, designates the total strain amplitude, whereas ¢, is the elastic strain ampli-
tude. A variety of approaches already exists for the determination of the required parameters of
equation 6.3. In 1965, Manson developed the four-point correlation method. It uses four different
points on the elastic and plastic curves of the strain-number of cycles plot. Each point is determined
from tensile test data [247,248]. Based on this approach, a variety of other calculation methods
have developed which determine the parameters from equation 6.3 [247,249-252]. Furthermore,
there are calculation models that take the hardness of the materials instead of the tensile strength
into account. As an example, the method according to Roessle [253] can be considered here. More-
over, energy-based models are used to describe the fatigue behavior of a material. In contrast to a
correlation of the fatigue life with the stress or strain, these approaches have the aim to correlate
the fatigue life with the plastic work done per cycle. In order to describe the damage during the
fatigue process, Ellyin and co-workers introduced a special form of the cyclic strain density as a
suitable parameter. The total strain energy density AW, results from the sum of the plastic portion
of the strain energy density AW, and the elastic portion AW, [254-257].

AW, = AW, + AW, (6.4)

The advantage of these methods is that the fatigue behaviour can be described in the LCF as well
as in the HCF regime. For the reasons mentioned above, certain parallels can be drawn between
the energy-based approaches and the approaches presented in this paper. Due to the thermal con-
ductivity of metallic materials and the fact that nearly all the energy introduced is dissipated in
terms of heat (approximately 90-95 %), strain and temperature measurements correlate with each
other. Similar to the energy-based approaches, the modifications of the StressLife method also
attempt to obtain a accurate description of the S-N curve in the different regimes.

The goal of the newly developed short-time procedure StressLifecp (HCF = High Cycle Fatigue)
is, to enable a stress-controlled elastic-plastic description of an S-N curve in the HCF-regime with
as few specimens as possible. Conventional methods use a large number of specimens, which
makes the generation of an S-N curve a very time- and cost-consuming procedure. In comparison,
the developed method StressLifeyicr requires only four fatigue tests to calculate all parameters
of the S-N curve. The experiments consist of two load increase tests (LIT) and two constant
amplitude tests (CAT). An advantage of the new method compared to the previously mentioned
methods is that nondestructive measurement techniques (NDT) are used to detect the material
response to dynamic loading. The values determined from this are directly included in the lifetime
evaluation. This process-oriented view of the fatigue process instead of a lifetime-oriented view
can increase the information content significantly. The StressLifegycrp method evolved from the
existing short-time method StressLife;. (tc = trend curve) whose explanation can be found in [258].
In addition to the procedure StressLifepcr, the two variations StressLifeppc (LHC = Low and
High Cycles) and StressLifegyc (HVC = High and Very High Cycles) were developed within the
framework of the current research. The aim of these methods is to improve the representation of
the transition areas of the S-N curve. The department of materials science and materials testing
at the University of Applied Sciences Kaiserslautern has already developed a number of short-time
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procedures over recent years such as SteBLife, StrainLife and MiDAc-Life which can be found
in [236,238,259,260]. The StressLife method described in this paper differs from the other methods
because the fatigue properties are described by an elastic-plastic approach, whereas SteBLife and
MiDAc-Life are only based on an elastic and linear approach, respectively. The difference to
StrainLife is that the experiments are performed under stress-controlled condition instead of strain-
controlled. Furthermore, the StressLife method is clearly distinguished from previous methods by
the calculation of the S-N curve in the transition regions.

6.2 Materials and Methods

6.2.1 Materials

The main focus within this research is on the 20MnMoNi5-5 steel (1.6310), which is widely used
for spraylines in German nuclear power plants. The steel is mostly comparable to the SAE 5120
considering the chemical composition. To demonstrate the validity of the StressLifey;cp procedure,
tests were additionally performed on the steel SAE 1045 (1.1191). The chemical composition of
both materials can be seen in Table 6.1.

Table 6.1: Chemical composition in wt. — % of the 20MnMoNi5-5 and SAE 1045 steels according
to own analysis and in comparison with ASTM A533B and DIN EN 10083-1

Material C Si Mn Cr Ni Mo S
1.6310 Certificate: 0.218 0.246 1.385 0.076 0.762 0.487 0.003
ASTM: 0.190 0.200 1.290 0.120 0.800 0.530 0.008
11191 Certificate: 0.470 0.230 0.720 0.670 0.070 0.014 0.013
DIN: 0.500 0.400 0.800 0.400 0.400 0.100 0.035

Figure 6.1: Micrographs of (a): quenched and tempered steel 20MnMoNi5-5; (b): normalised SAE
1045; (¢): SEM-micrograph 20MnMoNi5-5 including carbides.
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The applied 20MnMoNi5-5 steel has a ferritic-bainitic microstructure, whereas the SAE 1045 has
a ferritic-pearlitic structure. Micrographs of both materials, which were taken by a digital micro-
scope type DSX1000 by the company EVIDENT (EVIDENT Europe, Hamburg, Germany), are
given in Figure 6.1. The ferritic-bainitic structure of the 20MnMoNi5-5 steel can be identified in
Figure6.1(a). It results from a water-spray quenching of the pipes from which the specimens of
the 20MnMoNi5-5 were taken. The microstructure consists of lighter areas, which represents the
ferritic portion, and darker areas, which show the bainitic portion. The difference between the
bainitic and the pearlitic structure can be derived very nicely from the two Figures 6.1(a) and
6.1(b). While the bainitic structure is irregular and rather needle-shaped, the pearlite has a clear
structure arranged in lamellae. The lighter areas in Figure 6.1(b) represent the ferrite analogue to
Figure 6.1(a). According to [261,262], carbides usually form as an additional phase in steels with
a bainitic structure. Taking the limited diffusion possibilities of substitutional soluted atoms into
account, it is assumed that most of the carbides are present as cementite Fe3C. Due to the alloy
composition of the material, additional Mn and Mo carbides are assumed. For an improved resolu-
tion of the carbides, a SEM image was taken using a GEMINI by ZEISS (Carl Zeiss, Oberkochen,
Germany). The microstructure including the carbides can be seen in Figure 6.1(c).

6.2.2 Methods

All fatigue tests (LIT as well as CAT) were performed at a testing frequency of 5 Hz at ambient
temperature. The testing rigs are servo-hydraulic testing systems type EHF-L and EHF-U, with
a maximum load capacity of 20 kN and 50 kN by the company Shimadzu (Shimadzu Europe,
Duisburg, Germany). Both LIT and CAT were carried out stress controlled at a load ratio of
R=-1, using a sinusoidal load-time-function. For the measurement of the cyclic deformation curves
of the materials, different NDT-methods were used. The main focus is on the thermographic
evaluations which operate with an IR-camera of the type TIM450 by Micro-Epsilon (Micro-Epsilon
Messtechnik GmbH & Co. KG, Ortenburg, Germany) within the experiment. Furthermore, the
strain was determined by means of a tactile extensometer and on selected tests by the use of a DIC-
system by LIMESS (LIMESS Messtechnik und Software GmbH, Krefeld, Germany). The whole
setup is given in Figure 6.2.

To record information in terms of the change in temperature, the specimens surface temperature
is measured in three sections. 77 is the temperature in the middle of the gauge length, whereas
T5 and T3 transmit the temperature information at each shaft of the specimen. Because of the
fact that the deformation in the shafts are purely elastic due to the significantly larger diameter,
equation 6.5 can be used to describe the material response to cyclic loading based on the change
in temperature AT.

AT =T, —-05- (TQ + Tg) (6.5)

The information from the change in temperature is from great importance because it is closely linked
to microstructural changes due to cyclically induced deformations. The theoretical background of
the temperature measurement can be deduced from the consideration of the stress-strain hystere-
sis loop. The area of the hysteresis loop describes the cyclic plastic deformation energy, which is
transformed into internal energy U and heat energy Q. The internal energy enables microstructural
changes in dislocation structure and density, voids and pores, and micro- up to macro-cracks [178].
The temperature measurement is ideally suitable for the characterisation of the material response
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to cyclic loading because of the good heat conduction properties of metallic materials. The pre-
dominant portion of 90 % to 95 % [166] of the plastic deformation work dissipates as heat and thus
leads to an increase in specimen temperature. The remaining part is converted as internal energy,
which is the cause of microstructural changes (e.g. dislocation reactions, micro- and macro-crack
formation and propagation).

Servo valves

Crosshead
Extensometer

| Cooled clamping [
tools
IR-Camera

Loadcell

Figure 6.2: Experimental setup servohydraulic testing rig (EHF-L 20kN). (1) DIC system and illu-
mination; (2) IR-camera thermoIMAGER TIM 450; (3) Electrical Resistance measure-
ment; (4) Watercooled clamps

6.2.3 Fatigue life calculation method StressLifeyc

StressLifepycr provides the basis for the complete evaluation process of the S-N curve, whereby
the procedure is basically a modification of the original StressLifet.-method. In order to generate
a trend S-N curve with this method, only four specimens were required. As a first step, a LIT
needs to be performed.The starting stress amplitude of the LIT must be well below the fatigue
strength of the material. In general, the parameters for load increase tests can be estimated
along the following criteria. The empirical relationship applicable here was developed on the basis
of numerous results from completed investigations at the Department of Material Science and
Materials Testing and validated on various unalloyed and low-alloyed steels (steels without phase
transformation processes). Here, both the yield strength ratio and the ratio between the fatigue
strength and yield strength (both are strongly dependent on the respective material condition) are
included and correlated via the hardness (Vickers) with a correlation factor Z. For ductile materials,
Z is 1.56 MPa - HV30~!, for medium strength materials 1.44 MPa - HV30~! and for high-strength
materials MPa - HV30~!.

Oa,start,max = HV - Z —150 M Pa (66)

The resulting starting stress amplitude o4 start,maz indicates the respective maximum value (but
may also be lower). In order to ensure a good comparability, most LITs are carried out with
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Oastart = 100 M Pa, in the case that the materials fulfil the criteria mentioned above. With regard
to the step length in the LIT (at 5 Hz), 6000 load cycles for pure and predominantly softening
materials, 9000 load cycles for alternating cyclic softening and hardening (predominantly ductile
material states) have proven to be appropriate, since energetically stable states (especially with
regard to the dissipated energy) occur within these cycle ranges. During this experiment, the
material response on the cyclic loading as well as the step-wise load increase is measured in terms of
the applied measurement techniques (thermography, resistometry, DIC). The original StressLife.-
method only uses one LIT. Here, the problem arises in particular with brittle material behaviour, as
the generated data points in the plastic range are evidently too low and therefore an evaluation can
only be carried out inadequately. For this reason, two LITs were used in the StressLifeyjcr method.
The following boundary conditions for the two LITs must be taken into account: o4 start,2 > Ta start,1
and Aoy > Aoy . This adjustment ensures an improvement in the quality of the final evaluation,
especially in the elastic-plastic range. The measured cyclic deformation curve from the two LITs
can be used as a first estimation of the fatigue strength of the examined material and to assess the
appropriate stress amplitudes for the CATs [172,263]. The procedure for the determination of a
trend S-N curve in the HCF regime according to the StressLifeyycp method is given in Figure 6.3.
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Figure 6.3: Schematic representation of the StressLife;jcr method for calculating a trend S-N curve
in the HCF regime with four specimens. (a) Slope of the stress amplitude and the
material response of a LIT; (b) Stress amplitude of each load step plotted against the
average value of the material response; (¢) Cyclic deformation curve of both required
CAT including the materials response at half of the cycles to failure; (d) S-N curve
according to StressLifepcr including CAT data points for validation.
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A distinction was made between the cyclic hardening exponent n,, and the cyclic hardening coef-
ficient K, which are only used for the calculation of the parameters b and ¢, and the parameters
n’ and K’, which are used in order to describe the S-N curve.

Figure 6.3(a) shows that the material response increases in the elastic-plastic range above a certain
stress amplitude. Therefore, the fatigue strength can be estimated as the stress amplitude at which
no material response occurs at last. In order to calculate the fatigue strength exponent b and
the ductility exponent ¢, the average values of the material response of each load step is plotted
against the corresponding stress amplitude, which can be seen in Figure 6.3(b). It should be noted
here that the use of the mean value is only permissible since there is no extensive cyclic hardening
within the load steps. However, this relation is strongly influenced by the materials’ condition.
The more brittle the material behavior is, the less pronounced is the plastic range. Being different
from StressLifei., only the elastic-plastic behavior within the generalized Morrow plot is considered
for the HCF regime. In order to take the material condition into account in the calculation of the
fitting parameter n. ;, a weighting of the values for the elastic and the plastic portions is made.
For this purpose, the elastic range, which according to the authors is defined as the last five elastic
data points, is fitted using an allometric fit. The plastic range is fitted in an analogue way. At this
point, the value ay is introduced for the quantitative assessment of the plastic range. It shows the
amount of data points in the plastic region of a LIT. With the slope of the elastic (n¢) and the
plastic range (n,;), the hardening exponent nu; for the HCF regime can be determined according
to equation 6.7.

apl

. 6.7
Qpl + 5 "ol ( )

Niotal = Nel +

apl+5'

According to Morrow [243], the weighted hardening exponent nyq; from equation 6.7 can be used
to calculate the required parameters from equation 6.8 and 6.9.

—MNtotal
b= ——"7—— 6.8
S Niotal + 1 ( )
-1
R — 6.9
¢ 9+ Ntotal + 1 ( )

In the case of equation 6.8 and 6.9, it must be noted that these are empirical relations and are
therefore subject to error. However, due to the good agreement of the data of previous research, this
influence is neglected. The specification on only five data points in the elastic range is necessary,
as the evaluation would otherwise be dependent on the start amplitude of the LIT. Figure 6.3(c)
shows an example of what cyclic deformation curves of CATs can look like (in the case of normalized
ferritic-pearlitic steels). The slope starts with an increase of the material response, corresponding
to a cyclic softening of the material due to dislocation reactions. A distinction can be made between
dislocation movement, formation of dislocation walls and cells, as well as changes in the dislocation
density. The cyclic softening process is followed by a cyclic hardening process which is caused by the
mutual obstruction of the dislocations, until the material finally shows secondary cyclic softening
in consequence of macroscopic crack formation and propagation. An advantage of calculating the
S-N curve on the basis of the CATs is that transient cyclic effects in the plastic regime of the LIT
can be compensated, thus ensuring high accuracy of the results. Due to the proven correlation
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between the plastic strain amplitude and the change in temperature, the material response can be
separated into two portions in analogy to the strain-life approach [64]. The total response M; is
given by the summation of the elastic (M) and the plastic portion (M) [264].

M; = My + My, (6.10a)

0_/
M, = Ef - (2Ny)® + € - (2Np)° (6.10D)
My = B-(2N;)? + C - (2Ny)© (6.10c)

The elastic content of equation 6.10a can be described by the generalised Basquin equation, whereas
the plastic content is described by the Manson-Coffin equation. To determine the two coefficients
B and C, equation 6.10c must be applied to both CATs. The material reaction needs to be tapped
at a defined stage. Within this research, the definition is N = 0.5 - N;. By rearranging equation
6.10c, equation 6.11 and 6.12 can be obtained in order to calculate the missing parameters.

(2N1)? - ATy — (2Ny2)° - ATy

C -
(2Ny2)¢- (2N 1) — (2Nj1)¢ - (2Ny2)?

(6.11)

5 AT —C - (Np)f
(2Ny1)°

(6.12)

Based on this method, all parameters for the generation of a trend S-N curve (Figure 6.3(d)) in
the HCF regime can be determined. The final expression used to describe the S-N curve is given
by equation 6.13.

oo =K'-[B-(2Np)b +C - (2Np) ™ (6.13)

6.2.4 Fatigue life calculation method StressLife

Based on the StressLifeycr method, further methods can be derived, which extend the description
of the S-N curve beyond the HCF regime. In order to describe the S-N curve in the transition area
to the LCF regime, StressLife;yc (LHC = Low and High Cycles) was developed. The schematic
explanation of this method is given in Figure 6.4. It is assumed that the slope of the S-N curve
must be different in the LCF and HCF regime due to different damage processes.
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Figure 6.4: Schematic representation of the StressLifer jj¢ method for calculating a trend S-N curve
in the transition range to the LCF regime with four specimens. (a) Slope of the stress
amplitude and the material response of a LIT; (b) Stress amplitude of each load step
plotted against the average value of the material response; (c) Elastic, plastic and total
material response plotted against the number of cycles to failure including the PoT and
P90; (d) S-N curve according to StressLifer ¢ including CAT data points for validation
in the transition range.

In this method, a LIT is carried out in an analogue procedure to StressLifegcr (Figure 6.4(a)).
However, only data points from the plastic region are used in order to obtain the fitting data for
the calculation of ¢, which is shown in Figure 6.4(b). Because of the fact that in the transition to
the LCF regime plastic deformation dominates, the elastic portion is neglected and therefore the
fatigue strength exponent does not need to be calculated. Figure 6.4(c) shows the elastic, plastic
and total material response plotted against the number of cycles to failure. At this point, two
definitions might be introduced. The point of transition (PoT) is defined as the number of cycles
at which the elastic and the plastic portion of the material response are equal. In order to be
able to define the point of the S-N curve at which the slope changes in the transition area, P90 is
introduced. It is defined as the point at which the plastic portion accounts for 90 % of the total
material response. With the help of the anchor point from StressLiferjcr at the P90 point and the
known slope ¢, which is calculated by the fitting parameter from Figure 6.4(b), the S-N curve in
the transition area to the LCF regime can be identified. Equation 6.14 describes the S-N curve and
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takes only plastic parameters into account.

0o =K'-[C-(Np)" (6.14)

6.2.5 Fatigue life calculation method StressLifeyyc

Contrary to the natural behavior of ferritic steels, the determined S-N curves according to StressLifepcp
do not form a plateau at the transition to the VHCF regime. Because of this outcome, it is assumed
that there must be another change of the slope when the elastic portion of the material response
starts to dominate in comparison to the plastic portion. The approach of the StressLiferryvc method
(HVC = High and Very High Cycles) is to adopt a purely elastic description of the S-N curve, as
the number of cycles of failure increases. A schematic overview of this method is given in Figure

6.5.
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Figure 6.5: Schematic representation of the StressLiferyc method for calculating an trend S-N
curve in the transition range to the VHCF regime with four specimens. (a) Slope of
the stress amplitude and the material response of a LIT; (b) Stress amplitude of each
load step plotted against the average value of the material response; (c) Elastic, plastic
and total material response plotted against the number of cycles to failure including
the PoT and P90; (d) S-N curve according to StressLifegyc including CAT data points
for validation in the transition range.
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In contrast to the previously described methods, only the elastic data points from the LIT from
Figure 6.5(a) are included in the calculation for the transition to the VHCF range. It is assumed
that in the VHCF regime, only damage processes with moreover elastic portions take place. For
this reason, only the fatigue strength exponent b is required from the fitting parameters of Figure
6.5(b). According to Wagener and Melz [265], the PoT should be indicated as a knee-point in the
order of 10* cycles. Below the PoT, the hysteresis loop shows a measurable plastic portion of the
material response. Above this point, the plastic portion is assumed to be negligible. The elastic
description of the S-N curve is given in equation 6.15.

/

0o =K'-[B-(Ng)"" (6.15)

6.3 Results and Discussion

6.3.1 Load increase test

The basic requirement for the lifetime evaluation method according to StressLifepcr is always the
performance of a LIT, which is given in Figure 6.6 for the two materials 20MnMoNi5-5 and SAE
1045. For simplification, the focus is on the presentation of thermographically measured data of
the second of the two LIT. It should be noted that other measurement techniques, such as electrical
resistance or optical strain measurements, can also be used.
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Figure 6.6: Cyclic deformation curve of a load increase test of the 20MnMoNi5-5 steel with
Oastart = 370 MPa, Ao = 2.5 MPa and AN =6- 103; Cyclic deformation curve of a
load increase test of the SAE 1045 steel with o, gtart = 180 MPa, Ao = 6 MPa and
AN =6 - 103.

Figure 6.6 evidently reflects the different conditions of the two materials. The rather brittle behavior
of the 20MnMOoNi5-5 steel (black curve) leads to the result that only a small number of data points
lie in the plastic range of the LIT, whereas the normalised SAE 1045 steel has a significantly
higher portion of data points in the plastic range. The fact that the SAE 1045 steel exhibits a more
pronounced material response than the 20MnMoNi5-5 steel can be explained at the microstructural
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level. Although the 20MnMoNi5-5 steel has a lower carbon content than the SAE 1045 steel, it has
a higher amount of alloying elements which lead to a lattice distortion and therefore less plastic
deformation. Furthermore, the treatment condition of the material has a major influence on the
cyclic deformation curve. The quenched-tempered condition of the 20MnMoNi5-5 leads to a higher
dislocation density compared to the normalised condition of the SAE 1045. Materials with a higher
dislocation density usually exhibit a pure cyclic softening. This softening process is expressed in
the increase of the change in temperature in Figure 6.6. From the discussed reasons, it becomes
evident that the evaluation according to StressLife depends on the material condition. In order to
take this into account, the value oy is introduced. It is a tool for the quantitative evaluation of
the material behaviour.

6.3.2 StressLifeycr

The basic module of the presented new StressLife methods is StressLifegcp. It is used to determine
the S-N curve in the HCF regime. According to Figure 6.3, the relation of the stress amplitude
and the material response can be derived from the LIT, which is shown in Figure 6.7.
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Figure 6.7: Relation between stress amplitude and change in temperature including the elastic
change in temperature of the CATs and the calculated CAT for StressLifepcr of (a)
the 20MnMoNi5-5 steel and (b) the SAE 1045 steel.

Using the fit parameters from the allometric fit in the elastic and plastic range (Figure 6.7), the
parameters n, b and ¢ can be obtained according to equations 6.7, 6.8 and 6.9. The missing pa-
rameters B and C' can be calculated from equation 6.11 and 6.12. The calculated parameters are
summarised in Table 6.2.

According to equation 6.10c, the material response is composed of an elastic portion, described
by Basquin and a plastic portion described by Manson-Coffin. Both, as well as the slope of the
total material response are given in Figure 6.8(a) and (b).
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Figure 6.8: (a) Calculated elastic, plastic and total material response of the 20MnMoNi5-5 steel to
an applied load as a function of N¢ according to equation 6.10 with the experimental
data derived from the CATs; (b) Calculated elastic, plastic and total material response
of the SAE 1045 to an applied load as a function of N¢ according to equation 6.10 with
the experimental data derived from the CATs.

The point marked as PoT (Point of Transition) in Figure 6.8 indicates the number of cycles at
which the elastic and the plastic components of the material response have the same value. Above
the PoT, the elastic portion of the material response is the predominant process, whereas below the
PoT the plastic portion is the main process. From the Figures 6.8(a) and (b), it can be deduced
that the position of the PoT is highly material-dependent. Compared to the 20MnMoNi5-5 steel,
the SAE 1045 shows a significantly higher material response and the intercept of the elastic function
with the ordinate is about one order of magnitude higher than the one of the 20MnMoNi5-5 steel.
Consequently, the PoT shifts towards lower number of cycles to failure.

To determine the S-N curve according to the StressLifegycp method, an additional CAT must be
calculated. By using the data of this calculated CAT, the missing parameters of the StressLife
curve can finally be determined. The determination of the missing parameters is the same as
for StressLifei. and can be found in [258,266]. The final results for the calculation according to
StressLifepcr, including several CAT data points as a validation, is given in Figure 6.9.

Both curves are characterised by a high accuracy in the description of the CAT data points in the
HCF regime. However, the SAE 1045 steel has a lower fatigue strength than the 20MnMoNi5-5
steel. This can be explained by the higher content of alloying elements in the 20MnMoNi5-5 steel.
At this point it must be taken into account that the slopes are based on the results of just one LIT.
In order to be able to take the natural scatter of the materials into account, statistical evaluations
need to be performed. Therefore, several LIT have to be carried out. By including the elastic and
the plastic material response in the StressLifejcr equation, the HCF regime can be described very
well, but the transition to the adjacent regimes are not sufficient due to different damage processes.
For this reason, two additional modules of the method were developed.
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Table 6.2: Parameters from the StressLifegcr calculation.

Material Nl -] b [-] c [ B [K] C [K] n' [[] K [MPa-K™!
20MnMoNi5-5 0.024 -0.021 -0.893 0.814 42414.79 0.094 366.54
SAE 1045 0.15 -0.086 -0.571 4.642 1558.43 0.197 255.21
600 ’ 20MnMoNi5-5 I
StressLifeycp-curve 20MnMoNi5-5
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Figure 6.9: S-N curve according to StressLifeycp for a 20MnMoNi5-5 steel and a SAE 1045 steel,
including CAT data points for validation.

6.3.3 StressLife yc

In the range of lower number of cycles to failure, there must be a change in the slope of the S-N
curve due to changed damage processes. For example, the surface finish has a decisive influence in
the HCF regime, while the surface loses influence in the range of lower cycle numbers. The CAT
data points from Figure 6.9 of the 20MnMoNi5-5 steel, which lie below 10* cycles, confirm this
assumption. As described in chapter 6.2.4, only the plastic data points of the Morrow equivalent
plot were used, which can be seen in Figure 6.10(a). Compared to Figure 6.7, it is evident that
the slope of the fit function is highly dependent on the selected data points. A consideration of
only the plastic range leads to lower values of the slope than an elastic-plastic consideration. This
leads to the consequence that parameters of the S-IN curve change enormously. Using the equations
6.9 and 6.14, the StressLiferjc curve can be determined. The result is given in Figure 6.10(b).
Above the P90, the two curves of the StressLifer,yc and StressLifegcr calculations are identical and
describe the CAT data points with a high accuracy. Below the P90, the CAT data points are better
described by the StressLiferpc curve, with one exception of a CAT at 420 MPa. A possible reason
for the better accuracy of the StressLifer ¢ calculation is that the deformation in this fatigue range
is mainly characterised through moreover plastic processes and thus the elastic-plastic description
of the StressLifercr can not represent the realistic slope of the S-N curve. Table 6.3 summarises
all parameters of the StressLifergc calculation.
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Figure 6.10: (a) Relation between the stress amplitude and the change in temperature includ-
ing the plastic change in temperature of the CATs and the calculated CAT for
the StressLifeppc calculation; (b) S-N curve according to StressLiferyc (black) and
StressLifegcr (red) for a 20MnMoNi5-5 steel, including CAT data points for valida-

tion.
Table 6.3: Results StressLifeyyc calculation.
Material N -] b [-] c -] B K] C [K] n' [-] K' [MPa - K]
20MnMoNi5-5 0.012 -0.944 67047 0.034 394.40

Considering a transition point such as the one displayed in Figure 6.10(b), physical evidence also
appears in these results, since without a change in the slope of the S-N curve, an extremely high
intercept with the ordinate would be achieved.

6.3.4 StressLifeyyc

In the case of decreasing load amplitudes and therefore an increasing number of cycles, the elastic
portion of the material response increases in comparison to the plastic portion. At the PoT, both
parts of the material response have the same value. The position of the PoT is strongly material-
and manufacturing dependent and can already occur in the HCF regime or at a higher number
of cycles to failure in the transition to the VHCF regime. The approach of the StressLifeyvc
calculation is based on the assumption that only elastic data points of the Morrow-equivalent plot,
which is given in Figure 6.11(a), are included in the calculation.

A comparison of Figure 6.7(b) and Figure 6.11(a) provides the information that the slope used for
the calculation is significantly larger in the case of the StressLiferryc. This strongly influences the
results of all other parameters. The evaluation is carried out in the same way as the evaluations
of StressLifegycr and StressLife;yc with the exception that only the elastic parameters B and b
are taken into account. The results of the lifetime evaluation according to StressLifegyc are given
in Figure 6.11(b) and the parameters are summarised in Table 6.4. Figure 6.11(b) shows that
the StressLifegycr curve underestimates the CAT data points of the SAE 1045 in the area above

114



the PoT. Compared to this, the StressLifegyc curve, which only takes the elastic slope of the
Morrow-equivalent plot into account, describes the data points with a higher accuracy.
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4504 6,=1305.53xAT* 7 (a) ] 300 (b) StressLifeyyc-curve

& O, el,CAT:246‘78XAv[‘0256 < — — StressLifeycp-curve
E 400 6, cAT=246.78xATO5¢ E 450 0 CAT data points
o 5

o 350 ] © 400
3 o ° £

= 300 ] 1 = 350 A

[=9 a,

: :

% 250 1 % 300

P

2 5004 b cjn: 250 |

T T T T T T 200 T T
-1 0 1 2 3 4 5 6 103 104 10° 10°
Change in temperature AT, K Number of cycles to failure N

Figure 6.11: (a) Relation between the stress amplitude and the change in temperature of a SAE
1045 including the elastic change in temperature of the CATs and the calculated CAT
for the StressLifeyyc calculation; (b) S-N curve according to StressLifepyc (black) and
StressLifericp (red) for an SAE 1045 steel, including CAT data points for validation.

Table 6.4: Results StressLifegyc calculation.

Material Nl -] b [-] ¢ [ B [K] C K] n' [-] K' [MPa - K™ 1]
SAE 1045 0.703 -0.1557 - 20.13 - 0.256 246.78

6.4 Conclusion

Within the scope of this research, the authors developed a new short time procedure designated as
StressLifegcr. The aim of this calculation method is to determine the lifetime of metallic materials
with a small number of only four specimens. The method is based on the approaches according
to Manson-Coffin for describing the plastic portion of the fatigue damage and Basquin in order to
describe the process elastically. In addition, two modifications to the method have been developed,
which are to be considered as an expansion of the method. These methods can be summarised as

follows:

6.4.1 StressLifeycr

e The method enables a generation of an S-N curve with a small specimens effort of a maximum

of four specimens.

e By the combination of conventional fatigue testing methods and non-destructive measure-
ments techniques, the information regarding ongoing fatigue processes is highly increased.
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e The StressLifegycr - equation consists of the approaches according to Manson-Coffin and
Basquin.

e Through the extension to two load increase tests, the accuracy of the evaluation can be
significantly increased.

o By weighting the elastic and plastic portions of the load increase test, the determination of
the slope can be optimised.

e The generated S-N curve describes the constant amplitude test data points with a high
accuracy.

6.4.2 StressLife yc and StressLifeqyc

e Both methods are modifications of the StressLifegcrp method, based on the same approaches
and calculations.

e These modifications are developed in order to enable a description of an S-N curve beyond
the high cycle fatigue regime.

e The relation of the material response and the number of cycles is used in order to calculate the
anchor points PoT (Point of Transition) and P90 (90 % plastic part of the material response).

e The S-N curve is divided into three different ranges. At lower number of cycles, only the
plastic part of the material response is considered in the calculation, whereas in the case of
higher numbers of cycles only the elastic part is used.

The StressLifegycp process is to be further validated and expanded in additional tests, also with
other materials such as pure metals, cast iron and additive manufactured specimens. Furthermore,
important influencing factors such as residual stresses and surface qualities are to be included in
the method. The modifications StressLifepyc and StressLifegyc, on the other hand, still need to
be backed up with further tests in the respective areas. Another important aspect is the statistical
validation via additional load increase tests and constant amplitude tests. Up til now, only stress-
controlled tests have been used for the developed procedure. In further research, strain-controlled
tests should also follow.
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A new short-time procedure for fatigue life evaluation based on the
linear damage accumulation by Palmgren-Miner

Abstract

The aim of the presented research is to develop a new short-time-procedure based on the linear
damage accumulation according to Palmgren-Miner, which can provide an S-N curve in the HCF
regime based on results of only one fatigue test. Load increase tests were carried out to determine
the partial damage per load level from the material response by using NDT-methods. By converting
the calculated partial damage of each load step into the corresponding number of cycles to failure,
an S-N curve can be generated. This research focuses on a quenched-tempered 20MnMoNi5-5 steel.
The validation was performed on three further steels.

7.1 Introduction

To avoid sudden material failure due to dynamic loading, the fatigue properties of materials must be
analysed in detail. The conventional way for assessing and providing fatigue data is the use of S-N
curves, also known as Woehler curves, established and introduced by August Woehler, which shows
the relation between the applied load amplitude and the respected number of cycles to failure [3,21].
The generation and provision of S-N curves require a high amount of specimens and is therefore a
very cost- and time-consuming process. For this reason, the need for the development of short-time
procedures arises. The aim of these methods is to assess the fatigue properties of metallic materials
with a reduced number of specimens by combining conventional destructive testing with non-
destructive testing methods (NDT). Several short-time procedures were developed and used over
recent years. Existing methods as StressLife, StrainLife and SteBLife are applicated on different
un-, low- and high-alloyed steels and show an overall good accordance between the predicted and
experimental determined lifetime [236,237,258]. All of these methods are designed to predict the
fatigue life of specimens subjected to constant amplitude loading, while components or structures
in service are often exposed to dynamic loads of varying amplitude and frequency. Moreover,
still three specimens are needed in order to calculate an S-N curve. Therefore, a new short-time
procedure called MiDAcLife (Miner Damage Accumulation Lifetime prediction) is developed, which
takes these variable parameters into account. This method uses the linear damage accumulation
according to Palmgren Miner [12,13] to generate an S-N curve in the HCF regime by using one
load increase test (LIT). A LIT starts at a very low stress amplitude below the fatigue strength.
Within the experiment, the specimen undergoes a step-wise increase of the stress amplitude until
failure. Compared to previously mentioned methods, this procedure enables a determination of the
S-N curve based on only one specimen and fatigue test. The advantage here is that not only the
number of cycles could be reduced, but also a process-oriented determination of the S-IN curve is
guaranteed due to the NDT-measurements which are sensitiv to micro-plastic deformation in the
early state of the fatigue process.
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7.2 Materials and Methods
7.2.1 Materials

The material that is mainly used in the context of these investigations is the ferritic-bainitic steel
20MnMoNi5-5 (1.6310). This steel is mainly used in German nuclear power plants for coolant
pipes (spraylines) and pressure vessels and is most comparable to SAE 5120 steel in terms of
its chemical composition. The specimens were separated from pipes with an inside diameter of
706 mm and a thickness of 47mm. The heat-treatment of the pipes is in accordance with the
KTA (Kerntechnischer Ausschuss, nuclear committee) guidelines and can be described as follows.
The normalisation was carried out at a temperature of 910 °C, followed by water quenching and
tempering at a temperature of 680°C for 40 min. Two micrographs of 20MnMoNi5-5 captured
with a DSX 1000 digital microscope from EVIDENT (EVIDENT Europe GmbH, Hamburg, DE)
are shown in figure 7.1. Figure 7.1(a) shows an overview, whereas figure 7.1(b) gives a more detailed
view on the structure of the material.

Figure 7.1: Micrographs of 20MnMoNi5-5 steel. (a) Overview micrograph; (b) Detailed considera-
tion micrograph.

Within figure 7.1, lighter and darker regions can be identified. The lighter areas evidently represent
the ferritic grains with a very low carbon content. The pearlite is characterised by a clearly
recognisable lamellar structure of Fe and FezC, which can be not seen in the darker areas. For this
reason, it is assumed to be a bainitic structure. Bainite forms in a temperature range between the
pearlite and martensite stage. Therefore, only the carbon atoms are able to diffuse and bainite
consists of ferrite with small embedded carbides [267]. In general, a distinction can be made between
lath-like and granular bainitic structure [268]. Based on the irregular arrangements of the bainitic
structure in figure 7.1, the presence of granular bainite can be inferred.

The formation of carbides and their type depends, among other things, on the alloying composition.
Mn and Mo are both carbide former, whereby Mo has a stronger tendency here. A scanning electron
microscope (SEM) type GEMINI by ZEISS (Carl Zeiss, Oberkochen, DE) and a laser scanning
microscope type LEXT by EVIDENT are used to visualise the carbide structure. The results are
given in figure 7.2.
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Figure 7.2: Micrographs of 20MnMoNi5-5 steel: Examination of the carbides. (a) Visualization of
the carbides with a SEM type GEMINI; (b) Visualization of the carbides with a laser
scanning microscope type LEXT.

A more detailed analysis of the distribution and the size of the carbides in figure 7.2 shows that
there are probably two types of carbides in the material. Large carbides can be detected along
the grain boundaries, which are referred to as Carbidegg (GB = Grain Boundaries). Beside the
large carbides along the grain boundaries, a large number of smaller carbides can be found within
the grains (Carbidepg). Previous research of Cho et al. shows that Mo segregate at the grain
boundaries and form carbides [269,270]. For this reason, it is assumed that the Carbidegp are
mostly Mo-carbides leading to the further assumption that the smaller carbides within the ferritic
grains are mostly Mn-carbides. This assumption fits with the work of Ahmadabadi, in which
Mn formed intercellular carbides [271]. A comparison of figure 7.2(a) and 7.2(b) leads to the
finding that the Mo-carbides can already be clearly detected with the laser scanning microscope
and therefore no SEM analysis is required, which in turn is needed for the much smaller Mn-carbides
for visualisation.

To analyse the microstructure more precisely, a phase analysis (figure 7.3(a)) and a grain size
determination (figure 7.3(b)) of the specimen were carried out by using the digital microscope.
The microstructure analysis from figure 7.3 leads to the result that 62 % of the microstructure
consists of ferritic and thus 38 % of bainitic grains, whereby these also include the carbides in each
case. The average grain size is estimated as 7.28 pm?.
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Figure 7.3: Microstructural analysis of the 20MnMoNi5-5 steel. (a) Phase fraction 20MnMoNi5-5;
(b) Grain size 20MnMoNi5-5.

The chemical composition of the material was determined by spectral analysis, while the mechanical
properties were determined by means of tensile test. The results are given in table 7.1 and 7.2.

Table 7.1: Chemical composition in wt.% of the 20MnMoNi5-5 steel: values according to own
analysis (SEW 028).
Element C Si Mn Cr Ni Mo S P
wt.% 0.218 0.246 1.385 0.076 0.762 0.487 0.003 0.010

Table 7.2: Mechanical properties of the 20MnMoNi5-5 steel: values according to own analysis.

FE [GP&] Rpo,z [MPa] RpOQ/Rm [%] ReH [MPa] ReL [MPa]
231 5923 79 561 521

R, [MPa] dp [mm] Frnaz [KN] As %] Sp [mm?]
664 10 52 24 78

In order to validate the new short-time procedure MiDAcLife, it was also applied on three other
steels, whose more detailed analysis can be found in [176,183]. The geometry of the specimens
used for the fatigue tests is given in figure 7.4.
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Figure 7.4: Specimen geometry of the applied fatigue specimen.

7.2.2 Methods

The fatigue tests on the 20MnMoNi5-5 steel were carried out on a 20 kN servo-hydraulic testing rig
type EHF-L by Shimadzu (Shimadzu Europe, Duisburg, DE), while the fatigue tests on the other
steels used for validation were carried out on a 50 kN test rig of the type EHF-U. All tests were
performed under stress-controlled condition at ambient temperature with a load ratio of R =-1 using
a sinusoidal load-time function. The load frequency was set to 5 Hz. The complete experimental
setup of the 20 kN testing rig is shown in figure 7.5.

Servo valves

Crosshead

Extensometer

| Cooled clamping
tools
IR-Camera

Loadcell

CROSSHEAD OPERATION

Figure 7.5: Experimental setup of the servo-hydraulic testing rig (20 kN) including the measurement
techniques; 1. DIC camera; 2. Illumination DIC; 3. Tactile extensometer; 4. IR-camera;
5. Electrode and sensing wires of the 4-point DC resistance measurement device; 6:
water-cooled clamps.
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To maximise the amount of information regarding the fatigue processes taking place in the different
stages of the lifespan of the specimen, different measurement techniques were used. The measure-
ment setup includes thermographic, electrical, optical and tactile methods for data acquisition. As
a first step, only the thermometric data, provided through an IR-camera type thermoIMAGER
TIM450 (Micro-Epsilon Messtechik, Ortenburg, DE) as well as electrical resistance data are used
to calculate S-N curves according to the new method MiDAcLife. The benefit of this method is
that the MiDAcLife procedure only requires one LIT and no further results from CATs which is
an advantage against methods as StressLife and PhyBal. The load increase test is started at a
stress amplitude significantly below the fatigue strength of a material. After a defined number of
cycles (in this case after 6 - 10® cycles), the stress amplitude is increased step wise by Ao, varying
between 4 MPa and 20 MPa depending on the material as well as the material condition. If the
material shows a more brittle behaviour, the amount of data points in the plastic range of the LIT
is severely limited and thus the value of Ao, needs to be rather small. To verify the obtained
S-N curve, multiple CATs were performed at different load levels. More detailed descriptions and
explanations regarding the application of LITs and CATs as well as technical data of the test rig
and IR-camera are given in [235,272].

7.3 Theory

The generation of S-N curves is a very cost- and time-consuming procedure which is why there is
an urgent need for an estimation of the fatigue life of a specimen or component with less effort.
The estimation is mostly carried out by so-called damage hypothesises. In the linear damage
accumulation according to Palmgren-Miner, each load level is assigned to a partial damage D;
which represents the relation between the load cylces n; applied to the specimen at a defined load
amplitude and the number of cycles to failure at the same load amplitude N¢ which is shown in
equation (7.1) [12,13].

ni
D, =— 7.1
=5 (7.1)

The failure of the specimen or component occurs when the sum of the partial damages equals
1 [273]:

YD =% =1 (7.2)

There are different approaches for the application of the damage accumulation model. The first one
is the elementary Palmgren-Miner rule according to [12,13]. It is assumed that no fatigue strength
o, (FL = Fatigue Limit) exists or only stress amplitudes greater than the fatigue strength o,
contribute to the damage. According to Haibach [2], a neglect of the fatigue strength leads to a an
overestimation of the contribution of stress amplitudes below the fatigue strength. As a result, the
calculated value for the damage is too high and thus the number of cycles to failure Ny too low.
The reliable way to consider the fatigue strength is to use the original Miner rule which is given in
equation (7.3) and (7.4):
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UQZJFL:N:NFL-(U:L) k (7.3)
0o <op,: N=N — (7.4)

Npy, from quation (7.3) is the number of cycles at which the fatigue strength point is located. The
parameter k indicates the slope of the S-N curve.

The modified Miner rule considers a fatigue strength decrease as a function of progressive damage.
Due to the flattening of the slope, damage is also attributed to the lower load levels, but in a
weakened manner [2,274].

0o <orr,: N=Npgp, - (&)_(Qk_l) (75)
OFL
In addition to the Palmgren-Miner approach, there is a large number of other, more complex
approaches, that take additional parameters into account. Examples can be found in the literature
[266,275-277].

In previous research, it has already been shown that the temperature measurement is a sensitive
tool to detect cyclic softening and/or hardening processes [258,278]. These processes are directly
related to the area enclosed by the mechanical stress-strain hysteresis. If the material response
shows an increase in the change in temperature, this corresponds to the cyclic softening processes
taking place in the material. This confirms that the change in temperature is also related to the
partial damage of each load step. By rearranging equation (7.1), the number of cycles to failure
for each load step can be calculated.

n;

Nri= D (7.6)
While the number of applied load cycles n is known, the partial damage of each load step needs to
be determined. Here the assumption is considered, that the total damage of the fatigue test consists
of the sum of the change in temperature of each step. Because of the fact that in the last load step,
the applied cycles do not reach the value of 6 - 103, which is the defined step length of each load
step, this step needs to be considered separately with an own value for the applied cycles n; with
n; < 6-10%. The chosen step length of 6-10% cycles has been shown to be suitable from previous
research, as the duration is sufficient to reach a saturation state of the measurement but not too
high to cause into much damage. An additional boundary condition in the elementary Miner rule
is, that the linear damage accumulation is limited to stress amplitudes above the fatigue strength
of the material. Due to this outcome, only the load steps in the elastic-plastic range of the LIT are
taken into account. As a first step, the change in temperature AT; is calculated by subtracting the
first value T(1) of the temperature data from the following data points T; according to equation
(7.7).

AT, =T; — T(1) (7.7)
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Afterwards, the average of each load step ATj ayerage is determined by equation (7.8). The depen-
dency of AT; on the interval f has to be taken into account in order to consider each load level in
the calculation.

1 T
Airi,average - Fgl . Z:l A,Tz(f) (78)
Felli—1) ng-20+1:ny-20-4%, (7.9)

The parameter ng describes the number of cycles of the load steps, whereas x is defined as the
number of load steps. The factor 20 from equation (7.9) must be included due to the measuring
frequencies of the IR-camera of 100 Hz and the servo-hydraulic testing rig of 5 Hz.

If the LIT consists of z load steps, the following equation (7.10) shows the relation of the change

in temperature and the partial damage:

o ATi,cwerage
T oyax—1
Ei ATi,average

i (7.10)
With the known values for D; and n;, the number of cycles to failure can be calculated for different
stress amplitudes according to equation (7.6). As a result, the stress amplitude can be plotted as

a function of the number of cycles to failure. To describe the obtained data points, the empirical
approach of Basquin is used showing the relation of o, and N¢ [11].

Ua:O'f/-(Q-Nf)b (7.11)

Where oy is the fatigue strength coefficient and b is the Basquin exponent. By using an allometric
fit function in terms of

y=a-z? (7.12)

the material parameters can be obtained. Figure 7.6 gives an overview of how the S-N curve
according to the MiDAcLife method is generated. The filled circles represent the calculated CAT
from the LIT, whereas the black bordered squares represent the experimentally performed CAT.
At this point it should be noted, that the calculated and provided S-N curve indicates the relation
between the applied stress amplitude and the number of cycles to failure for this specific specimen
and its specific defect distribution. In order to take the materials inhomogeneities into account,
further LIT must be carried out and based on this data via probabilistic features the scatter of the
lifetime at different load levels can be calculated.
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Figure 7.6: Schematic representation of the MiDAcLife method for calculating an S-N curve from
one load increase test.

7.4 Results and Discussion

7.4.1 Load increase test

A LIT is a very useful tool not only to calculate an S-N curve but also to estimate the fatigue
strength of a material [171,172]. The slope of the material’s response, e.g. the change in temper-
ature, can be used to determine the stress amplitude at which failure would still occur, allowing
conclusions to be drawn about the fatigue strength. The results of the LIT for 20MnMoNi5-5 steel
are given in figure 7.7(a) together with the calculated values for the average change in temperature
for each load step.

Figure 7.7(a) shows cyclic deformation curves for the quenched and tempered 20MnMoNi5-5 steel
based on two different measurement techniques. The red line represents the thermograhic data
from the IR-camera, whereas the black line is derived from electrical resistance measurements. As
mentioned before, the specimens were manufactured from a pipe assembled by a drawing process.
Due to the processing history, a high dislocation density already exists and therefore the steel tends
to be rather brittle, which leads to cyclic softening with regard to its cyclic deformation behaviour.
Both curve progressions from figure 7.7(a) confirm this assumption. To estimate the material‘s
fatigue strength, it is necessary to assess the stress amplitude at which only an uncritical material
response occurs at last. Based on this consideration, the fatigue strength can be estimated to the
range 370 MPa - 380 MPa. Due to the brittle material behaviour, very small Ao values were set for
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the LITs as previously defined. To show that the calculation according to MiDAcLife is not only
valid for materials with brittle behaviour, but also for more ductile materials, the results of LITs
for normalised SAE 1020 (+N, C22R), normalised SAE 1045 (+N, C45E) and quenched-tempered
20MnCrS5 +QT are given in figure 7.7(b).
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Figure 7.7: (a) Cyclic deformation curves of a load increase test for the 20MnMoNi5-5 steel
with o, start = 270MPa, Ao = 5MPa and AN =6 - 10%; (b)Cyclic deformation curves
of a load increase test of the SAE 1020 +N and 20MnCrS5 +QT steels with
Oastart = 100MPa, Ao = 20MPa and AN =6 - 103; Cyclic deformation curves of a LIT
SAE 1045 +N with 0, start = 100MPa, Ao = 20MPa and AN =9 - 10?

In analogy to the approach for the 20MnMoNi5-5 steel, the fatigue strengths of each material can
be estimated by considering the change in the slopes for the respective material responses. The
fatigue strength of the SAE 1020 +N is in the range of 180 MPa - 200 MPa, whereas the value for
the 20MnCrS5 can be estimated with 420 MPa. It should be noted that for the SAE 1045 +N steel
the step length of the LIT was chosen to be longer (9 - 103 cycles) compared to the other materials,
which is indicated by the dark blue chart. The determination of the fatigue strength of this material
results in a value of 280 MPa. By comparing the results of the cyclic deformation curves in figure
7.7(a) and figure 7.7(b), it is evident that the slope depends on the material itself and is also affected
by its manufacturing history as well as heat treatment. The 20MnMoNi5-5 and 20MnCrS5 steel
have a similar chemical composition and were both in quenched-tempered conditions (but with
different heat treatment parameters). Due to the alloy composition and the material condition, the
defect density is relatively high compared to the other materials/material conditions, which leads to
a reduced dislocation mobility, which in turn is reflected in the continuously softening deformation
behaviour in the fatigue tests expressed through steadily increasing change in temperature values.
The steels in normalised condition, on the other hand, show a completely different behaviour. Due
to their heat treatment, significantly more dislocation reactions take place and after a first cyclic
softening process, both materials tend to cyclic hardening during the load steps of the LITs. It is
noticeable that the material response of SAE 1045 occurs at a significantly higher number of cycles
compared to SAE 1020, which can be attributed to a higher pearlite ratio due to the higher carbon
content.
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7.4.2 MiDAclLife

As described in previous chapters, the damage of each loading step is calculated with the change
in temperature. Alternatively, other measurement techniques can be used, which will also be
implemented in future investigations. In figure 7.8, the evolution of the material damage is given
for the 20MnMoNi5-5 steel in terms of black data points. The first material response occurred at
a stress amplitude of 380 MPa, so the load steps from this stress amplitude onward are considered
in the MiDAcLife evaluation. As an additional information, the damage of any stress amplitude
can be calculated by an allometric fit as it is shown with the black line in figure 7.8. With the
known values of the partial damage per load step, the corresponding number of cycles to failure
can be calculated according to equation (7.6). The results of the partial damage calculation and
the corresponding number of cycles to failure are summarised in table 7.3.

Table 7.3: Results of partial damage per load step and corresponding number of cycles to failure.

AT [K] 7a [MPa] Sum(AT) [] D, [} N O
0.896 380 0.896 0.113 53060
1.125 385 2.021 0.142 42277
1.348 390 3.369 0.170 35282
1.827 395 5.197 0.230 26037
2.731 400 7.928 0.345 17416
4.677 405 12.605 0.590 10169
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Figure 7.8: Partial damage per load step as a function of the stress amplitude for the SAE 1020,
SAE 1045, SAE 5120 and 20MnMoNi5-5 steels.

Figure 7.8 also shows the course of the partial damage per loading step for the SAE 1020 (red),
SAE 1045 (grey) and the SAE 5120 (green). As stated before, the last loading step must be
considered separately as the test did not reach 6,000 cycles at this stress amplitude; it is therefore
highlighted as a filled circle. The normalisation of the values is therefore based on the temperature
information of the penultimate load step, which results in the fact that the damage value in the last
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load step becoming greater than 1, which is physically insignificant. The black squares in figure
7.9(a) represent the calculated data points from the LIT of the 20MnMoNi5-5 steel and are further
summarised in table 7.3. To obtain the missing parameters b and o¢ of the S-N curve according
to Basquin, an allometric fit is used. Here too, all data points except the last one at 405 MPa
are taken into account because of the previously discussed reason. The fit is characterised by a
very high degree of accuracy. The parameters of the generated S-N curve for all tested materials
are summarised in table 7.4. In order to validate the S-N curve, several CATs were performed.
The result of the MiDAcLife calculation as well as the ones of the CATs for validation are given in
figure 7.9(a). Considering the experimentally determined fatigue lives of the CATs (blue circles),
the remarkably good agreement with the CAT values calculated by the information from the LIT
(black squares) becomes clear. In the high-cycle fatigue (HCF) regime, the generated S-N curve
describes the CAT data points very well. A noticeable deviation occurs in the transition range to
the LCF regime (low cycle fatigue), which is in this case defined for cycles below 10*. However, this
is to be expected due to the different fatigue damage processes in the different regions LCF and
HCF. The linear approach according to Basquin is only valid for the HCF regime and therefore,
deviations at cycles smaller then 10 can be neglected.

In figure 7.7(a), the fatigue strength of the material was estimated to the range 370 MPa - 380
MPa. The data displayed in figure 7.9(a) confirm this assumption, since one CAT reaches nearly one
million cycles at a stress amplitude of 380 MPa. Based on this, it can be concluded that the fatigue
strength must be just below 380 MPa. Furthermore, the S-N curve depicts the comparatively
brittle material behaviour of the 20MnMoNi5-5 steel, which was already suspected in the cyclic
deformation curves in figure 7.7(a), as the failure of the specimen only occurs in a very small range
of stress amplitudes from 380 MPa - 425 MPa.
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Figure 7.9: (a) S-N curve calculated according to MiDAcLife, including constant amplitude tests as
a validation for the 20MnMoNi5-5 steel; (b) S-N curve calculated according to MiDAc-
Life, including constant amplitude tests as a validation for the SAE 1045, SAE 1020
and SAE 5120 steels

The dashed line here describes an approach based on the original Palmgren-Miner damage ac-
cumulation, while the solid line shows a variant adapted from the elementary approach. Figure
7.9(b) presents the results of other steels to validate the approach developed for the 20MnMoNi5-5
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steel. As it was already shown for the 20MnMoNi5-5 steel in figure 7.9(a), a very good agreement
between experimental and calculated fatigue data can also be given for the three other materials.
Moreover, the assumption is confirmed that the two curves of the materials SAE 1045 and SAE
1020 in normalised material conditions are below those of the SAE 5120 steel, which is due to its
quenched-tempered condition. When considering the stress amplitude at a value of Ny = 10° cycles,
it can also be seen that the fatigue strength estimation from figure 7.7(b) was very accurate. Table
7.4 summarises the parameters for all tested materials.

Table 7.4: Results MiDAcLife S-N curve generation.

Material o [MPa] b [-]
20MnMoNi5-5 647.92 -0.046
SAE 5120 600.83 -0.032
SAE1045 845.07 -0.083
SAE 1020 413.53 -0.057

As a final result, it should be pointed out that this evaluation is not only independent of the
materials/material states examined, but that other measurement techniques can also be used in
addition to thermography. Table 7.5 shows the MiDAcLife results when calculated on the basis of
the results of the electrical resistance measurement AR, which can be seen in figure 7.7(b).

Table 7.5: Results MiDAcLife with electrical resistance.

AR [103 pQ)] o, [MPa] Sum [10?] D; [ Ny [-]
6.16 380 6.16 0.123 97655
6.92 385 13.09 0.138 86892
8.35 390 16.65 0.166 72091
11.16 395 22.26 0.223 53913
17.55 400 34.99 0.349 34287
33.38 405 66.57 0.666 18024

With the data from table 7.3, the parameters for the S-N curve can be determined to o = 651.67
and b = —0.046. The deviation to the thermographic evaluation is rather small.

7.5 Conclusion

Within the scope of the present research, a new short-time method was developed based on the
material response of a load-increase test (LIT). The material response can be measured by different
methods. In the present research, the temperature data of an IR camera and the electrical resistance
were considered. The basis of the new method is the linear damage accumulation according to
Palmgren Miner. It can be summarised as follows:
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e The partial damage of each loading step of a LIT can be calculated by normalising the values
of the change in temperature to the last step at which the specified number of cycles was
reached.

e By rearranging Palmgren Miner’s equation, the number of cycles to failure for a notional
CAT of each stress amplitude of the LIT can be calculated based on the partial damage.

e The parameters of the S-N curve according to Basquin can be received by using an allometric
fit.

e It only requires one LIT to generate an S-N curve for the lifetime prediction in the HCF-
regime.

e The method is independent of the material and its heat treatment condition and different
measurement techniques can be used.

The authors goal is to validate the methods on more materials. It could be interesting to test the
new method not only on steels, but also on other material groups such as cast irons. Furthermore,
important factors such as alloying composition, roughness, residual stresses and hardness as well
as notch geometries might be taken into account. So far, the method is only based on a linear
approach, which will be extended in future research.

Acknowledgements

The authors would like to thank the Federal Ministry for the Environment, Nature Conservation,
Nuclear Safety and Consumer Protection (Bundesministerium fiir Umwelt, Naturschutz, nukleare
Sicherheit und Verbraucherschutz, BMUV, funding reference number: 1501623) for the financial
support of this project. The authors would like to thank the GRS (Gesellschaft fiir Anlagen- und
Reaktorsicherheit) as the project management agency as well as the University of Applied Sciences
Kaiserslautern for further financial support for the procurement of lab infrastructure. Additional
thanks to Shimadzu Europe and EVIDENT (former OLYMPUS) for their support in technical
equipment provision.

133






Journal Contribution il

A nonlinear lifetime prediction method for un- and low alloyed steels by damage
determination based on non-destructive measurement techniques

Fatigue & Fracture of Engineering Materials & Structures

F. Weber'»2, Moritz Maul', Florian Juner! P. Starke!»2
! Department of Material Sciences and Materials Testing (WWHK), Institute QM? University of
Applied Sciences Kaiserslautern, Schoenstr.11, Kaiserslautern, 67659, Germany
2 Faculty of Natural Sciences and Technology, Saarland University, Campus, Saarbriicken, 66123,

Germany
K . N
l‘. Step: Load . [2 C 2. Step: Separating - (b) ;s
_ increase test' g g :> elastic (linear) and S
mstn:ir_r;?nted with El g plastic (non-linear) %‘) - !
ifferent = 9 material response <
o
measurement g £ ~ it - o % i
techniques (NDT- 2 = {} 3 £ 9=0 .
related 2 o £ = .
) 7 Qéﬂ ( 3. Step: Calculation of ) 3 g ks
%‘ the corrected change in
Number of cycles N temperature by substract :> Stress amplitude o,

\plastlc and elastic parts )

the enclosed area by
integrating 9

[ 4. Step: Calculation of}

[ Final S-N curve including

CAT for validation ] <:|

.| © / N o @ | = ©
° N 6. Step: 5. Step: o
2| o\ : S | Pal Mi : 2y
E g Calculation of Q|| Famgren Miner Calculation of S o
= \u virtual number £ the partial S g
£ u\ of cycles to o damage D; 3 g
2 failure: 8 8 2
+© Oqi =
gl | 5 _ Joaih0de | 5 E
L i 0, -
My = et oa.
L

Stress amplitude o,

Number of cycles to failure Ny |\ / Stress amplitude o,

135



A nonlinear lifetime prediction method for un- and low alloyed steels by
damage determination based on nondestructive measurement
techniques

Abstract

Materials used in nuclear power plants are exposed to cyclic loading, which is why the understanding
of fatigue behaviour is of great importance. Due to high time investments and resulting increased
costs, Lifetime Prediction Methods, which significantly reduce the amount of specimens, have
already been developed. Within this paper, the Lifetime Prediction Method MiDAcLifeincr is
presented, which enables a determination of a trend S-N curve in the High-Cycle-Fatigue-regime
based on only one fatigue test and the combination of conventional fatigue testing with NDT-related
measurement techniques. The process-orientated monitoring of the cyclic deformation behaviour
provides the basis for the time- and cost-effective provision of fatigue data. Compared to previous
methods, the consideration of variable loading is an essential aspect of the research application.
The test material is a 20MnMoNi5-5 steel, the results of which are extended to include other steels
for validation reasons.

8.1 Introduction

To minimize the possibility of sudden failure of dynamically loaded components, it is essential
to precisely characterise the fatigue behaviour of the construction materials used to avoid serious
damage. The design of cyclically loaded components is usually based on S-N curves representing
the relation between the applied load and the number of cycles to failure [3]. Since constant stress
amplitudes are rarely found in real applications, specific type of methods has to be developed.
These types of methods enable to calculate the materials‘ lifetime in case of variable amplitude
loading. A very simple and common used approach is the linear damage accumulation according to
Palmgren Miner [12,13]. The approach is based on the assumption that a dynamic load is related
to a partial damage D; within the material. This partial damage accumulates with an increasing
number of load cycles until the failure of the specimen or a component occurs. In the case of steels,
the critical value of the total damage D is equal to one.

D=3Di=) & (8.1)

1

The partial damage D; of a defined load amplitude is therefore defined by equation 8.1 as the ratio
of the number of applied cycles n; and the number of cycles to failure N;. The simplest variants
of the Miner rule are the elementary and the original Miner rule. In the elementary Miner rule,
the existence of the fatigue strength is not taken into account. In contrast, the original form
includes the fatigue strength in a rudimentary way, with the simplification that the number of
cycles tends towards infinity for load amplitudes below the fatigue strength. In recent years, it
has been shown that the Palmgren Miner approach is a simple and fast method for estimating
the fatigue life under variable dynamic loading, but the assumption of linearity that is made leads
to significant deviation in the results caused by the non-linearity of the material mechanism and
the resulting damage. For that reason, a large number of further developments have already been
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published, which include the non-linear fatigue behaviour. In 1967, Manson recognized, that the
linear damage rule does not consider the order of applied loading and therefore developed the
double linear damage rule [133,279]. The idea was to separate the linear damage rule into two
phases consisting of the linear damage rule for crack initiation and the linear damage rule for
crack propagation. Due to Manson’s adaptations by separating the fatigue processes, the original
approach was improved while maintaining simplicity. However, the determination of the knee-point
is, among other aspects, a weak point of the method [127]. The knee-point is defined as the cycle
ratio at the first load level which is sufficient to initiate an effective macro-crack [279]. In later
research, Subramanyan was able to develop a non-linear damage model, which uses iso-damage
lines for fatigue life prediction [129]. It is assumed that the iso-damage lines converge at the knee
point of an S-N curve. For a dynamic load with two steps, the cyclic ratio of the applied cycles
and the number of cycles to failure is given by equation 8.2:

O3 =1— (Cy + C{)2 (8.2)

Due to the definition of the exponents «; in equation 8.2, the fatigue strength o, was included in
these calculations.

o = T (83)

0; — Oe¢

Despite the numerous already existing methods and modifications, non-linear damage accumulation
is also of great importance in current research work, which can be shown by a number of references
(124,153, 280-282]. According to Bjgrheim et. al. [151], damage can be expressed in terms of a
differential equation given in equation 8.4:

dD dn
— L 4
5 q(o,m) ~ (8.4)

where the damage D is a function of the parameter q and the applied cycles n. The parameter q
is in turn a function of the stress amplitude o, and the material properties m. In order to solve
equation 8.4, the following approach is used:

Log(D) = q(o,m) - Log(n) + C (8.5)

Via mathematical relationships represented in [151], damage can be expressed by using equation

8.6.
n q(oym)
D=|— .
( Nf) )

In comparison to the linear approach of Palmgren Miner, damage is a function of the stress am-
plitude o,, the material properties m and consequently dependent on the number of applied load
cycles n and the number of cycles to failure Ny. The main focus within this research is to integrate
NDT-related measurement techniques into the conventional fatigue testing in order to increase the
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information content as an outcome of the fatigue process. This research deals with temperature-,
electrical resistance- and strain measurements. There are already some previous research results
from other research groups, focusing on these topics. Especially temperature measurements us-
ing IR-camera technique are of great interest in previous and present research. La Rosa [170]
introduced a method which uses thermographic data to obtain information with regard to the dy-
namic properties. This proposed method enables an estimation of the fatigue strength with an
extremely reduced number of specimens and tests, respectively. It is based on a pixel-by-pixel
determination of the specimen surface, which shows the relation of the change in temperature with
the number of cycles. The authors could show that a notable temperature increase is only visible
for stress amplitudes above the fatigue strength. Furthermore, the change in temperature is a
function of the stress amplitude. Higher stress amplitudes lead to a higher increase in the change
in temperature. To estimate the fatigue strength, the change in temperature is plotted against
the corresponding stress amplitude and the load step at which a first increase can be monitored
is detected. Fargione et al. [231] extended the Risitano method to determine not only the fatigue
strength but also to generate S-N curves. By using the equilibrium between the energy induced in
the specimen and the sum of the internal energy and dissipated heat, the authors stated that the
plastic deformation energy is proportional to the dissipated heat. With the determination of the
parameter ® which describes the integral of the change in temperature as a function of N, an S-N
curve can be determined by calculate different number of cycles to failure. Cappello et val. [283]
also used thermographic measurements to establish a correlation between the harmonic content
of the temperature and the material dissipation on a SAE 1045 steel. The aim of this research
was to analyse the phase difference between the first and the second harmonic components of the
temperature signal. An accuracy improvement of the dissipated energy measurement for fatigue
life estimation was carried out by Shiozawa et al. [284] using the phase 2f lock-in method, which
is also based on the phase information as an extension of conventional lock-in methods. Rigon et
al. [285] proposed a model which enables an analysis of the specific heat loss at the tip of notched
specimens. Furthermore, some previous research, e.g. [176,286], used the entropy as a parameter
describing the material behaviour under dynamic loading. Due to the large number of methods
that use thermography to assess fatigue properties, only a selection of further literature is referred
to here [173,287-291]. In addition to thermographic evaluations, the consideration of the electri-
cal resistance as an indicator of microstructural changes is a useful tool. Wu et al. [292] used a
combination of tensile and fatigue tests equipped with electrical and magnetic methods to generate
trend S-N curves in the HCF-regime. The determination of the strain in carbon fibers, using elec-
trical resistance measurements is given by Todoroki et al. [293]. Another method, dealing with the
damage accumulation during a fatigue process in the HCF-regime is proposed by Sun et al. [206].
Further studies on the relation between the electrical resistance and mechanical properties can be
found in [208,209,212,294-298]. Most of the mentioned methods above require either an already
existing S-N curve, or a large number of fatigue tests leading to increased time effort and costs. As
a result, the need arises to extend the existing approaches with a process-orientated lifetime pre-
diction. This process-oriented monitoring of the fatigue life is guaranteed by using non-destructive
measurement (NDT) techniques as infrared (IR) camera systems, digital image correlation (DIC),
electrical resistance measurements or magnetic (field strength) measurements. The goal of the
so-called lifetime prediction methods (LPM) is to enable a better design of dynamically loaded
components or structures by the investigation of the response of the material to the applied loads.
With a better understanding of the ongoing microstructural changes during a fatigue test, safety
factors in S-IN curves might be reduced, which leads to better dimensioning of components. This
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is a decisive factor from an ecological and economic point of view. A number of LPM have already
been developed at the Department of Materials Science and Materials Testing at the University
of Applied Sciences Kaiserslautern. These enable the generation of a trend S-N curve in the High
Cycle Fatigue (HCF) regime [238,299]. These methods allow a reliable prediction of the fatigue life,
based on one load increase test (LIT) / strain increase test (SIT) and two constant amplitude tests
(CAT). By using a stepped specimen geometry, the method SteBLife enables the determination of
a trend S-N curve with only one specimen [235]. Even though the above-mentioned methods have
provided an increase in information about ongoing fatigue mechanism and a considerable saving in
time and costs, it is not possible to calculate the fatigue life in combination with the induced dam-
age per load cycle. For this reason, the method MiDAcLife (Miner Damage Accumulation Lifetime
Prediction) was developed, which is based on only one LIT [259] and represents a first step towards
a lifetime prediction of randomly loaded structures or components. Within the framework of this
research, the MiDAcLife method is further improved as MiDAcLifej,.,. For each load amplitude (in
this case stress amplitude), the material response is considered separately, and the calculation is
based on an integrated corrected temperature curve. The incremental consideration of the material
response as a result of the dynamic loading enables the potential that different damage mechanisms
and microstructural changes, e.g. dislocation structures, can be taken into account in a more effi-
cient way. It permits a lifetime prediction of virtual CATs for different materials with a very small
deviation compared to conventional conducted CATs.

8.2 Materials and Methods
8.2.1 Material
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Figure 8.1: Micrographs of the 20MnMoNi5-5 steel using digital (a) and scanning electron mi-
croscopy (b).

The material used in this research is a 20MnMoNi5-5 steel (1.6310), which is mainly used as a
material for spray lines in German nuclear power plants. The for this application typical ferritic-
bainitic microstructure of the steel is illustrated in figure 8.1. Due to its chemical composition, the
20MnMOoNi5-5 steel is mostly comparable to a SAE 5120. The microstructure of the 20MnMoNi5-
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5, which is a low-alloyed steel, is mainly ferritic with irregular orientated needle-shaped bainitic
portions. The specimens were taken out of a pipe subjected to a water-spray quenching heat
treatment. In figure 8.1(b) it is also noticeable that there are carbides within the material, forming
some kind of clusters especially along the grain boundaries

Even if the Lifetime Prediction Method is being developed on a 20MnMoNi5-5 steel, the valida-
tion on other materials is urgently needed in order to evaluate the results. For this reason, the
MiDAcLifejner method was also applied to the steels SAE 1045 (1.1191), SAE 1020 (1.1149), SAE
5120 (1.7149) and SAE 4140 (1.7225). The chemical compositions of all materials investigated in
this work are given in table 8.1 A detailed analysis of the above mentioned steels can be found in
literature [183,235,259,299].

Table 8.1: Chemical composition of the investigated materials according to own analysis

Material C Si Mn Cr Ni Mo S
1.6310 0.218 0.246 1.385 0.076 0.762 0.487 0.003
1.1191 0.470 0.230 0.720 0.670 0.070 0.014 0.013
1.7149 0.195 0.273 1.314 1.060 0.093 0.024 0.024
1.1149 0.236 0.287 0.480 0.118 0.114 0.014 0.018
1.7225 0.400 0.260 0.740 1.070 0.090 0.180 0.020

Due to the differing microstructural compositions and the material conditions, the independency
of cyclic hardening or cyclic softening behaviour can be demonstrated as part of the method de-
velopment. Within this research, round specimens with a cylindrical gauge length, which allows
the application of the before-mentioned measurement techniques, were used. The geometry of the
specimens is given in figure 8.2.
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Figure 8.2: Dimension of the round specimen for load increase tests.

The specimens were machined using a turning process with a rotational speed of 600 rpm and a
feed rate of 0.05 mm/min. A drawing of the specimen geometry is given in figure 8.2. To ensure a
good and, above all, reproducible surface quality, the specimens were mechanically polished after
turning, resulting in a surface roughness value of R, =0.1 pm.
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8.2.2 Methods
8.2.3 Experimental setup

The fatigue experiments of this research were performed stress-controlled on two servo-hydraulic
testing rigs by the company Shimadzu Europe GmbH (Duisburg, Germany), type EHF-U and
EHF-L with a maximum dynamic load of 50 kN and 20 kN, using sinusoidal load-time-functions.
The load ratio was chosen to R = -1, whereas the loading frequency was set to 5 Hz. All tests were
performed at ambient temperature. The experimental setup is given in figure 8.3. The basic idea of
the proposed method is to gain a maximum of information during a fatigue process by integrating
different measurement techniques into the setup. The main results within the framework of this
research originates from the temperature measurement using an IR-camera type thermoIMAGER
TIM 450 by the company Micro-Epsilon Messtechnik GmbH & Co. KG (Ortenburg, Germany),
which enables the detection of the mean dissipated heat. The spectral range of the camera is 7.5
- 13 pm and the optical resolution amounts 382 x 288 pixels, resulting in a thermal sensitivity
of 0.04 K. In Addition to the temperature measurement, the change in electrical resistance and
the plastic strain amplitude is determined. For electrical resistance measurements, a four-point
method configuration with a high accurate power supply by the company TOELLNER Electronic
Instrumente GmbH (Herdecke, Germany) is used and the change in electrical resistance can be
monitored with a measuring device NI 9238 by the company National Instruments (Austin, USA)
(input voltage range: + 500 mV). It enables a sensitive detection of the microstructural defect
evolution (e.g. increase/decrease of dislocation density, microcracks) during the fatigue process.
By using a tactile extensometer type DYNASTRAIN by the company Shimadzu Europe GmbH
(Duisburg, Germany) with a gauge length of 12.5 mm, the total strain amplitude can be recorded.
By postprocessing the total strain amplitude in a MATLAB program, the plastic strain amplitude
can be derived from the mechanical stress-strain hysteresis loop.

[ Servohydraulic testing rig (schematically) ] [ Applied measurement technology ]

Servo valves

Crosshead
Extensometer
S L
S CPULSER .
[ ) R\gisu:.:zl: e ) Cooled clamping
. tools
IR-camera

Loadcell

: (o 0 e

CROSSHEAD OPERATION

Figure 8.3: Schematic illustration of the servo hydraulic testing rig (left) and applied measurement
technology (right): (a) DIC (Digital Image Correlation); (b) Electrical resistance mea-
surement; (c) Tactile Extensometer; (d) IR-camera.
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A more detailed description of the experimental setup is given in [259,299]. Within this research
the main focus is on load increase tests (LIT). Constant amplitude tests are only carried out to
validate the quality (slope and position) of the generated S-N curve. Table 8.2 summarises the
experiments carried out with the 20 MnMoNi5-5 steel.

Table 8.2: Test plan 20MnMoNi5-5 for the evaluation according to MiDAcLifejycr

Specimen Experiment Parameters
20MnMoNi5-5-LIT LIT (for calculation) Oastart = 250 MPa

Ao, = 5MPa
20MnMoNi5-5-CAT1 CAT (for validation) 0a = 390MPa
20MnMoNi5-5-CAT2 CAT (for validation) 0a = 380MPa
20MnMoNi5-5-CAT3 CAT (for validation) 0a = 410MPa
20MnMoNi5-5-CAT4 CAT (for validation) 0a = 370MPa
20MnMoNi5-5-CATH CAT (for validation) 0a = 350MPa
20MnMoNi5-5-CAT6 CAT (for validation) 0a = 410MPa
20MnMoNi5-5-CAT7 CAT (for validation) 0a = 345MPa

8.2.4 MiDAcLifeje,

To expand the already existing LPMs like StressLife, StrainLife and SteBLife, only one LIT forms
the basis of the procedure according to MiDAcLifej,;. The basic approach of MiDAcLifey,¢, is
schematically given in figure 8.4.

As a first step of the evaluation according to MiDAcLifejner, a LIT needs to be conducted stress-
controlled with a starting stress amplitude o, gstart €vidently below the fatigue strength of the
material. After a defined number of cycles, the stress amplitude is increased by Ac,. This process
needs to be repeated until specimen failure occurs. From previous investigations, a suitable step
length of the LIT for materials with a predominantly cyclic softening behaviour was estimated to
6,000 cycles. In comparison, a step length of 9,000 cycles is selected for materials that exhibit cyclic
hardening behaviour after initial softening. These values seem to be suitable, as an energetically
stable state is reached with regard to the dissipated energy. A more detailed description of how
the parameters of a LIT must be chosen, can be found in literature [299,300]. The main idea of the
method is that the damage induced into the specimen directly correlates with the material response
(8.4). Equation 8.6 also indicates the dependency of the accumulated damage from the material
properties. In order to be able to evaluate these properties, the material response due to the fatigue
loading is measured by using different NDT-related techniques. For instance IR-thermography or
electrical resistance measurements, are very sensitive tools to measure and evaluate changes in
microstructure during the fatigue process [173,184,301-310], whereby the focus in this article is on
the use of temperature data. Additionally, values from related change in electrical resistance and
plastic strain amplitude are included into the consideration.
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Figure 8.4: Schematic illustration of the lifetime prediction method MiDAcLifeincr. (a) Load in-
crease test and the corresponding material response; (b) Corrected change in temper-
ature as a function of the stress amplitudes from the load increase test; (c) Integra-
tion of the corrected change in temperature to calculate the partial damage Di; (d)
Comparison of the course of partial damage according to Palmgren Miner (linear) and
MiDAcLifeincr (non-linear); (e) Final S-N curve according to MiDAcLifeincr including
experimental CAT as validation points.

Thermoelastic portions of the temperature signal are symmetrical under tension and compression
and therefore do not contribute to a temperature increase. Therefore, assuming that only the
plastic portions of the material response need to be considered for the damage calculation, a reliable
separation of these two portions is essential, which is step 2 of the calculation process. The damage
introduced into the material as a result of the fatigue loads, causes a release of energy. The main
portion of the energy dissipates as heat [166], whereas the remaining part is stored strain energy.
Boulanger [169] summarized the temperature development during a fatigue test with equation 8.7:

00 0
+

PCp 7t = Sthe + d1 (8.7)

Teq

where p describes the density of the specimen, c,, the heat capacity and € the temperature variation
with respect to the initial equilibrium temperature. The factor 7oy stands for the heat loss to the
environment and s for a heat source due to thermoelasticity, whereas d; is a heat source due
to dissipation. This leads to the conclusion that the temperature development is made up of
dissipation and thermoelasticity. The energy and therefore the heat induced into the specimen can
be formulated as:
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w = / stne (&) + d1dN (8.8)
N/

The heat source from equation 8.8 is a function of the strain rate €. In a simplified consideration,
the strain rate is only influenced by the stress amplitude. Due to the fact that the load levels
of the LIT are below the yield strength, for most part even below the fatigue strength, a linear
material behaviour can be assumed. This linear behaviour results in a linearity of the first term
of the integral. Based on the above assumptions, the induced energy can be expressed as a linear
function combined with an integral of the dissipated heat.

wp =Y 9(0a:) - ni + /N, didN (8.9)
i=1

In equation 8.9, g is a linear function which is only influenced by the stress amplitude o, ; (stress
amplitude of the individual load steps of the LIT). In order to exclude the linear portion in the
calculation, a temperature correction needs to be performed, which indicates step 3 of the eval-
uation. The corrected change in temperature results from the subtraction of the plastic and the
elastic material response and is given in figure 8.4(b). Due to the incremental consideration of the
allometric description of the plastic range of the LIT, various microstructural changes and different
damage mechanism, e.g., differing dislocation structures, can be considered as a function of the
applied stress amplitude in each calculation step. MiDAcLifej,, utilises that the partial damage
of each load step correlates with the enclosed area by the corrected change in temperature curve,
which is why each partial damage can be mathematically described with a quotient of the two
integrals. This relation is given in equation 8.10.

f;;a;ijll Vdog 8.10
fga,end ﬁda.a ( : )

Oa,start

D; =

where 0, start is the starting stress amplitude of the LIT and 0, eng describes the stress amplitude
of the last load step. The integral consideration of the corrected change in temperature data
marks step 4 in MiDAcLifejne, and can be seen in figure 8.4(c), whereas (d) shows the comparison
of the linear damage curve according to Palmgren Miner and the non-linear curve according to
MiDAcLifejne; (step 5). With the assumption of equation 8.1, it is possible to calculate virtual
number of cycles to failure Ny virtual for each stress amplitude of the LIT (step 6). These data
points can be converted into an S-N curve according to Basquin using an allometric fit (figure
8.4(e)). The validation of the S-N curve is carried out with the implementation of experimental
CAT, performed in a conventional manner.

8.3 Results and Discussion

8.3.1 Results of load increase tests

A LIT can be compared to the image of a "fingerprint" of the respective material. It enables a
first estimation of the fatigue endurance limit and an evaluation of the material behaviour. In case
of the 20MnMoNi5-5 steel, the starting stress amplitude is set to 250 MPa, which results from

144



previous investigations. The step length is chosen to 6,000 cycles and for the load increase 5 MPa
was used. All parameters for the LITs are given in Table 8.3, whereby o, is defined as the load
step at which the failure of the specimen occurs.

Table 8.3: Parameters of the LIT for the 20MnMoNi5-5 steel
Oq,start |MPa] Ao, [MPa] AN [] 0q,f [MPa]
250 5 6,000 410

Figure 8.5 shows the result of the LIT (given parameters) for the 20MnMoNi5-5 steel with the
slopes of the stepwise increased load amplitude and the material responses for different measure-
ment techniques. The red line represents the change in temperature, the blue line the related
change in electrical resistance (quotient of change in electrical resistance and the initial electrical
resistance in the unloaded state) and the grey line the plastic strain amplitude. All three quantities
indicate a pure cyclic softening behaviour expressed through increasing values of the various mate-
rial responses. The increase in plastic strain amplitude indicates an extension of the width of the
stress-strain hysteresis loop and is associated with cyclic softening behaviour. The increase and de-
crease in the plastic strain amplitude allows conclusions to be drawn about the material behaviour.
More ductile materials tend to undergo cyclic hardening processes after an initial cyclic softening,
while high-strength (more brittle) materials usually only exhibit pure softening behaviour. For this
reason, the steel 20MnMoNi5-5 seems to show a more brittle behaviour. This insight can also be
confirmed by the fact that the change in the material response during the fatigue test is very small
and significant increases only occur in the last load steps.
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Figure 8.5: LIT for the 20MnMoNi5-5 steel with the slopes for the stress amplitude and the ma-
terial responses on the basis of the change in temperature, related change in electrical
resistance and the plastic strain amplitude.
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In order to make a first estimate of the fatigue strength, the material response must be analysed
in more detail, which is shown in figure 8.6(a).

The dashed lines from figure 8.6(a) corresponds to the elastic portion of the material response. To
determine the fatigue strength of the material, the stress amplitude at which a first change in the
material response can be detected must be considered. It should be noted at this respect that the
change in temperature does not exhibit a greater scatter than the other two measuring methods.
The deviation of the temperature data and thus the formation of some kind of scatter bands results
from the thermoelastic effect. This effect is based on the principle that the change in temperature
of a specimen can be affected by a changing volume as a result of an applied load. While elastic
tensile loads result in cooling, elastic compressive loads cause the specimen to heat up [311-313].
Since the evaluation of the fatigue strength is made more difficult by the thermoelastic effect, the
smoothed signal of the change in temperature is also shown in figure 8.6(a), which makes it easier
to recognise the first increase in the material response.
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Figure 8.6: (a) Detailed determination of the fatigue strength of the 20MnMoNi5-5 steel based on
the LIT using the change in temperature, the related change electrical resistance, and
the plastic strain amplitude; (b) Exemplary determination of the fatigue strength of
the 20MnMoNi5-5 steel considering the thermal sensitivity of the IR-camera.

Every measurement technique is superimposed by certain measurement uncertainties and/or the
measurement sensitivity, which must be taken into account. The exact determination of the fatigue
strength, taking the thermal sensitivity of the IR-camera into account, is shown as an example in
figure 8.6(b).

The blue line in figure 8.6(b) represents the linear regression of the elastic portion of the material
response. Both black lines indicate the scatter band due to the thermal sensitivity. To examine the
fatigue strength, the stress amplitude needs to be considered at which the first material response
greater than the scattering occurs. In this case the first increase can be detected at a stress
amplitude of 370 MPa. Therefore, the last load level at which no damage can be determined is
365 MPa which is consequently defined as the fatigue strength of the material. While the change
in temperature and the plastic strain amplitude led to an estimation of the fatigue strength of 365
MPa and 360 MPa, the related change in electrical resistance indicates the first material responses
at a lower load level, resulting in an estimated fatigue strength of 355 MPa. The deviation of the
fatigue strength can be explained by the different sensitivities to the respective material mechanisms
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of the measurement techniques used.

8.3.2 MiDAcLlLifej,,

As a first step in the MiDAcLifej,., evaluation, the average data points of the material response for
each load level must be extracted and plotted as a function of the corresponding stress amplitude.
To enable a comparison of different measurement techniques, the data points of the temperature
measurement are extended in figure 8.7(a) by those of the strain- and electrical resistance measure-
ments.
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Figure 8.7: (a) Average values of the change in temperature, related change in electrical resistance
and plastic strain amplitude for each load step of the LIT for the 20MnMoNi5-5 steel;
(b) Analysis of the LIT data with the elastic fit function (green dashed line) and the
different allometric fit functions (yellow to red) for the incremental consideration of the
plastic range for the 20MnMoNi5-5 steel.

The figure above illustrates that all three measurement methods show a similar curve progression.
It also indicates that the curves initially display a linear relationship until the material response
increases from a certain stress amplitude and therefore changes to a non-linear behaviour. Following
this assumption, particularly in the HCF regime, only the plastic portions of the material response
contribute to the damage, the curves need to be corrected for the elastic portion. The following
evaluation is based on change in temperature data, but can also be carried out equivalently using
data sets from other measurement techniques. In figure 8.7(b), the elastic portion of the LIT is
fitted linear (green dashed line), whereas the plastic region is fitted incrementally with different
allometric fits (yellow, orange and red). The reason for the incremental approach is that different
stress amplitudes cause different damage mechanism and therefore, the slope of the function must
be considered separately. In order to calculate the number of cycles to failure of a virtual CAT at
a stress amplitude of o, ;, the allometric fit is applied to the data points of 0, ;—1 to 0q it1-

Furthermore, the fatigue strength of the 20MnMoNib5-5 steel can be estimated to be approx. 365
MPa, which agrees well with the results of the LIT from figure 8.6(a). The corrected material
response curve (here corrected change in temperature curve 9) results from the difference between
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the allometric and the linear fit and is given in figure 8.8(a). The partial damage Di of each
load level is calculated by integrating the function at the considered stress amplitude and then
normalising to the value of the total area enclosed by the curve, which is given in equation 8.10.
As an example, the integration for a stress amplitude of 390 MPa (orange) and the entire material
response (grey) can be seen in figure 8.8(a).

M7 D leulation 20MnMoNi5-5 ' 1.0 20MnMoNis-5 ' ' '
o amage calculation nMoN15- nMoNi5-
= O Corrected change in temperature of each load step (a) 094 o Prartial damage of each load step (b) =
2 6 :
2 o 0.8 4 P
g 54 ] A 0.74 E
Q A\‘xml o )
QE) 44 - %[) 0.6 4 o .
= 0.5 e
E 34 Az00 Mpa 2 — g )
2 pr "*_5 0.4 E
£ 21 5 ] £ 03 e
= o < o]
© 14 3 g 024 ° 3
=] ° & o
2 o 0.1 00 ]
= 00%»00000000000°9° 3
Sl ———————————— -0.1 . . . . . .
360 365 370 375 380 385 390 395 400 350 360 370 380 390 400 410
Stress amplitude 6,, MPa Stress amplitude c,, MPa

Figure 8.8: (a) Corrected change in temperature slope as a function of the stress amplitude for the
20MnMoNi5-5 steel. Additional schematic indication of the damage calculation via the
respective areas enclosed by the curve; (b) Partial Damage Di of each load level of the
20MnMoNib-5 steel based on the change in temperature evaluation.

From the above figures and equation 8.10(a), the values of the partial damage can be calculated and
plotted against the stress amplitude, which is given in figure 8.8(b). Based on the partial damage
of each load level, the number of cycles to failure for virtual CATs can be determined by using the
values for the applied load cycles n and the partial damage Di into equation 8.1. An allometric fit of
the data points can be used to obtain an S-N curve according to Basquin’s approach. The result for
the steel 20MnMoNi5-5 is given in figure 8.9. As stated in figure 8.9, red data points represent the
virtual CATs of the MiDAcLifeincr calculation based on change in temperature data. The figure
also contains calculated data derived from the values of the change in electrical resistance (blue)
and the plastic strain amplitude (grey). In order to validate the calculated S-N curve, further
experimental CATs were carried out. The results are shown as black data points in the same
diagram. In addition, two CATs were carried out in the higher cycle range on a resonance testing
rig. Due to the different frequencies (5 and 260 Hz), these tests were marked by triangles. These
data points can only be regarded as an initial estimate, as the influence of the testing frequency
was not further investigated in this study. According to the literature, an increase in fatigue life
can be assumed in case of increased testing frequency. The calculated S-N curve has the following
form:

04 =0 (Ny)° (8.11)

The good agreement between the calculated and the experimental data points can already be
recognised from the presented results. It is noticeable that the evaluation based on the plastic
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strain amplitude does not describe the experimental results as well as the change in temperature or
the electrical resistance, especially at lower stress amplitudes. From this insight, the great potential
of NDT related methods compared to conventional strain measurements can be deduced, as the
tactile extensometer appears to have reached its resolution limit. A comparison of the coefficients
o¢ and exponents b related to equation 8.11 of the applied measurement techniques is given in
Table 8.4.
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Figure 8.9: S-N curve calculated according to MiDAcLifeincr as well as experimental determined
lifetimes for validation for 20MnMoNi5-5 steel.

Table 8.4: Overview of coefficients ¢ and exponents b of S-N curves calculated according to Mi-
DAcLifeincr for 20MnMoNi5-5 steel.

Material response or [MPa] b [-]
Change in temperature 599.2 -0.040
Related change in electrical resistance 595.8 -0.039
Plastic strain amplitude 551.4 -0.032

In order to validate the method, the LPM is also applied to four other steels. The cyclic deformation
curves of the respective LIT are illustrated in figure 8.10(a) and figure 8.10(b). The subdivision
into rather brittle and ductile material behaviour only serves to provide a better structure in
the diagrams. In general, two different material behaviours can be seen in figure 8.10(a) and
figure 8.10(b). The temperature-based cyclic deformation curves of SAE 4140, SAE 5120 and
20MnMOoNi5-5 steels (shown in blue shades) indicate a continuous more or less steady increase
in the material response, which represents the pure cyclic softening behaviour typical for higher-
strength (more brittle) material states. In particular, the fact that the cyclic deformation curves
of 20MnMoNi5-5 and SAE 5120 steels show a high degree of similarity, can be attributed to their
chemical composition. Due to the quenched and tempered microstructure of the SAE 4140 steel,
cyclic softening behaviour is also to be expected here. The group of more ductile materials, shown
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in figure 8.10(b) as orange-coloured temperature curves, is represented by the steels SAE 1045 and
SAE 1020. Both steels are unalloyed carbon steels, whereby the SAE 1045 steel has a significantly
higher carbon content. Due to the fact that plastic deformation is mainly limited to the ferrite
grains, the higher values in material response in the case of the SAE 1020 steel (higher ferrite
content compared to SAE 1045 steel) can be explained. In both cases, especially in the last load
steps, a decrease of the change in temperature can be detected. This leads to the insight, that both
steels tend to a cyclic hardening behaviour after initial cyclic softening (after load increase) as soon
as the amount of plastic deformation is high enough. The final results of the S-N curve generation
according to MiDAcLife;,., are given in figure 8.11, whereas the parameters of the evaluation are
listed in Table 8.5.
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Figure 8.10: (a) Cyclic deformation curves of the LITs based on the temperature of the steels SAE
4140, SAE 5120 and 20MnMoNi5-5; (b) Cyclic deformation curves of the LITs based
on the temperature of the steels SAE 1020 and SAE 1045.

Table 8.5: Overview of coefficients or and exponents b of S-N curves calculated according to
MiDAcLifejner on the basis of change in temperature data for SAE 4140, SAE 5120,
SAE 1045 and SAE 1020 steels.

Material oy [MPa] b [-]
1.7225 2514 -0.132
1.7149 619.2 -0.034
1.1191 780.9 -0.075
1.1149 367.7 -0.046
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Figure 8.11: S-N curves calculated according to MiDAcLifeincr as well as experimental determined
lifetimes for validation for 20MnMoNi5-5, SAE 4140, SAE 5120, SAE 1045 and SAE
1020 steels.

To assess the quality of the LPM MiDAcLifej,c,, the calculated lifetimes are compared with the
experimental determined data points, which is shown in figure 8.12.
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Figure 8.12: Evaluation of the fatigue life prediction based on a comparison of the virtual (calcu-
lated) and experimentally determined lifetimes with the labelling of 5% — 20% scatter
bands.

In figure 8.12, virtual (calculated) and experimental determined data points are plotted against
each other. The solid black line indicates a deviation of 0 %, whereas the dashed green lines
represent the +/- 5 % deviation. Furthermore, deviations of +/- 10 % (yellow), +/- 15 % (orange)
and +/-20 % (red) are also given in terms of dashed lines in the same diagram. In general, it can
be stated that the calculation provides very accurate results compared to the experimental data.
Only nine (from 46) test results show a deviation of more than 20 %, which corresponds to a share
of 19.5 %. Conversely, this means that 80.5 % of the data points are within the 20 % deviation
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range, of which almost 40 % show a deviation of less than 5 %. It should be noted that deviations
can be caused not only by the calculation but also, for example, by the natural scattering of the
material due to a statistical distribution of defects on the surface and volume of the specimen under
consideration. One possible approach to consider this material scatter is to perform several LITs
and nominate their results using statistical approaches. Based on these findings, the method for
predicting the fatigue life of steels can be further validated.

8.4 Conclusion

The Lifetime Prediction Method MiDAcLife;,., was developed and introduced as part of this re-
search. Load increase tests were carried out on the steel 20MnMoNi5-5, which is used in spray
lines of nuclear power plants. The material response during fatigue loading was detected using
different measurement techniques such as IR thermography, electrical resistance and conventional
stress-strain measurement. By using the determined correlation among the measured material re-
sponse and the damage induced into the material, virtual lifetime values can be determined for
result-orientated set stress amplitudes. The most important aspects with regard to the research
work carried out and an outlook are summarized as follows.

e The lifetime prediction method MiDAcLifej,., enables to calculate an S-N curve in the High
Cycle Fatigue regime on the basis only one load increase test.

e There is a correlation between the in-situ measured material response due to fatigue loading
and the damage induced into the material per load cycle.

e The applicability of the lifetime prediction method is independently of the applied measure-
ment technique, whereby the change in temperature and the change in electrical resistance
have a significantly higher resolution than tactile extensometers.

¢ Due to the temperature correction and the incremental consideration of the material response,
the potential to consider different damage mechanisms is provided.

e The estimated virtual lifetimes of constant amplitude tests show a very small deviation from
the experimental determined lifetimes.

e In further research, the method is being extended to other materials and material groups,
such as additively manufactured or cast-iron materials.

o Different influencing parameters such as the surface roughness or residual stresses are going
to be included into lifetime prediction methods. The aim here is to enable a conversion of
the respective S-N curves depending on the influencing factors.

o Statistical approaches are integrated in perspective by carrying out several load increase tests
and using variation calculation approaches to cover the scatter of the materials as well.
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Implementation of modelled surface roughness in the accelerated
lifetime prediction of a 20MnMoNi5-5 steel

Abstract

Fatigue of metals is a complex, multi-parametric phenomenon with a high amount of influencing
factors. In order to ensure a reasonable lifetime prediction of specimens, structures or components,
the impact of these factors need to be understood in detail. Since fatigue cracks mostly initiate at
the surface, especially in the high cycle fatigue regime, the surface condition is a very important
factor, which has to be taken into account. The presented research proposes a method to model
the surface roughness using a Fourier transformation to calculate a fatigue notch factor, which
can be included in the accelerated lifetime prediction method MiDAcLife. Therefore, it is possible
to generate virtual S-IN curves for different surface conditions based on only one fatigue test. The
investigated material is a ferritic-bainitic 20MnMoNi5-5 steel, which is mainly used in spray-lines of
German nuclear power plants. In addition, a method for calculating the fatigue strength of various
materials is presented in which a newly defined parameter, the specific hardness, is introduced.

0.1 Introduction

The aging of components in nuclear power plants leads to an increasing need to develop new meth-
ods, which enable an evaluation of the integrity of structures and/or components in the field of
nuclear engineering. To assess the integrity, simulations need to be improved on the basis of ex-
perimental data. A very important influencing factor of the fatigue process is surface roughness.
Therefore, the goal of this research is to consider roughness parameters in the lifetime prediction
of a 20MnMoNi5-5 steel, which is mainly used in spray-lines of German nuclear power plants. As-
suming cyclic loading in the high cycle fatigue (HCF) regime, crack initiation takes over the most
prominent portion of the fatigue life. In previous research, it has been shown that in most cases,
fatigue cracks initiate at the surface of a specimen, especially at locations with an increased stress
concentration. This observation leads to the conclusion that the surface roughness needs to be
considered in the fatigue life calculation.

To describe the stress concentration, Neuber [47] proposed an semi-empirical equation of the stress
concentration factor Kt, including standard parameters of the surface roughness.

Ki=14n- 2 (9.1)
P

The stress state is given by the factor n, whereas R, can be defined as the surface height and p as
the notch radius. A geometric estimation of the surface irregularities is given by A, representing
the ratio of the spacing and the height. This model was further extended by Arola et al. [49,50],
calculating an effective stress concentration factor K;. This approach includes the arithmetical
average roughness R,, the peak-to-valley height Ry, the effective valley radius p and R, into the
calculation and is given in equation 9.2.
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Another approach is given by the FKM-guideline [54] in equation 9.3, which uses the static tensile
strength Ry, in addition to the surface parameter R,.

R 2R
Kro=1—a-lo (z)-lo " 9.3
i g um g (Rm,N,mm> (6:3)

Kleemann et al. [314] utilised, among others, the approach of equation 9.3 in order to calculate the
fatigue strength of different materials as a function of the surface finish, given by a factor Fg, a
factor including the residual stresses Frg and the hardness of the material, described by Fpy.

Uw:Uw,O'FS'FRS'FHV (94)
At this point it should be noted that oy o designates the fatigue strength of an unnotched specimen.

Using geometrical parameters to evaluate the influence of the surface roughness on the fatigue
strength, Murakami [56, 58] proposed the y/area-method. It enables an estimation of the fatigue
strength as a function of the material’s hardness and the y/area-parameter. The relation is given
by equation 9.5.

0w = 1.43(HV +120)/(area)'/* (9.5)

The fatigue strength is expressed by o, whereas y/area is a function of the geometrical parameters
of the surface roughness. This approach is for example used by Itoga et al. [59], presenting a study
which includes rotary bending tests in order to determine the surface roughness effect on step-wise
S-N characteristics of a Ni-Cr-Mo steel.

Singh et al. [83] introduced a new method to describe the effect of the surface roughness on the
fatigue behaviour of materials (in this case of an AISI 4130 steel), modelling the microstructure
and a rough surface of a specimen. To characterise the material degradation due to fatigue loading,
the model uses damage parameters from S-N curves of smooth specimen. An additional approach
of Xu et al. provided an FE method in order to analyse the stress concentration factor and the
relative stress gradient of notches with surface topography [87]. In 2023, Kethamukkala et al. [77]
developed an extension of a previously developed time-based sub-cycle fatigue crack growth model
for additive manufactured materials, which also uses the approach according to Arola (equation
9.2), to take the effect of an increased surface roughness into account. An analytic approach of
calculating the fatigue notch factor (FNF) for different surface finishes was given by Zhu et al. [90],
introducing this parameter into the fatigue life calculation of an SAE 4140.

Because of the large number of publications addressing the influence of roughness on the fatigue
behaviour of metals, only a selection of further literature references will be referred to at this
point [52,63,65,72,73,78,85,88,315-317].

The need of an accelerated estimation of fatigue properties arises because of the large amount
of specimen that is required to generate an S-N curve. Therefore, different lifetime prediction
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methods (LPM) have been developed at the Department of Material Sciences and Materials Testing
(WWHK) at the University of Applied Sciences Kaiserslautern in recent years [52, 236, 258260,
299]. Based on the linear damage accumulation model according to the approach proposed by
Palmgren and Miner, MiDAcLife in one of these LPM. It enables a calculation of virtual number of
cycles to failure by the combination of conventional fatigue testing and NDT-related measurement
techniques, such as thermography or electrical resistance measurements. Based on a load increase
test (LIT), the material response is monitored and correlated with the damage induced into the
specimen. The aim of this current research is to extend the LPM by integrating the surface
roughness into the calculation, resulting in a possibility of an S-N curve estimation only based on
roughness information. In addition, conventional constant amplitude tests (CAT) are carried out
on a 20MnMOoNi5-5 to verify and validate the calculation results.

0.2 Material and methods
9.2.1 Material

The material used within this research is a 20MnMoNi5-5 steel with a ferritic-bainitic microstructure
(mostly comparable to an SAE 5120), which is prevalent in German nuclear power plants as a
material for spray-lines. A detailed analysis of the material is given in previous research results
published in [259,299]. The influence of the surface roughness on the fatigue properties of the
20MnMoNi5-5 is determined on five different surface finishes within the framework of this research.
In order to ensure a standardised and practical classification of the specimens, the surfaces are
machined in accordance to DIN EN ISO 1302 [242], dividing surfaces into roughness indicators N1
to N12 (0.025 pm - 50 pm) according to their average roughness value R,. Table 9.1 provides an
overview of the roughness classification according to DIN EN ISO 1302.

Table 9.1: Roughness classification according to DIN EN ISO 1302

Roughness R, [pm] Roughness indicator Roughness R, [pm] Roughness
indicator
0.025 N1 1.600 N7
0.050 N2 3.200 N8
0.100 N3 6.300 N9
0.200 N4 12.50 N10
0.400 N5 25.00 N11
0.800 N6 50.00 N12

Table 9.2 provides an outline of the machining parameters that were varied and modified for each
batch, resulting in the test batches N3-4, N5-6, N7, N8 and N9. Due to the scattering of the
machining process and the small differences of the mean surface value in the groups of lower
surface roughness, a combination of the classification N3 and N4 (in the following referred to as
N3), as well as N5 and N6 (in the following referred to as N5) is proposed.
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Table 9.2: Machining parameters N3-N9 batches 20MnMoNi5-5

Batch Feed Rate [mm/min] Rotational Speed [rpm] Cooling
N3 0.05 600 v
N5 0.05 600 v
N7 0.20 600 v
N8 0.20 600 v
N9 0.20 600 v
Batch Pre-Grinding Polishing Mod. tools
N3 v v X
N5 X v X
N7 X X X
N8 X X v
N9 X X v

All tests are performed using round specimen, taken out of a pipe with a diameter in the specimens’
cross section of 6 mm and a gauge length of 15 mm. A detailed information regarding the geometry
of the specimens is given by figure 9.1. Table 9.3 provides average information regarding damage-
relevant parameters such as surface roughness and residual stresses, where the increased values of
the compressive residual stresses for the batches N3 and N5 originate from the polishing process.
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Figure 9.1: Dimensions of the round specimens used.

Table 9.3: Average values of roughness and residual stresses of each surface condition

Batch Roughness R, [pm] Residual stresses [MPa]
N3 0.129 -244.2
N5 0.985 -494.5
N7 1.944 128.5
N8 4.595 159.2
N9 9.713 -20.33
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9.2.2 Methods

Within this research, all fatigue tests were performed stress-controlled on a servo-hydraulic testing
rig type EHF-L by the company Shimadzu (Shimadzu Deutschland GmbH, Duisburg, Germany).
To enable a fatigue life estimation according to the method MiDAcLife, several load increase tests
were performed with a sinusoidal load-time function and a stress ratio of R = -1. Figure 9.2 il-
lustrates the experimental setup schematically, including the applied measurement techniques. To
perform an accurate LIT, it must start at a stress amplitude that is below both the yield strength
and the fatigue strength and increases the stress amplitude after a defined number of cycles. Within
this research, the step length is defined as 6,000 cycles. A more detailed guideline of how the param-
eters of a LIT have to be chosen is given in [259,299]. The current results are based of the signals
of an IR-camera type thermoIMAGER TIM 450 (Micro-Epsilon Messtechnik GmbH & Co. KG,
Ortenburg, Germany), electrical resistance measurements, using a four-point method configuration
with a high accurate power supply (TOELLNER Electronic Instrumente GmbH, Herdecke, Ger-
many) and a tactile extensometer type DYNASTRAIN (Shimadzu Deutschland GmbH, Duisburg,
Deutschland).

SHIMADZU DC, I = const.

Figure 9.2: Schematic illustration of the servo-hydraulic testing rig EHF-L 20 kN, including the ap-
plied measurement techniques IR-camera, electrical resistance measurement and tactile
extensometer.

MiDAcLife

MiDAcLife (Miner Damage Accumulation Lifetime Prediction) is a recently developed lifetime
prediction method, based on the linear damage accumulation according to the approach of Palmgren
Miner. It enables an estimation of virtual number of cycles to failure and therefore a generation of
virtual S-N curves. Figure 9.3 provides a short overview of the proposed method. The main focus is
on a LIT, instrumented with different NDT-related measurement techniques such as IR-camera or
electrical resistance measurements (four point method). The process-orientated monitoring of the
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material response allows the partial damage to be estimated on the basis of an integral calculation.
With the determined partial damage of each load step and the defined parameters of the LIT, a
virtual number of cycles to failure can be calculated. The S-N curve is given as a result of an
allometric fit of the virtual data points. A more detailed description of the lifetime prediction
according to MiDAcLife is given in [259,318]. Beside, figure 9.3 contains information about the
integration of the surface roughness as an influence factor, which is presented in the following
chapters.

[ MiDAcLife - Overview ]
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Figure 9.3: Schematic illustration of the MiDAcLife method based on a load increase test and the
modelled surface roughness
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9.2.3 Fatigue Notch Factor determination

Different surface roughness parameters such as R, and R, are measured using a confocal microscope
type Smartproof 5 by the company ZEISS (Carl Zeiss Microscopy Deutschland GmbH, Oberkochen,
Germany) and a laser-scanning-microscope type LEXT OLS5100 by the company EVIDENT (EV-
IDENT Europe GmbH, Hamburg, Germany). To ensure a statistically reliable assessment of the
specimens roughness, each specimen is measured at a total of 12 measuring points. A schematic
illustration of where the roughness parameters are determined is given in figure 9.4.

Using a normal function, a distribution of the R, values of each batch can be obtained. The
advantage of considering a distribution instead of an absolute value is that scattering of fatigue
results can be assessed in a better way by the shape of the distribution. If the distribution have clear
defined peaks, there is a homogeneous roughness within the batch, resulting in a lower scattering
of the fatigue life.
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Figure 9.4: Experimental determination of the surface roughness parameters in order to generate
a roughness distribution.

To calculate the FNF according to [3,90,319], the experimental measured surface data needs to
be described mathematically. Therefore the topography is considered as a superposition of cosine
functions, which is given in equation 9.6 [90,92,93].

2mx

Z(x) = —ZAi - cos(
i=1

In equation 9.6, A; represents the amplitude, \; the wavelength and ¢; the phase of the wave
number i. According to the approach of Cheng et al. [93,319], the FNF is defined by the following
equation in which ag is the material characteristic length.

—mag

"L A; —7ag 2
Kf:1+47r.z)\~.(1_72ri9).6 % .cos(j\r?—i—cpi) (9.7)
i=1 1 7 7

The material characteristic length is a function of the fatigue crack growth threshold AK;y and the
fatigue strength o:

ag = <AK“‘) (9.8)

Oe

All required parameters from equation 9.7 can be obtained by a Fourier-transformation. The
resulting FNF is further used in the lifetime prediction according to MiDAcLife.

At this point it should be noted that the surface roughness within this research is considered
as a static value. However, the surface roughness changes during a fatigue process because of
microstructural mechanisms, which can be described by different models [34]. One of these, is the
well-known EGM model according to Essmann et al. [320], dividing the surface profile formation at
emerging persistent slip bands (PSB) in two main parts: the rapid formation of static extrusions
and the slow development of surface roughness due to irreversible slip. Nevertheless, since the
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roughness values within this research are very high compared to surface profiles build by extrusions
and intrusions, a static consideration is permissible.

9.2.4 Virtual S-N curve determination

As a first step of the S-N curve determination, an S-N curve for one surface condition (in this
case N3) needs to be calculated using the experimental data of a LIT. The evaluation is conducted
in accordance with the MiDAcLife method, which has been developed and validated on different
steels in previous research [259,318]. The induced damage per load cycle correlates with the
material response caused by dynamic loading. The aim of the present research is to generate
different virtual S-N curves on the basis of one experimentally determined S-N curve. Therefore,
two general parameters need to be derived from the FNF. Because of the influencing effect of the
surface roughness on fatigue behaviour, the slope of the S-N curve will change with increasing
surface roughness. Based on that, the slope has to be re-calculated. Zhu et al. [90] uses the FNF
Kt and the slope of the experimentally determined S-N curve by in order to estimate the fatigue
strength exponent b.

1
b=bo— = - log(Ky) (9.9)

However, knowledge regarding the slope of the S-N curve from equation 9.9 is not sufficient, as the
position of the curve is still unclear. To estimate the position of the S-N curve, a new method is
proposed within this paper.

Since the analysis of fatigue strength of a material requires a high amount of specimens, Gorzen
et al. [321] developed a method called "Cyclic Indentation Testing", based on the approach of
Murakami [56,322]. The proposed method quantifies the cyclic deformation behaviour obtained
in cyclic indentation tests and uses a combination with the Vickers hardness of the material to
calculate the fatigue strength.

Due to the present test execution with a load ratio of R = -1 it is not possible to use this approach
directly, which is why a modification is necessary. While [321] uses the cyclic hardening exponent
from an indentation test, the present research calculates the fatigue strength by correlating the
fatigue strength with the product of the Vickers hardness and the cyclic hardening exponent derived
from the LIT (specific hardness). To ensure a high fit quality, several data points, originating from
a data base of the WWHK, are included into the fit. Furthermore, each material is represented by
two data points displaying the fatigue strength derived from the S-N curve at a total cycle number
of 2-10° and the estimated fatigue strength from the corresponding LIT.

Using equation 9.9 and the definition of the cyclic hardening exponent according to Morrow [243]
(equation 9.10), the decrease of the fatigue strength due to the increased surface roughness can
evidently be shown and the corresponding S-N curve can be calculated.

—b

_ 1
"TI1 50 (9.10)
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9.3 Results and Discussion

9.3.1 Influence of the surface roughness on fatigue behaviour

To ensure a reasonable estimation of virtual fatigue data based on roughness measurements, the
lifetime reduction caused by an increased surface roughness needs to be quantified experimentally.
MiDAcLife, which is described in more detail in [259,318], is applied on all surface conditions to
generate the corresponding S-N curves. The method is based on only one fatigue test (load increase
test), given as an example of N3 in figure 9.5 and uses NDT-related measurement techniques to
monitor the material response, resulting from a dynamic loading.
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Figure 9.5: N3: Cyclic deformation curve of the LIT of a 20MnMoNi5-5 with the material response
measured via thermography, resistometry and extensometer.

The obtained cyclic deformation curves are correlated with the induced damage, which enables an
estimation of a virtual number of cycles to failure according to the Palmgren Miner approach. In
order to examine the material response during the LIT, different measurement techniques are used.
Within this research, a tactile extensometer, an IR camera and electrical resistance measurements
are used. Because of the steadily increasing course of the measured signals, a cyclic softening
material behaviour can be stated. Figure 9.6 summarises the S-N curves generated according to
MiDAcLife for each surface condition, based on the evaluation of the change in temperature. The
unfilled circles represent the virtual number of cycles to failure, whereas the filled circles display
number of cycles to failure from conventional CATs for validation. It can evidently be stated,
that there is a reasonable agreement of the calculated and the experimental determined number of
cycles to failure. Only the specimens of the N5 charge show an increased scattering, especially in the
range of higher cycle numbers. Because of the machining process, the N5 specimens exhibit high
compressive residual stresses compared to the load amplitudes, leading to an increased lifetime,
because the residual stresses cannot be degraded rapidly.

While the influence of the surface roughness can evidently be shown for the N8 and N9 batches
in form of a decreasing lifetime, there is no significant impairment notable for the batches N3-
N7. Therefore, batches N3-N7 are highlighted with a grey band, enclosing the CAT data points.
Considering a stress amplitude of o,= 360 MPa, the number of cycles to failure of the N8 batch is
reduced by approximately 80 % compared to the surface conditions N3-N7. Even more severe is the
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lifetime-decrease caused by the surface condition N9 with a reduction of approximately 90 %. The
influence of the surface roughness decreases with decreasing load cycles, resulting in different slopes
of the S-N curve. The reason for this influence-reduction is given by different damage mechanisms
in case of higher load amplitudes in the transition to the LCF regime, where the surface condition
is not of great importance anymore. According to the insights of figure 9.6, it can be summarised
that the fatigue behaviour is significantly influenced by the surface roughness if a certain threshold
is reached.

Since the S-N curves of figure 9.6 are based on one LIT for each surface batch, the aim of the
following presented research is to calculate the S-N curves of the batches N5-N9 without any
additional experimental effort.
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Figure 9.6: S-N curves calculated according to MiDAcLife including data points from conventional
constant amplitude tests for validation.

9.3.2 Fatigue notch factor determination

The evaluation of the surface roughness is shown as an example on the two batches N3 and N9.
It should be noted, that the remaining batches are analysed in an analogous way. To record the
surface topography statistically, a normal distribution according to equation 9.11 is applied.
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Equation 9.11 is a function of the expectancy value p and the standard deviation o. All required
parameters are summarised in table 9.4 for N3-1, N5-3, N7-2, N8-1 and N9-2, since these specimens
are loaded as a LIT and therefore are directly included into the lifetime prediction according to the
MiDAcLife approach.

The results of the distributions for N3 and N9 are given in figure 9.7(a) and 9.7(b).
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Figure 9.7: (a) Surface distributions of the batch N3; (b) Surface distributions of the batch N9

Table 9.4: Parameters of the normal distribution function for the specimens loaded as a LIT

Specimen Expectancy value Standard deviation o
N3-1 0.126 0.023
N5-3 0.872 0.205
N7-2 1.961 0.309
N8-1 4.954 1.154
N9-2 7.045 2.655

The highlighted values illustrate the roughness ranges according to the norm DIN EN ISO 1302.
Based on the shape of the roughness peaks, the difference between both batches can be recognised.
While N3 specimens are characterised by defined peaks with a narrow width and high intensities,
specimens of the N9 batch are represented by peaks with a larger width in the range of 20 pm and
lower values for the probability density function. Because of the expansion of the roughness peaks
to higher roughness values, a larger scatter in the fatigue behaviour can be expected. The advantage
of the distribution-based description of the surface roughness becomes apparent considering figure
9.7(b). The mean value for the surface roughness of specimens N9-3 and N9-4 is in accordance with
the mentioned DIN EN ISO 1302. However, even though both specimens are tested at the same
stress amplitude of 390 MPa, the number of cycles to failure of specimen N9-4 is about 50 % lower
compared to N9-3 (N9-3: 14.240, N9-4: 6.139). While comparing both distributions, it can be
stated that there is an evidently higher probability of greater roughness values in case of the N9-4
specimen, leading to a lifetime-reduction. A comparison of the five different batches is given in figure
9.8. To ensure a comprehensive overview within the figure, the amount of illustrated specimens
is limited to the LIT of each batch. Because of the differing values for the probability density
function for each batch, resulting in a great scaling range of the axis, a meaningful comparison of
the roughness distributions is challenging. Therefore, each peak is normalised to its maximum. The
previously proposed correlation between the peak-shape and the roughness classification is being
confirmed by figure 9.8.
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Figure 9.8: Comparison of the distribution functions of all tested surface conditions N3-N9.

After the evaluation of the experimental measured topography data, the surface roughness needs
to be described mathematically in order to calculate the FNF. For this reason a MATLAB-script
is developed, which uses cosine-functions to illustrate the modelled surface. Once again, the shown
evaluation of the MATLAB-script is reduced to batches N3 and N9 and is given in figure 9.9. Con-
sidering a multi-notch approach, each peak of the surface roughness is considered as a micro-notch
and is therefore marked with circles in figure 9.9 and included in the FNF calculation according
to equation 9.7. Table 9.5 shows the result of the FNF estimation for all surface conditions. In
addition, the fatigue strength exponent is calculated according to equation 9.9.
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Figure 9.9: Modelled surface topography of the batches N3 and N9 to calculate the fatigue notch
factor
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Table 9.5: Results of the FNF calculation

Batch Fatigue notch factor Fatigue strength exponent
N3 1.150 -0.039
N5 1.250 -0.044
N7 1.500 -0.056
N8 1.720 -0.065
N9 2.980 -0.098

9.3.3 Fatigue Strength Determination

To provide a virtual S-N curve based on the surface roughness as an influencing factor, it is not
sufficient to only calculate the slope as described in chapter 9.3.2. To estimate the position of the
curve, an anchor-point (in this case the fatigue strength) needs to be determined. Within this
research, the fatigue strength is defined as the stress amplitude at which a total of 2-10° cycles
is reached. The fatigue strength estimation is therefore, according to chapter 9.2.4, based on the
correlation of the fatigue strength and the specific hardness of different materials. Figure 9.10
displays the given relation.
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Figure 9.10: Correlation of the fatigue strength and the specific hardness of the materials SAE
5120, 20MnMoNi5-5, SAE 1045 and SAE 1020.

To receive the relation from figure 9.10, a database consisting of four different steels (SAE 5120,
20MnMoNi5-5, SAE 1045 and SAE 1020) is applied. For each material, the fatigue strength,
obtained from the load increase test data, as well as the stress amplitude of the generated S-N
curve at a total of 2- 109 cycles is considered, resulting in equation 9.12.

oo = T717.26 -7 029 (9.12)
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Assuming a homogeneous hardness distribution and using equation 9.10, the values of the specific
hardness for all surface conditions can be obtained using the fatigue strength exponents of table
9.4. Furthermore, the corresponding fatigue strength for each surface roughness can be estimated
based on the previously proposed relation. All required parameters are given in table 9.6.

Table 9.6: Results of the fatigue strength calculation

Batch b [] n [-] n [HV] oe [MPal] o} [MPa]
N5 -0.044 0.056 11.90 346 651
N7 -0.056 0.077 16.41 315 713
N8 -0.065 0.096 20.31 296 759
N9 -0.098 0.192 40.54 241 1000

According to Basquin, an S-N curve in the HCF regime can be described by an allometric fit.

oa =0 - (2Ny) (9.13)

All required variables of equation 9.13 are known from previously presented approaches, which
enables a calculation of the missing parameter of.

9.3.4 Integration of the modelled surface roughness into the lifetime prediction
method MiDAcLife

Using the results obtained in chapter 9.3.2 and 9.3.3, it is possible to generate virtual S-N curve
for each surface condition based on only one LIT of the N3 batch. Since the fatigue strength
calculation according to figure 9.10 is a function of specific hardness, which originates from the
value of the Vickers hardness, the results show a certain amount of scattering depending on the
Vickers hardness. A deviation of about 10 % is assumed at this point. To consider these deviations,
not only the mean value for the Vickers hardness (211 HV) is included in the evaluation, but also
the deviations of £10 %, resulting in scatter bands of the S-N curves. Figure 9.11a shows the result
for the virtual S-N curve generation of the N5 batch based on the fatigue and roughness data of the
N3 specimen. The black curve of figure 9.11a represents the virtual S-IN curve based on the average
value of the Vickers hardness. To cover the scattering within the hardness of the material, the
blue curve represents the S-N curve calculated with -10 % of the average hardness, whereas the red
line originates from +10 % of the average hardness. To assess the quality of the given virtual S-N
curve, a comparison with the experimental CAT data points of figure 9.6, displayed as black circle,
is drawn. Since FKM is an important guideline that is frequently used in practical applications,
the evaluation is extended to include the roughness factor from [54].
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Figure 9.11: (a) Virtual generated S-N curve of the N5 batch, calculated from the fatigue data
of the N3 specimen and the surface roughness evaluation, including data points from
experimental CATs for validation; (b) Virtual generated S-N curve of the N7 batch,
calculated from the fatigue data of the N3 specimen and the surface roughness evalu-
ation, including data points from experimental CATs for validation
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Figure 9.12: (a) Virtual generated S-N curve of the N8 batch, calculated from the fatigue data
of the N3 specimen and the surface roughness evaluation, including data points from
experimental CATs for validation; (b) Virtual generated S-N curve of the N9 batch,
calculated from the fatigue data of the N3 specimen and the surface roughness evalu-
ation, including data points from experimental CATs for validation

This evaluation method is given as a grey S-N curve, based on the data of the LIT as well as the
S-N curve of the surface N3. To prove the proposed method, virtual S-IN curves of the remaining
batches are estimated in an analogue way. The results are given in figures 9.11b, 9.12a and 9.12b.

A general conclusion after these results is that the agreement between the virtual S-N curves and
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the conventional determined number of cycles to failure for each batch is proven to be at a very good
level. Furthermore, it is possible to consider deviations in the fatigue life, using different values for
the materials hardness. For the batches N7-N9, all data points can be well described by the blue
area enclosing the three calculated S-N curves. The only exception at this point is the N5 batch,
which, however, generally shows a significantly larger scatter even in the experimental test results.
As already discussed in chapter 9.3.1, this can be attributed to the increased compressive residual
stresses compared to the other batches resulting from the machining process. A comparison of the
current evaluation with the results of the FKM guideline leads to the conclusion that the FKM
shows greater deviations, particularly in cases N5 and N9, whereas the data from N7 and N8 can
also be described well by the FKM. This can be attributed to the high residual compressive stresses
in the specimens of the N5 batch, which are not integrated in the approach according to [54]. In

the case of the extremely high roughness values, the pronounced scattering of the roughness values
leads to the deviations

In previously shown figures, the quality of the proposed method could only be quantified optically.
In order to compare the test results, it is necessary to establish a correlation between the exper-
imental data points, the virtual data points according to MiDAcLife and the virtual data points

based on only one fatigue test for all five surface conditions. This relation is illustrated in figure
9.13.
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Figure 9.13: Correlation between the experimentally obtained CAT data points, the virtual calcu-

lated data points according to MiDAcLife and the virtual CAT data points resulting
from the roughness measurements

All data points accumulate around the spatial diagonal, which corresponds to a very good compli-
ance. This illustration confirms the good agreement of the previously discussed methods with the
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experimental numbers of cycles to failure. It is noticeable that there is a higher deviation at lower
number of cycles because of the transition to the LCF-regime, where different damage mechanism
compared to the HCF regime are dominant. The same deployment applies for higher number of
cycles to failure in the transition to the VHCEF regime. In this case, defects in the volume of the
specimens become more important than defects on the surface of a specimen.

9.4 Conclusion

To evaluate the influence of the surface roughness on the fatigue behaviour of a 20MnMoNi5-5 steel
used in spray-lines of German nuclear power plants, the lifetime prediction method MiDAcLife
is applied to five different surface conditions. Furthermore, the presented research focuses on
converting S-N curves by integrating the surface roughness as a fatigue notch factor. Therefore,
the measured surface topography needs to be modelled using a Fourier transformation. The most
important aspects of the presented research are summarised as follows.

e The lifetime prediction method MiDAcLife enables an estimation of S-N curves based on only
one fatigue test (load increase test).

e Considering the surface roughness, a lifetime-reduction effect only occurs from a defined
threshold value. If the roughness is lower than the threshold value, no significant influence
can be determined.

e Using a Fourier transformation to describe the surface topography mathematically, a fatigue
notch factor can be obtained. This factor can be used in different relations to calculate fatigue
parameters like the fatigue strength exponent or the fatigue strength coeflicient.

e By introducing the specific hardness, which represents the product of the hardness and the
cyclic hardening exponent of a material, the fatigue strength of a material can be estimated.

e The proposed method enables a generation of five different virtual S-N curves, using only one
load increase test with a smooth specimen.

Based on the results of this research, there are numerous interesting research aspects for future
investigations. In the following, some examples are given to extend the present work.

o The data base for the correlation between the fatigue strength and the specific hardness needs
to be extended.

e Since the MiDAcLife method considers only one fatigue test in the fatigue life estimation,
there is a lack of statistical validation. Therefore, some statistic aspects must be taken into
account.

o Because of microstructural mechanisms leading to the formation of extrusions and/or intru-
sions during fatigue, the surface roughness is not a static value, which is why the change in
surface properties (roughness and residual stress) should also be considered in future work.

e To validate the proposed methods, the influence of the surface roughness has to be investi-
gated on further materials and different groups of materials, for example casting or additive
manufactured materials.
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e Since the 20MnMoNi5-5 steel is used for nuclear power applications, it is also exposed to
different temperatures due to the operating conditions. Because of this, the temperature
influence needs to be taken into account in further research.
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