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Abstract

The grain microstructure and damage mechanisms at the grain level are the key
factors that influence fatigue of metals at small scales. This is addressed in this
thesis by establishing a new micro-mechanical model for prediction of
multiaxial high cycle fatigue (HCF) at a length scale of 5-100 um. The HCF
model considers elasto-plastic behavior of metals at the grain level and micro-
structural parameters, specifically the grain size and the grain orientation. The
accumulated plastic shear strain is postulated as the main contributor to the
initiation of micro-cracks in the grains; if it is bounded in the limits defined by
the elastic shakedown theorem, then no HCF failure is expected in the grains.
The HCF model can be applied either as a deterministic failure criterion for
individual grains, or as a failure function in probabilistic studies on aggregates
of grains, if the variables are given by stochastic distributions. This is illustrated
in a parameter study beside the sensitivity analysis of the failure function with
respect to different variables. For model verification, the predicted results of the
failure function are compared with the observed micro-damage in individual
grains of nickel micro-samples. For that the grain size and the grain orientation
are measured on the surface of the samples by Electron Backscatter Diffraction
(EBSD) analysis, as the main input variables of the failure function. By
comparison between prediction results and observed HCF micro-damage, a
classification scheme is obtained for all analyzed individual grains. The
classification results show that the overall predictive power of the HCF model is
fairly good. Nevertheless, some misclassifications occur as some grains are
damaged, which are predicted to be safe. Post-fatigue investigations on
individual grains reveal in some cases the reasons for those misclassifications.
Particularly at the beginning of the micro-damage evolution, the failure function
presents a very good prediction power, however by occurrence of more and
severe micro-damage (at higher stress amplitudes and higher cycle numbers),
the mechanical interaction between the neighboring grains increases, leading to
the reduction of the prediction power. The HCF model can be applied for fatigue
prediction in real small scale applications, e.g. micro electro mechanical system
(MEMS), thin wires, or thin films.
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Kurzzusammenfassung

Die Kornmikrostruktur und Schiadigungsmechanismen auf der Kornebene sind
die Schliisselfaktoren, welche die Ermiidung der Metalle in kleinen GroBen-
skalen beeinflussen. Dies ist in dieser Dissertation adressiert worden, indem ein
neues mikromechanisches Modell zur Vorhersage der mehrachsigen hoch-
zyklischen Ermiidung (HCF) in einer Langenskala von 5 pm bis 100 pm
entwickelt worden ist. Das HCF-Modell basiert auf elasto-plastischem Verhalten
der Metalle auf der Kornebene und enthdlt Parameter der Mikrostruktur,
insbesondere die Korngrée und Kornorientierung. Die akkumulierte plastische
Schubdehnung in jedem Korn ist als Hauptbeitrag zur Initiierung der Mikrorisse
postuliert worden; wenn sie durch Grenzwerte definiert vom ,.elastic shake-
down* Theorem begrenzt ist, so wird kein HCF-Versagen in dem Korn erwartet.
Das HCF-Modell kann entweder als ein deterministisches Versagenskriterium
fur die einzelnen Korner verwendet werden, oder als eine Versagensfunktion fiir
die probabilistischen Betrachtungen fiir die Kornaggregate, wenn die Variable
durch stochastische Verteilungen gegeben sind. Dies ist in einer Parameterstudie
beschrieben worden, sowie die Sensitivitdtsanalyse der Versagensfunktion zu
unterschiedlichen Variablen. Zur Verifizierung des Modells sind die Ergebnisse
aus der theoretischen Versagensvorhersage mit der beobachteten Mikro-
schiadigung in einzelnen Kornern der Ni-Mikroproben verglichen worden. Dafiir
sind die Korngr6Be und Kornorientierung — als die Haupteingangsvariable der
Versagensfunktion — auf der Probenoberfliche mittels der EBSD-Methode
gemessen worden. Beim Vergleich der vorhergesagten Ergebnisse mit der
beobachteten HCF-Mikroschiadigung ist ein Klassifizierungsschema fiir alle
einzelnen analysierten Korner erhalten worden. Die Klassifizierungsergebnisse
zeigen, dass die allgemeine Vorhersagekraft des HCF-Modells recht gut ist.
Trotzdem treten einige Missklassifizierungen auf, bei denen Koérner geschadigt
sind, welche als sichere Korner erwartet wurden. Die nachtriglichen
Untersuchungen an individuellen Koérnern decken in einigen Fillen die
Ursachen fiir solche Missklassifizierungen auf. Besonders fiir den Anfangs-
bereich der Schiadigungsentwicklung zeigt die Versagensfunktion eine sehr gute
Vorhersagekraft. Aber beim Auftreten von zunehmender und starker Mikro-
schiadigung (bei hoheren Spannungsamplituden und hoheren Zyklenzahlen),



Kurzzusammenfassung

erhoht sich die mechanische Wechselwirkung zwischen den Nachbarkornern,
und setzt die Vorhersagegenauigkeit herab. Das HCF-Modell kann fiir die
Ermiidungsvorhersage in den praktischen Applikationen in kleinen GréfBen-
skalen, wie z.B. mikro-elektro-mechanische Systemen (MEMS), Diinndraht-
bonds oder Diinnschichten verwendet werden.
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Symbols and abbreviations

o Mesoscopic tensor (second-rank) of elastic strains
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r Accumulated plastic shear strain along a slip direction
I, Critical limit of accumulated plastic shear strain
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1 Introduction

Fatigue is the main failure mode of numerous components undergoing
mechanical and thermal cyclic loadings during their life time. A lot of work has
been done to understand the fatigue mechanism, and to establish criteria for
prediction of fatigue life and the endurance limit. In this work, the focus is on
multiaxial high cycle fatigue (HCF) of metal micro-components to understand
their lifetime behavior in real applications, e.g. micro electro mechanical system
(MEMS). HCF is characterized by small strain amplitudes and higher number of
load cycles (between 10° and 10° cycles). In this regime, there are generally no
irreversible deformations (i.e. plastic or viscous) at the macroscopic level, and
the behavior of the bulk material is elastic. However, at the mesoscopic level,
irreversible plastic strains occur in some unfavorably oriented grains. Such
plastic strains can localize in persistent slip bands and lead consequently to
initiation of micro-cracks [1-2] .

Initially, classical fatigue criteria and related experimental data were
applicable mostly for uniaxial and simple loading conditions. However most real
engineering applications are associated with multiaxial and complex loading
conditions. Furthermore, many fatigue criteria (for prediction of the fatigue life
or the endurance limit) considered just parameters resulting from experiments
and calculations done at the macroscopic scale. However, fatigue damage
initiates in the grains due to dislocation motions along slip systems. Therefore,
fatigue mechanisms at mesoscopic scale, related heterogeneities, and size effects
should be considered too [3-4].

To overcome the mentioned limitations of classical fatigue approaches,
Dang Van [5-7] proposed for the first time a multiaxial HCF criterion from a
model of physical processes at the mesoscopic scale and based on the elastic
shakedown theorem. He considered the local mechanical parameters and fatigue
damage initiation in the grains. According to his criterion no fatigue rupture will
occur at a point of the structure, if the response of the material at all scales is

" In this dissertation the citation of references is given usually at the end of the sentences or

paragraphs, which are written based on the work referred to (literally or with regard to
content).
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elastic shakedown. Fatigue cracks initiate usually in less resistant grains with
their easy slip system aligned on the direction of the maximum shear stress.

For application of Dang Van’s criterion at the grain scale, mesoscopic shear
stresses should be known, which are not accessible conveniently. Papadopoulos
proposed a similar criterion as Dang Van’s theory relating mesoscopic and
macroscopic mechanical fields. According to Papadopoulos, elastic shakedown
is reached, if the accumulated plastic shear strain in each slip system does not
exceed a critical limit [3, 8-9]. The Papadopoulos criterion provides satisfactory
results in prediction of HCF fracture at macroscopic scale, but it can not predict
the initiation of HCF cracks in individual grains, since it considers only the
aggregates of grains with homogenous material and stress parameters.

As mentioned before, HCF damage is controlled by mechanisms at the grain
level and mesoscopic parameters are governing the initiation of fatigue cracks.
Therefore, in small scale applications, e.g. for MEMS, the components include
just a few grains in each direction and initiation of micro-cracks in one or some
grains can lead to the failure of the whole component. In such cases, each grain
should be evaluated individually, and the microstructure and material parameters
of each grain need to be considered for the fatigue criterion. The main
parameters for describing the microstructure are grain size and grain orientation,
which affect the fatigue strength as illustrated in the next sections.

The early results corresponding to the effect of grain size on the fatigue life
are covered in the paper of Backofen and Thompson [10]. They studied the S-N
diagram of brass, copper, and aluminum with different grain sizes at constant
stress amplitude over a lifetime of 10* to 10 cycles. In brass the fatigue life was
found to be proportional to the inverse of the square root of the grain size. They
did not find a significant dependency of fatigue life on grain size for copper and
aluminum. The difference between the behavior of brass, copper, and aluminum
was attributed to the different slip characters of these materials.

Later on, Lukas and Kunz studied the grain size effect on the cyclic stress-
strain response and fatigue of polycrystalline copper in HCF. They concluded
that the total strain fatigue limit and the stress fatigue limit are almost grain size
independent, while the plastic strain fatigue limit depends strongly on the grain
size [11]. Thus the grain size can affect the plastic behavior and consequently
the fatigue damage mechanism inside the grain. Hence, the grain size is included
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in the numerical model, presented in this work, as a main parameter of the
microstructure.

Hanlon et al. studied the grain size effect on the fatigue life in different
material scales e.g. micro-crystalline (10 um), ultra-fine crystalline (300 nm),
and nano-crystalline (20-40 nm) nickel. It was found that the grain refinement
generally leads to an increase of fatigue life under stress-controlled loading [12].
Mughrabi concluded similarly that in HCF region the total strain fatigue life for
ultrafine-grained (850 nm) aluminum samples is higher than for the samples
with conventional grain size (170 um) [2].

The above mentioned work and similar approaches address only the
empirical relationship between the fatigue life and the grain size but do not
provide a physical model for it. The aim of the present work is to set up a
physical model and to achieve experimental verification regarding the influence
of the grain size on the fatigue behavior.

Weng developed a micromechanics-based theory for the effect of the grain
size on the yield stress of polycrystalline metals based on the Hall-Petch
equation [13]. He implemented a mixed hardening rule incorporating both iso-
tropic and kinematic components and considering multiple slip. Weng’s theory
is applied in this work for developing the micro-mechanical model illustrated in
the next chapters.

The next main parameter for describing the microstructure is the grain
orientation, since the resolved shear stress along the slip bands is dependent on
the grain orientation. There has not been much work to investigate the effects of
the grain orientation on the fatigue life. Most of the work verified the effect of
grain orientation on dislocation patterns in grains and slip bands [2, 15-19].
Morrissey et al. implemented a 2D crystal plasticity formulation for Ti-6Al-4V
into the FE codes [16, 100]. They used a planar triple slip idealization to model
the prismatic crystallographic slip behavior at room temperature under HCF
conditions. In order to monitor the plastic strains over the cycles, this plasticity
formulation should be calculated over all cycles which requires a long
computation time. Beside that, the formulation implements the local mechanical
parameters, e.g. shear stress and strain rate in the slip systems, which are not
accessible conveniently.

This short summary on the previous work regarding the HCF criteria and
related limitations in different material scales reveals that the current fatigue
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criteria do no present a numerical model applicable at small scales, which
considers the influence of microstructural parameters on the fatigue strength.
Previous results and the mentioned limitations provided the motivation for this
dissertation to develop an appropriate HCF model for prediction of the HCF
failure in individual grains that considers the influence of microstructural
parameters, e.g. grain size and grain orientation, on the fatigue strength.

In the first step, the principles of the HCF mechanisms and damage evolution
in metal parts will be illustrated in chapter 2, while different material scales are
considered and some well-known HCF criteria are reviewed too.

As a next step, the new HCF micro-mechanical model will be developed in
chapter 3 after a short introduction in the plasticity theory of the metal grains.
The elaborated HCF model uses the plastic shear strain accumulated in the
grains as a damage variable to predict the HCF failure. Therefore two main
aspects in this chapter are: 1) the evaluation of the accumulated plastic shear
strain during load cycling, and 2) application of a restraint on the accumulated
plastic shear strain to avoid initiation of micro-cracks in individual grains.
Concerning these two aspects the elastic shakedown theorem and previous work
of Dang Van and Papadopoulos in this field will be illustrated. At the end of this
chapter a failure function will be introduced — based on the HCF micro-
mechanical model — to describe the failure behavior of the grains in terms of
different physical and geometrical variables.

In chapter 4, the sensitivity of the failure function with respect to different
parameters will be analyzed. Then by means of some examples, the application
of the failure function for deterministic description of the HCF failure in
individual grains will be shown. After that a probabilistic approach will be
introduced for assessment of HCF probability, if the stochastic distributions of
parameters are given for an aggregate of the grains.

In chapter 5, the approach for HCF experiments on micro-samples is
illustrated. In this regard, the test setup and design of micro-samples are
discussed. At the end of this chapter, the evolution of micro-damage on the
surface of the micro-samples due to HCF experiments is presented, and suitable
methods for inspection of those surface damages are illustrated.

In chapter 6, the prediction results of the failure function are compared with
the observed surface damage during HCF experiments. Depending on agree-
ments or disagreements between theoretical and experimental data for each



1 Introduction

grain, the results are classified in 4 categories. To find the reasons of mis-
classifications, some grains are investigated in further analyses.

In the last chapter, the summary of results gained in this dissertation is
discussed and for future work an outlook is presented.






2 Fatigue in metal parts

Fatigue refers to the damage and failure of the components under cyclic loading
with stresses below the static ultimate strength of the bulk material. The
majority of failures in machinery and structural components are attributed to
fatigue processes, which occur in different forms as: mechanical fatigue, creep-
fatigue, corrosion fatigue, rolling contact fatigue, etc. [20] 2. Due to the impacts
on the endurance life, economics, and safety aspects, fatigue has been one of the
most important topics in the area of material researches in the last 150 years and
still fascinating as ever, specially with increasing importance of the new
materials, small-scaling and miniaturization of the components (e.g. MEMS),
and requirements on longer life times [2, 21]. As an example, fatigue of railway
axles was one of the main technical problems that prompted the early fatigue
studies of metallic materials, since it is related to the safety and any failure
includes the risk of catastrophic derailment. Beside the classical approaches that
define the minimum strength requirements for axles, there has been increasing
demand for the reliability assessment of these components specially considering
the safe life inspection intervals and the high speed train applications. Therefore
it has been one of the most recent fields of fatigue studies [22-24].

Pioneering systematic investigations on fatigue failure were performed by
Wohler between 1852 and 1869, who demonstrated fatigue life (number of load
cycles before failure) in dependency on stress amplitude for so-called S-N
curves. Since these curves were established just for simple uniaxial load
conditions, other methods were needed to predict fatigue life in more
complicated loading situations specially to consider the influence of stress ratios
and mean stresses. In 1874, Gerber began developing methods for fatigue life
calculations based on mean stresses, which was continued later by Goodwin
in 1899. Characterization of S-N curves of metals with empirical laws was
proposed by Basquin in 1910, who illustrated the log-log plot of S-N curves in a
linear relationship [20, 25-26].

2 The introduction and history, given on this and next page, about fatigue in metal parts, are

mainly based on the reference [20]. Readers are referred to this reference for some more
details on this topic.
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Bauschinger recognized variation of the yield stress due to the cyclic loading in
1886, and perceived the cycling strain hardening and softening. In 1900, Ewing
and Humfrey documented the cyclic damage on the surface of iron specimens
due to the formation of slip bands in the grains. Those slip bands led to the
initiation of cracks and consequently failure of the specimens. In 1954, Coffin
and Manson mentioned plastic strains as the root-cause for cyclic damage, and
established an empirical relationship between fatigue life and the amplitude of
the plastic strain [27-28]. However, the mathematical framework for quantitative
modeling of fatigue failure was still missing. For the first time Paris, Gomez,
and Anderson established in 1961 the relationship between the increment of
fatigue crack propagation (per load cycle) and the range of the stress intensity
factor during constant amplitude cyclic loading [20].

The effects of various mechanical, microstructural and environmental factors
on cyclic deformation, crack initiation, and crack growth in a broad spectrum of
engineering materials have been the topics of many researches in the past four
decades. In this period, substantial progress has been made in understanding of
the cyclic deformation and crack initiation mechanisms, also related to
developments in optical and electron microscopy. Significant contribution to
these progresses was made by studies which identified the key microscopic
features of fatigue crack initiation. In 1956, Thompson, Wadsworth and Louat
demonstrated that in metals the slip bands, along which the plastic deformation
was concentrated, persistently reappeared at the same locations during cycling
loading and caused some markings on the surface, which were named as
persistent slip bands (PSBs) [20].

2.1 Damage evolution in cyclic loading

Fatigue cracks in metals originate at internal or external surfaces, while the latter
one is more common. There are regions of local inhomogeneity in the material
that during cyclic loading result in local softening or surface flaws that cause
local stress concentration. These factors can lead to localized plastic
deformation, which under the action of cyclic stress (or strain) can produce
surface markings, denoted as extrusions and intrusions (Fig. 2.1). While fatigue
crack initiation can be caused by plastic strain inhomogeneities related to the
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material cyclic strain behavior, it can also occur through other origins of plastic
strain inhomogeneity: e.g. presence of inclusions or second-phase particles
within the material, or surface flaws. Even in materials that are made as uniform
as possible the localized plastic deformations is heterogencously distributed,
often in the form of persistent slip bands (PSBs). The PSBs are often associated
with surface crack initiation [29] °.

Continuing with cyclic deformation, the surface markings are enhanced and
gradually a micro-crack will be nucleated on the surface at the interface between
the protrusions and the surrounding material. This nucleation stage is named as
stage I of the fatigue fracture. This stage is dictated by plastic deformation rather
than fracture mechanisms. The initial micro-crack (fatigue fracture stage I)
propagates inside the grain and along the PSB in a direction dictated by the
plastic deformation and not normal to the principal stress axis. By reaching the
grain boundary, the micro-crack must cross over into the next grain, where the
slip systems may have other orientations. So the crack propagation can be
slowed down or disrupted. Thereby the propagation of many micro-cracks is
stopped, so that just a few micro-cracks, which have by chance a suitable
propagation orientation, can grow further. With further growth of the micro-
crack, the stress at the crack tip will become so high that even slip systems with
a non-proper orientation will be activated. Hence the crack alters its direction
and the propagation direction becomes normal to the principal tensile stress axis.
So stage II of the fatigue fracture begins, while the dominant crack behaves as a
macro-crack and grows stably at a slow rate. When the macro-crack has grown
to an extent that the unfractured section of the material cannot withstand the
maximum applied tensile stress, then the final fracture of the material (fatigue
fracture stage I11) is forced in a rapid and instable manner through the remaining
section [29-30].

* Section 2.1 is written mainly based on references [29, 30]. Readers are referred to these

references for some more details on this topic.
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Fig. 2.1. Formation of intrusions and extrusions due to the cyclic plastic deformation along
slip bands. The number of load cycles increases from the left figure to the right one
[30].

The nucleation of micro-cracks and the growth rate of the macro-crack are
strongly influenced by a wide range of mechanical, microstructural and
environmental factors; e.g. stress amplitude, grain size, and corrosive
environment. Different design approaches for prediction of fatigue life rest on
how the crack initiation and the crack propagation stages of fatigue are
considered and modeled quantitatively [20]. On the other hand, the fatigue
behavior of materials can be investigated at different scales. For that the material
behavior needs to be described at the related scale, e.g. macroscopic or
mesoscopic scale, and a link between physical parameters at different scales
should be established. In the next section three main scales for material
description will be discussed, which help later in discussing different fatigue
criteria.

2.2 Macroscopic, microscopic, and mesoscopic
scales of material description

The mechanical state of a body considered as a continuous medium, is usually
described with the help of macroscopic quantities (i.e. stresses and strains). The
macroscopic scale is mainly used in engineering applications and determines the
stresses and strains in any point of the body with the aim of analytical or
numerical methods (e.g. finite element simulations). A number of fatigue criteria

10
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have been proposed at the macroscopic scale; however, most of them provide
non-satisfactory results under multiaxial non-proportional cyclic loading.
Fatigue of materials can be assessed also at microscopic scale, which is the scale
of dislocations, applied mainly by physicists or metallurgists. Fatigue investiga-
tions at microscopic scale correspond to considerations of dislocations and
formation of PSBs [9, 14, 31, 52, 102]. Studies at the microscopic scale are
essential for understanding of fatigue mechanisms related to fatigue crack
initiation. However, microscopic scale approaches can not be applied in
engineering design of components against fatigue failure. Finally, fatigue of
materials can be explored from an intermediate scale between the microscopic
and macroscopic scales named as mesoscopic scale. Within this framework the
stresses and strains at the grain level, namely mesostresses and mesostrains, are
taken into account. Since the mesoscopic scale quantities are not directly
accessible, they must be linked to usual macroscopic quantities which are
accessible in engineering applications either by calculations (e.g. FE
simulations) or measurements (e.g. with strain gauges). As it will be shown in
chapter 3, the passage from mesoscopic to macroscopic quantities is possible by
using micro-mechanics approaches and appropriate assumptions as applied by
Lin-Taylor, Sachs, or Kroner [9, 32-34]. In this regard, the concept of the
representative volume element (RVE) is very helpful, which will be described in
the next section.

2.3 Representative volume element (RVE)

The principal idea in micro-mechanics is to consider at least two different scales
for the description of mechanical or physical relationships (Fig. 2.2). At the
macroscopic scale a body is considered as a continuum mass. Looking into each
point of the body at mesoscopic scale, it contains a volume of elements (e.g.
grains, micro-cracks, or voids), which represents the microstructure of the
material at that point. Based on the micro-mechanics approach the volume and
its elements should satisfy the following properties [37]:
a) It is assumed that the material inside the volume of elements is homogeneous
at the macroscopic scale; however, heterogeneous at the mesoscopic scale,
since the material parameters, size and orientation of grains are different. The
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macroscopic stress X and strain E are constant (homogenous) at the point of
consideration, but at the grain scale the mesoscopic stress o and mesoscopic
strain ¢ differ from one grain to the other one (Fig. 2.2).

b) From a macroscopic point of view, the volume is so small, that the macro-
scopic stress gradients inside are negligible (D<<H,L, see Fig. 2.2). In fact it
represents the minimum size of the polycrystalline aggregate.

c) On the other hand, the volume of elements is large enough, so that the
dimensions of its elements are much smaller than the volume itself (d<<D).
Considering a polycrystalline aggregate of grains, the dimension d relates to
the grain size. It implies that the volume contains many grains, and hence, is
statistically representative.

Such a volume is denoted as representative volume element (RVE). It was

applied for the first time by Hill and Hashin for modeling of heterogenic

materials [35-36]. For materials used in usual engineering applications, e.g

metals or ceramics, the dimension d is typically in the range of micrometer (as

the size of the grain boundary or voids), while the dimension L is in the range of

millimeter [37].

Macroscopic scale D <<H
D<<L
oy
e d<<D
Material Point
L D

S

Fig. 2.2. Illustration of macroscopic and mesoscopic scales applied in micro-mechanics, with
related dimensions and the concept of representative volume elements (RVE).
Reference of the figure is [37], with some small modifications.
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2.4 Multiaxial HCF criteria

Since the mesoscopic stresses and strains inside the RVE are not directly
accessible (comparing to the macroscopic ones), a link between macroscopic
and mesoscopic quantities is needed, which will be described in chapter 3 with
the aim of theoretical relationships.

2.4 Multiaxial HCF criteria

Results of uniaxial HCF experiments show that a number of metals possess an
endurance limit (fatigue limit). If the uniaxial load oscillates in the range of the
stress defined by the endurance limit, then the specimen can withstand a very
high (theoretically infinite) number of load cycles, without development of any
fatigue cracks [3].

Most of experimental data regarding the fatigue life of materials correspond
to uniaxial loading with constant amplitude, e.g. tension-compression, rotational
bending or torsion tests. However components in engineering applications
undergo generally multiaxial loading, which are also frequently non-
proportional. The cyclic stress-strain response under multiaxial loading, which
depends on the loading path and the fatigue behavior of the materials, are
complex. To generalize the endurance limit concept for multiaxial stress
condition, the complex multiaxial loading needs to be reduced to an equivalent
stress state, which can be compared with the experimental data of uniaxial
fatigue experiments. Dealing with this matter, different multiaxial HCF criteria
have been proposed, which predict if under the applied cyclic loading a fatigue
crack occurs or not. The fatigue criteria are usually expressed as an inequality,
which separates the stress space into two domains: the safe domain and the
unsafe one. Satisfaction of this inequality implies that the stress state, induced
by the multiaxial loading, remains within the safe part of the stress space [3, 38].

Up to now, many multiaxial fatigue criteria have been proposed over
decades of research in this area; however there is not still a universally accepted
model, which covers different types of materials and load conditions. Focusing
on the HCF regime, the main multiaxial fatigue criteria can be divided in
following categories depending on the parameters used to describe the fatigue
life or endurance limit of the material [3, 38-40, 43]:
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a) Empirical relationships which are modifications of the Coffin-Manson equa-
tion or established from fitting of experimental results.

b) Approaches based on the stress or strain invariants. The main parameters of
these criteria are the hydrostatic stress and the second invariant of the stress
deviator tensor.

c) Critical plane approaches: first of all a spatial plane inside the component is
located, on which a linear function of normal and shear stresses (depending
on the criterion) reaches its maximum. If the fatigue criterion is not fulfilled
on the critical plane, then a fatigue crack may initiate along this plane.

d) Use of average quantities of stress or strain with respect to different spatial
planes inside the component. The average quantities are described generally
by a double integral over two spherical coordinates, which describe the
orientation of the spatial planes. In this way all possible orientations of the
plane are considered.

e) Approaches based on energy parameters, e.g. plastic strain energy, as a
contributing factor in fatigue damage. There have not been remarkable
developments in multiaxial HCF fatigue analysis using energy concepts [38-
40, 43].

For evaluation of HCF criteria two facts should be taken into account, which are

established by experimental results [3]:

1) The fatigue limit in cyclic torsion is dependent on the amplitude of shear
stress and independent of the superimposed mean torsion stress. Sines
analyzed fatigue results of 27 metals and concluded that the amplitude of the
shear stress sustained by a specimen in cyclic torsion is unique [41].

2) The fatigue limit in cyclic bending is significantly dependent on the
superimposed mean normal stress. This dependency can be described by a
linear relationship according to the experimental results [41-42].

Now some of the well-known HCF criteria will be reviewed and the

corresponding advantages and disadvantages will be discussed [3, 38-39, 43].
Gough and Pollard proposed two relatively simple equations for combined

in-phase bending and torsion, named as "ellipse quadrant” criterions and

applicable for ductile and brittle materials, respectively:

14
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where o, and o, represent the bending and torsion stress amplitudes, and f; and
¢, the endurance limits in reversed bending and torsion, respectively [43-45].
These two equations are applicable just for biaxial loading and do not consider
the possible phase differences between bending and torsion stresses. The
empirical equations of this type, which are sometimes practical in engineering
applications, can be implemented only for stress conditions that are identical or
similar to the test parameters used during their establishment [3].

One of the popular HCF criteria using stress invariants was established by
Sines:

"]2,11 + Kso-H,m < 2’

o )

where J,, is the amplitude of the second invariant of the stress deviator tensor,
on.» the mean value of the hydrostatic stress, k; and A, two material parameters,
which can be determined by uniaxial repeated bending and reversed torsion
fatigue tests:

3t
== =B, A=t
K\ (ﬁj s t (4)

where £, is the endurance limit in repeated bending [3, 41].

The Sines criterion satisfies the uniqueness of the torsion fatigue limit, and
presents the linear dependence on the bending limit to the mean normal stress.
According to this criterion, the ratio of fatigue limit in fully reversed torsion and
bending, #.,/f, is constant for all metals, which is in disagreement with experi-
mental results. Concerning this matter, Crossland modified the Sines criterion
and applied the maximum value (instead of the mean value) of the hydrostatic
stress [3].
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Kakuno and Kawada improved the Sines criterion and considered both mean
value and amplitude of the hydrostatic stress:

J2,u KO ha t K20y m < ﬂ’k > (%)

where «,,, k,,, and A; are material parameters defined by uniaxial fatigue
experiments [3, 46-47].

One of the first fatigue criteria related to the concept of the critical plane was
proposed by Findley. This criterion establishes a linear function between the
amplitude of the shear stress C, and the maximum value of the normal stress
Nimax on the critical plane. Accordingly, the critical plane is defined by two
angles (¢.,6,.) in spherical coordination system, which represent the orientation
of the unit vector normal to the critical plane. On the critical plane, the following
linear function reaches its maximum:

(¢.,0,): 13;%>;{Cf,((p,9)+l<_,~N,mx(<o,0)} , (6)

and the fatigue criterion on the critical plane reads as:
Ca ((pL > QL) + K/Nmax ((pl > HL) S A’f ) (7)

where x; and A, are two material parameters defined by two uniaxial fatigue
experiments [3, 48].

The Findley criterion predicts a dependency of the torsion endurance limit on
the mean torsion stress, which is not correct as mentioned before. Matake solved
this issue by proposing a similar criterion, but the orientation of the critical plane
was given only by amplitude of the shear stress:

(@..0.): max{C,(9.0)} . (®)

and the Matake criterion reads as the Findley criterion (Eq. 7) [3, 49].

McDiarmid established a similar criterion based on the critical plane
approach, taking into account whether case A, cracks growing along the surface,
or case B, cracks growing inward from the surface, occurs. The criterion
requires knowledge of the material shear fatigue strengths for case A and case B
cracks, which makes its application complicated, since the experimental data are
not differentiated in this regard [3, 50].
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2.4 Multiaxial HCF criteria

The above mentioned fatigue criteria are based on physical parameters at
macroscopic scale, and do not capture the fatigue mechanisms at the grain level
leading to the initiation of cracks. Although the material behavior at the
macroscopic scale is elastic in the HCF regime, still some metal grains suffer
plastic strains, and the evolution of this irreversible process is responsible for the
crack initiation in the HCF regime. Therefore for modeling of HCF, the material
behavior and mechanical parameters at the grain level (mesoscopic scale) need
to be considered.

The first multiaxial endurance limit criterion based on a mesoscopic scale
approach was proposed by Dang Van in the 1970’s. His criterion is based on
Lin-Taylor assumptions in order to relate the mesoscopic and macroscopic
strains [32]. Referring to Orowan plasticity theory [51] and the elastic shake-
down concept, he postulated that the fatigue cracks do not initiate in a grain, if
an elastic shakedown state is reached within the grain. Theoretical details of the
elastic shakedown theorem are illustrated in section 3.3. The Dang Van criterion
is defined as a linear combination between the shear stress and hydrostatic stress
at mesoscopic scale [4-7, 33]:

Tmax + Ka’ EH < ﬂ’d ° (9)

where 7, is the maximum mesoscopic shear stress (equal to Tresca stress), and
2y the macroscopic hydrostatic stress, accordingly. The two material parameters
K, and A, are determined by uniaxial fatigue experiments. During a load cycle,
the term at the left side of Eq. 9 varies depending on the load path. Hence, the
maximum value of this term should be calculated over the loading period.
Fig. 2.3 illustrates the application of Dang Van criterion for a known loading
path. The fatigue limit domain has been divided in two regions: safe and unsafe,
respectively. The safe domain belongs to the points of the load path which are
below the red line, and the failure domain (unsafe domain) relates to the points
above this line, for which crack initiation in the grains is predicted.

The Dang Van criterion presents good agreement between prediction made
by the criterion and the HCF test results for proportional loading; however, for
non-proportional loading the results are not satisfactory enough, since the von-
Mises criterion is used to model the plastic behavior of metal grains.
Furthermore, calculations of mesoscopic stresses used in this criterion are
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generally cumbersome. To solve these two issues, Papadopoulos generalized the
Dang Van criterion and applied a link between mesoscopic and macroscopic
parameters [6, 8-9]. However, the Papadopoulos HCF criterion is applicable for
macroscopic scale and cannot predict the crack initiation in individual grains,
which is essential for fatigue assessments in small scale applications, e.g. for
MEMS.

Dang Van infinite lifetime

crack initiation zone

Mesoscopic shear stress

Hydrostatic stress

stress path K
critical instant

Fig. 2.3. Illustration of fatigue limit domain according to Dang Van criterion. Reference of
the figure is [33], with some small modifications.

Theoretical principles of Dang Van and Papadopoulos criteria will be discussed
in sections 3.1 to 3.3 and then a new HCF micro-mechanical model will be
developed based on those theories, but applicable for individual grains and
considering microstructure parameters, specifically grain size and grain
orientation.

18



3  Micro-mechanical model for
prediction of HCF

In this chapter, the main equations for the description of HCF damage
mechanisms on the level of slip systems in individual grains are described. The
equations will be utilized in developing the new HCF micro-mechanical model
for small scales. After a short introduction in the plastic theory of metals grains,
the approach for determination of the accumulated plastic shear strain is
illustrated, as an important quantity to verify the HCF damage evolution. Then
the elastic shakedown theorem will be discussed as a restraint to avoid fatigue
crack initiation. In a further step, the HCF micro-mechanical model will be
established for individual grains as a function of the microstructural parameters,
i.e. grain size and grain orientation. The HCF model is firstly defined as a
deterministic failure criterion; nevertheless, it works later as a core for the
definition of a probabilistic model.

The fatigue processes in metal components originate in those grains that
undergo plastic deformation in slip bands. Therefore the amplitude of meso-
scopic plastic strains and corresponding accumulation rate over load cycles play
a key role in initiation of fatigue micro-cracks in the grains. In this context,
crack initiation is understood as the failure of the most unfavorably oriented
grains, which undergo plastic deformation. To investigate the fatigue evolution
in such grains, the accumulated plastic shear strain at the mesoscopic scale is
considered as a damage variable in the HCF model. For the description of the
material behavior and fatigue mechanisms at the mesoscopic level, the
mesoscopic stresses and strains should be linked to the macroscopic stresses and
strains. For this purpose, the related plasticity theories * will be discussed in
section 3.1.

Theories and equations presented in sections 3.1 to 3.3 are mainly based on the previous
work of Dang Van and Papadopoulos. Readers are referred to [4-6, 8-9] for more details.
To avoid redundancy the references are not mentioned for each equation or part of the
text separately.



3 Micro-mechanical model for prediction of HCF

3.1 Plasticity theory of metal grains

In the HCF regime and at the endurance limit, the magnitude of cyclic loads is
so low that the macroscopic behavior of the material can be considered as purely
elastic, and therefore, the plastic strain is negligible. The macroscopic fields of
stress X and strain E are related by Hooke’s law:

$=C:E | (10)
and
gzéé , (11)

where C and L are the macroscopic stiffness and compliance fourth-rank tensor
of the material, respectively. For an isotropic and linear elastic material, the
macroscopic stiffness tensor C can be written by index notation as following:

CijkI: 2'51151-1 + lu(é‘il5jk +6,0,) (12)

where A and p are the Lamé coefficients and & is the Kronecker Delta tensor,
respectively.

Even if at the macroscopic scale the material behaves in an elastic manner, at
the mesoscopic scale there are always some plastically less resistant grains that
undergo plastic slip. The mesoscopic strain of such a grain is composed by an

elastic part £°and a plastic part & :

(IS

= e+£" (13)

(IS

The mesoscopic stress o is related to the elastic part of the mesoscopic strain &°

by Hooke’s law:

g=¢ig’ (14)
and

g=l'g , (15)
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3.1 Plasticity theory of metal grains

where ¢ and / are mesoscopic stiffness and compliance tensors, respectively.
These tensors are not isotropic because they refer to the grains of the aggregate.

Due to the low magnitude of the stresses and strains in endurance limit of the
HCF regime, just a few grains suffer plastic slip. Therefore it can be assumed
that each plastically deforming grain is surrounded by grains which show elastic
behavior. These surrounding grains dictate their strain to the grain undergoing
plastic slips. The strain of these surrounding grains is in average equal to the
macroscopic strain E. According to Lin-Taylor theorem, the plastically de-
formed grain is exposed to a strain equal to the macroscopic strain E:

e

Ity
I

g’ (16)

By introducing of the inner product (scalar product) of the macroscopic stiffness
tensor C (i.e. contraction with tensor C) in both sides of Eq. 16 and performing
some mathematic simplifications it can be shown that:

= 4 4

X=C:l:oc+2us’ (17)

The inner product of the macroscopic stiffness tensor C and mesoscopic
compliance tensor / presents the localization tensor, which is assumed here to be
equal to the unit tensor . As it will be verified later, this assumption leads to
reasonably accurate results in this work. Therefore the Eq. 17 can be re-written
as:

o= -2ue" (18)

(I3

The plastic strain &7 is caused by dislocation movements along slip systems of
the grain. A slip system can be defined by a slip plane and a slip direction. For
that a unit vector n, normal to the plane, and a unit vector m, along the slip
direction, are used.

Fig. 3.1 illustrates a body exposed to the macroscopic stress tensor X . Con-
sidering a slip plane A in a point inside of this body, the slip direction and the
normal to the slip plane can be shown with vectors m and n, respectively. The
macroscopic stress vector 2, acting on the slip plane A has a shear stress com-

ponent C and a normal stress component N . The projection of the vector C on
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3 Micro-mechanical model for prediction of HCF

the slip direction m is the vector 7, which demonstrates the macroscopic
resolved shear stress along this slip direction, and oscillates between point A
and B during a load cycle. Considering a grain, whose slip direction is located
on the plane A, the mesoscopic stress vector acting on the slip plane of the grain
is denoted as o, . Accordingly the mesoscopic normal and resolved shear stress

(along direction m) are presented as vectors v and z (Fig. 3.2).

Fig. 3.1. Application of macroscopic stresses on a body (left), and resulting stress components
on a slip plane A located inside of the body (right). Reference of the right figure is
[62], with some small modifications.

The macroscopic stress vector X', can be determined knowing the macroscopic

stress tensor 2 :
2, = £E s (19)
and in a similar way the mesoscopic stress vector o, reads as:

o,=0on (20)
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3.1 Plasticity theory of metal grains

Fig. 3.2. Mesoscopic stress vector ¢, acting on the slip plane A of a grain, and corresponding

vectors of mesoscopic normal and resolved shear stresses. The figure is drawn based
on reference [9].

The macroscopic and mesoscopic stress vectors can be linked together using
Eq. 18:

oy=on=(2-2us"\n=2,-2us"n=2,-uy'm=5,-uy" , 2n

where Z” is the vector of plastic shear strain along slip direction m and y? the

magnitude of this vector. In Eq. 21, it is assumed that only one slip system in the
grain is active (along direction m), which is the typical behavior of poly-
crystalline metals in the HCF regime (with low magnitude of cyclic loads).

Therefore in the last equation of Eq. 21 the relationship y”m= Z” has been

introduced.
Accordingly, the relation between macroscopic and mesoscopic shear
stresses can be derived as following:

t=(m-g)m=m-(E,—puy'm) |m=T—uy’'m=T—uy" , (22)

where T and z are the vectors of macroscopic and mesoscopic resolved shear

stresses along the slip direction m, respectively.
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3 Micro-mechanical model for prediction of HCF

The plastic slip in grains can be described by Schmid law °, which is verified by
many experimental results performed on single crystals in static and cyclic
loading [52-56]. Accordingly the plastic slip is initiated in the grains of metals,
if the resolved shear stress acting on the slip plane and along the slip direction
reaches the current yield limit 7,. In such case the plasticity criterion related to
Schmid law reads as:

f@bt)=(@-b)-(z-b)-7;=0 , (23)
and
—af(z(;f’ 2iso (24)

where function f(z,b,7,) is the plastic potential, and vector b the kinematic
hardening parameter.

The plastic strain rate Z” is given by the normality rule:

Y
7= 5 = 2Me-b) (25)

where A is the plastic multiplier rate and can be determined using the
consistency equation:

, of . of . o .
=0=>=—7+>-b+—7 =0
A TR A 26)

Assuming that only one slip system is active in plastically deformed grains
— as is the case in the HCF regime — the plastic behavior of the grain can be

modeled according to a combined kinematic and isotropic hardening rule. The
isotropic hardening rule is written as:

> The Schmid law is accurate for fcc metals, but yields poor results for bee metals [57-61].

It has been applied in this work, since fcc metals (e.g. nickel) have been used for fatigue
experiments.
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3.1 Plasticity theory of metal grains

To=hJy"y" 27

where /4 is the isotropic hardening coefficient.
Furthermore the kinematic hardening rule reads as:

b=cy" (28)

where ¢ is a constant with positive value.
Now with the aim of the consistency equation (Eq. 26) and the hardening

rules (Eq. 27 and Eq. 28) the plastic multiplier 1 can be determined:

. (z-b)-z
A=—r—=—=
2c+ hye? (29)
Replacing this relationship for plastic multiplier 4 in Eq. 25 and using the
plastic criterion (Eq. 23), the rate of the plastic shear strain will be given as:

. p z

L= c+n

(30)

The above equation relates the rate of the mesoscopic plastic shear strain 7 to

the mesoscopic shear stress 7. Substitution of mesoscopic shear stress from

Eq. 22 will result in an important relationship:

" T

e ey

So a link is established between the mesoscopic plastic shear strain y” and the

macroscopic resolved shear stress 7. This relationship will be applied in
section 3.2 to determine the accumulated plastic shear strain over an infinite
number of load cycles, which plays the role of a damage variable in the HCF
model.

25



3 Micro-mechanical model for prediction of HCF

3.2 Accumulated plastic shear strain in
a slip system

The rate of the plastic shear strain accumulation along an active slip system of a
grain, denoted as 7, reads as:

r=Jry . (32)

The goal is to determine the accumulated plastic shear strain after an infinite

number of load cycles, denoted as 7.

. = lim jrdt—hm j./ ” dt = lim ‘/ﬁ dr (33)

N (c+h+,u)

where P is the time period for one load cycle and N the number of load cycles.
For the calculation of the right hand side of the above equation over an
infinite number of load cycles, the accumulation rate of the plastic shear strain
over each load cycle needs to be known. Considering the plastic criterion
(Eq. 23) and hardening rules (Eq. 27 and Eq. 28) the plastic shear strain
accumulated in each load cycle, denoted as 67", can be determined as:

ol =I"

A-B

_ et p) A4
s = e =250 (34)

where 5,5 and /3,5 describe the accumulated plastic shear strain during load
cycling between points A and B and vice versa (Fig. 3.1). The variation of the
, which

is twice of the amplitude of the resolved shear stress 7,. The flow stress of the

resolved shear stress vector between points A and B is denoted as

grain at point A of the load cycle is shown as T;. Before the start of the load

cycle (at point O), the initial yield stress of the grain is equal to z;. The

variation of the flow stress during each load cycle can be determined using the
isotropic hardening rule (Eq. 27):
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3.2 Accumulated plastic shear strain in a slip system

At =héll (35)

Using Eq. 34 and Eq. 35 the plastic shear strain accumulated in successive load
cycles can be determined as:

sri=nsr' (36)

where the ratio 7 is given by:

UZ[c_h+ﬂ] (37)

c+h+u

Since the material parameters in Eq. 37 have positive values, the ratio 7 will
have a value between 0 and 1. Hence, over infinite number of load cycles the
rate of plastic strain accumulation reduces to zero, and consequently the
accumulated plastic shear strain converges to a specific value. Using Eq. 33 to
Eq. 37, it can be shown that for constant-amplitude multiaxial loading the
accumulated plastic shear strain /7, for each slip system of a grain in the
endurance limit is directly proportional to the difference between the amplitude

of the macroscopic shear stress 7, and the initial yield stress 7, in the following

manner 61

T_ o
@)

. p (3%

It is presumed in Eq. 38 that the grain has an unlimited capacity of isotropic
hardening which implies that it tends to an elastic shakedown. At this point it is
necessary to give some more details about the elastic shakedown theorem, since
this concept will be used later when establishing the HCF micro-mechanical
model.

S For variable amplitude loading, Eq. 38 should be modified accordingly, which is out of

scope of this work. Readers are referred to [62-64] for some more details on this topic.
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3 Micro-mechanical model for prediction of HCF

3.3 Elastic shakedown

The behavior of the material subjected to cyclic plastic straining can differ in
three forms as illustrated in Fig. 3.3: elastic shakedown, plastic shakedown (or
reversed cyclic plasticity), and plastic ratcheting. Elastic shakedown corresponds
to the stress or strain level, below which there is vanishing cyclic plasticity. This
condition is obtained, if the plastic deformation occurs during the early load
cycles and then a steady state is reached, so the response of the material is fully
elastic due to the build-up of residual stresses [16]. In the HCF regime, a
component exhibits an elastic behavior at the macroscopic scale and only some
localized plasticity can take place in unfavorably oriented grains. At the
endurance limit, it is assumed that after a certain number of cycles the tensors of
the amplitudes for plastic strains and residual stresses remain constant. So, the
stress tensor corresponds to a pure elastic response of the grains at all scales; the
material is in elastic shakedown state at all scales.

P
AE ratch

Stress
\

/ Strain

(a) (b) ()

Fig. 3.3. Plastic strain behavior under cyclic loading: a) elastic shakedown, b) plastic shake-
down, c) plastic ratcheting [16].

For the description of the material response in the case of elastic shakedown,
different models have been proposed. The classical model for elastic perfectly-
plastic materials, known as Melan’s theorem, states that if for any point x in the
component there are a self-equilibrated time-independent residual stress field

28



3.3 Elastic shakedown

o' (x) and a safety coefficient m > 1, such that the following plastic criterion is

satisfied, then the component will shakedown elastically [65-68]:
Vx, Ve>t: f(m(a (x,))+a (x)<0 39)

where fis the plastic potential (yield criterion), and o  the tensor of the elastic
stress field, respectively. The condition, that the residual stress field must be
self-equilibrated, is difficult to fulfill. Therefore, this theorem was extended later
by other authors considering more realistic material behavior. Mandel et al.
proposed another theorem for isotropic and kinematic hardening materials to
estimate the elastic shakedown [66]. According to this theorem, elastic
shakedown occurs if there is a time independent stress tensor ¢ for each point x
in the component such that:

Vx, Vi>t: f(af () —a (x) <ko, (e2(x) (40)

where £ is the isotropic hardening parameter (yield radius), which increases with

the accumulated equivalent plastic strain ¢/,. The maximum allowable value of

the yield radius (before failure) is represented by k.. It is supposed that the
plastic strains are small (as in the case of HCF regime) and the accumulated

. . S )
equivalent plastic strain ¢/ is defined by:

‘
= [\52":¢" d (41
0

Returning back to Eq. 38, to reach an infinite life in the HCF regime and to
avoid fatigue crack initiation in the grains, the accumulated plastic shear strain
in each grain after a high number of load cycles must not exceed a critical limit,
denoted here as 7. Consequently, each grain remains in the hardening phase and
necessarily elastic shakedown occurs. So after a certain number of cycles a
stabilized elastic state is reached and the tensor of the plastic strain becomes
constant and independent of time.
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3 Micro-mechanical model for prediction of HCF

Considering an individual grain, the accumulated plastic shear strain 7, should
be checked for all slip systems of the grain and compared with the critical limit
I

I, <r. (42)

By application of Eq. 42 for an aggregate of grains (e.g. a RVE) a critical plane
should be found, along which the shear stress attains its maximum value.
Assuming that the distribution of grain orientation inside the considered volume
is homogenous, there will be some grains so orientated that their weakest slip
system coincides with this plane. Hence the criterion reads as:

<
max (L, (p.0. 0} (43)
or
1 0
—[max 7, (9,0, x)—7,1<I, 4
h 0.0.x ’ ’

where ¢ and @ define the orientation of the plane on which the shear stress is
maximum and y corresponds to the direction of the resolved shear stress on this
plane.

In macroscopic applications, the fatigue criterion corresponds to the creation
of cracks propagating through hundreds of grains, rather than to rupture of an
individual grain. In such cases it would be sufficient to verify just the average of
the accumulated plastic shear strain for all grains located at the macroscopic
point of consideration and having different spatial orientations. For example,
Papadopoulos used the root mean square of the resolved shear stress over spatial
orientations (given by angles @, 6, y) and developed a criterion for prediction of
multiaxial HCF at macroscopic scale. Since pre-existing defects or small cracks
can influence the fatigue strength, he introduced in his criterion the average of
the normal stress (over angles ¢ and 6), which is equal to the hydrostatic stress
[69].
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3.3 Elastic shakedown

The Papadopoulos criterion reads as [3, 8-9]:

(T2)+ 5,5y <2, (45)

where X is the maximum of the hydrostatic stress in a load cycle. The two

H ,max
material parameters x, and 4, can be obtained by uniaxial reversed bending and
torsion fatigue tests. The average terms related to the resolved shear stress and
normal stress over spatial angles are given by following relationships:

27 7w 2w
*/<T”2>:J852 [ [ [[1.(0.0.0] dysinododp (46)
7T 20050 4=0
and
1 27 7w
z, =<N>:E j j N(p,0)sin0d6 do 47)
=006=0

The Papadopoulos criterion provides satisfactory results in predicting HCF
fracture at macroscopic scale for proportional and non-proportional loading, but
it can not predict the initiation of HCF cracks in individual grains, since it
considers only the aggregates of grains with homogenous material parameters
and stress distribution. In small scale applications, e.g. for micro-components,
the fatigue cracks in individual grains can lead to the failure of the whole
component. In such cases, HCF failure should be verified for each grain, where
the microstructure and material parameters of the grain need to be considered
too. In the next section a new micro-mechanical model for prediction of HCF
failure at the grain level will be established, which takes into account the
influence of microstructural parameters. The main parameters for describing of
the microstructure are the grain size and the grain orientation, which affect the
fatigue strength.
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3 Micro-mechanical model for prediction of HCF

3.4 Micro-mechanical model for prediction of
HCEF at small scales

In the last section, it was discussed that the accumulated plastic shear strain /-,
is the main contributor to the initiation of micro-cracks in the grains, and if 7, is
bounded in the limits defined by the elastic shakedown theorem, then no crack
initiation is expected in the grains. The aim of this section is to illustrate the
dependency of the accumulated plastic shear strain on the microstructural
parameters for each grain, specially grain size and grain orientation. After that, a
failure function will be introduced which works as a criterion for prediction of
HCEF failure in individual grains.

Considering the parameters of Eq. 38, it is known that the yield limit 7 is
dependent on the grain size, and different relations are used to model its grain
size dependency [70-71]. Here a Hall-Petch-type equation is implemented, as it
was illustrated by Weng in [13], because it is easily adopted into Eq. 38, and
also because of the good agreement between experimental and theoretical
results:

1

T;' = Tf +kd? (48)

where 77 is the yield stress of the slip system in a single crystal (with infinite

size), d the grain size, and k a material parameter.

A further important parameter of Eq. 38, which needs to be examined, is the
amplitude of the resolved shear stress, 7,. The vector of resolved shear
stress 7 along a slip direction can be written in terms of macroscopic stresses
and vectors of the related slip system. Referring to Fig. 3.1, the vector C
represents the macroscopic shear stress component acting on the slip plane A.
During a complete load cycle, the tip of vector C describes a closed planar
curve W,. The projection of the vector C on the slip direction m gives the
resolved shear stress vector 7', and the amplitude of the macroscopic shear
stress T, is equal to the half of the length generated by projection of the
curve ¥, on the slip direction (between points A and B). The length of the
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3.4 Micro-mechanical model for prediction of HCF at small scales

resolved shear stress vector 7 at each moment of the load period can be
described as a function of the macroscopic stress components and the vectors of
slip system [8]:

|T|=m-(Zn)=m

+(mn,+mn )X +(mmn +mn)X _ +(mn_ + mzn},)Z'yz ,

nX

x0T xx

+m yn},Zyy +mn X (49)

where % are components of the macroscopic stress tensor. m; and »; are vector
components of the slip direction and normal to the slip plane, respectively.
Calculation of the amplitude of the resolved shear stress, 7, , with help of Eq. 49
is straightforward for a proportional multiaxial loading; for which the amplitude
of each stress component, %, , should be applied in the equation. However for a
non-proportional or out-of-phase loading it needs some more analytical calcula-
tions [3].

In face-centered-cubic (fcc) metals (e.g. nickel), the dislocation movements
are on {111}-planes with slip directions along <110>, building totally 12 slip
systems, which are listed in Table 3.1. The slip plane (111) and three slip
directions located on this plane are shown in Fig. 3.4 for a fcc crystal.

Table 3.1. Slip planes and slip directions for a fcc crystal.

Slip plane Slip direction
(1,1,1) <1,1,0>, <1,0,1>, <0,1,1>
(1,-1,1) <1,1,0>, <1,0,1>, <0,1,1>
(-1,-1,1) <1,1,0>, <1,0,1>, <0,1,1>
(-1,L1) <1,1,0>, <1,0,1>, <0,1,1>
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3 Micro-mechanical model for prediction of HCF

[100]

Fig. 3.4. Slip plane (111) and related slip directions for a fcc crystal. Reference of the figure
is [33], with small modifications.

With respect to a global coordinate system, the slip directions are dependent on
the grain orientation. Therefore, the resolved shear stress 7 in Eq. 49 is
implicitly a function of the grain orientation. In this work the Euler-angles ’ are
used for definition of the grain orientation [72], so that any rotation from the
global coordinate system can be described using three angles (¢,6,y). The
definition of Euler-angles and the associated mathematical relations are given in
Appendix Al.

Replacing 7] and 7, in Eq. 38 with the related expressions (from Eq. 48 and
Eq. 49), the accumulated plastic shear strain -, is obtained as a function of the

grain size, grain orientation, and macroscopic stresses, in a form that is also
suitable for probabilistic considerations of the fatigue reliability:

_1L
T,($.0,y,2) -7 —k-d? (50)

I, (d¢.0,y,2)= p

7 The reason for choosing of Euler method in this work was its compilance to the format of

the experimental data, extracted by EBSD method for grain orientation [73-75]. See
chapter 5 for details of experimental approach.
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3.4 Micro-mechanical model for prediction of HCF at small scales

In probabilistic reliability theory, the failure behavior of a system can be
described in terms of a failure function g depending on basic random variables
X; (i=1,..,n), which denote quantities of interest, e.g. applied loads and
parameters of structural resistance. By convention g(x) < 0 implies failure,
whereas no failure occurs for g(x) > 0. g(x) = 0 defines the so-called failure
surface, a hyper-surface in the n-dimensional space of basic variables X;, which
separates the failure domain (g(x) < 0) and the safe domain (g(x) > 0) [76]. In
our case, the failure function is formulated as g(d,¢, 0,1, 2) and interpreted as a
criterion for prediction of the fatigue failure including all parameters of Eq. 50
as well as the critical limit /.. To fulfill elastic shakedown and avoid crack
initiation in grains, the accumulated plastic shear strain must be less than the
critical limit 7. (referring to Eq. 42). Hence the failure function must have a
value greater than or equal to zero for each slip system, and can be stated as:

1

A e (51)

g(d .0y, 2)=1,~ ;

The variables of the failure function in Eq. 51 can be divided into three groups
related to:
1) microstructure parameters (grain size and grain orientations): d, ¢, 0,

2) material parameters: k, i, [, 7,

3) loading parameters (macroscopic stresses): ;.

All these quantities will affect the failure behavior in a way that depends on the

characteristic values as well as on the variability of the quantities.

In the following the function g(d,®,6,y,2) will be used in two different ways:

a) as a deterministic failure criterion for individual grains, when all variables of
the function are known for each individual grain.

b) as a failure function in probabilistic studies on aggregates of grains, if the
variables are given by stochastic distributions. For example if grains have a
preferred orientation or size distribution due to the manufacturing processes
(e.g. rolling direction of the plates), then the texture of the microstructure can
be estimated using data of similar samples.

The following chapter 4 provides more details and examples for both types of

application of the failure function g(d,¢,6,w,2). Furthermore, the influence of

different variables of g(.) on HCF failure will be studied.
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4  Parameter study

After establishing the new failure function for prediction of HCF failure, a

parameter study is performed:

a) to verify the influence of different variables of the failure function on the
occurrence of HCF damage,

b) to investigate the sensitivity of the failure function with respect to different
parameters, and

¢) to investigate the influence of parameter uncertainties on failure function
predictions.

The main focus of the parameter study is on the microstructure parameters, €.g.

grain size and grain orientation. In selected cases material parameters are also

evaluated. By means of different examples, it is illustrated how the HCF model

can be applied either as a failure criterion for deterministic prediction in

individual grains, or in probabilistic studies on aggregates of grains.

4.1 Deterministic study of parameters

In a first step of the parameter study, two variables of the failure function are
considered: grain size d, and resolved shear stress 7. It is assumed that all
grains have the same orientation and identical slip systems. Material parameters
of nickel are applied for the parameter study; corresponding to the material of
the micro-samples used for HCF experiments in this work. Material data for Ni
taken from the literature are given in Table 4.1 [77-78]. The critical limit of the
accumulated plastic shear strain, 7, was also estimated from available data in
the literature [79-81]. Fig. 4.1 depicts contour lines of the failure function
2(d,T,) in dependence on the grain size d and amplitude of the resolved shear
stress 7,. Each contour line is the locus of the points with equal value of failure
function g(d,T,) but with varying grain size d and amplitude of resolved shear
stress 7,. For grains larger than 20 pm the failure function is relatively
insensitive to the grain size, while for grains smaller than 10 pm a significant
dependence on the grain size is present. On the other hand the value of the
failure function decreases with increasing grain size, indicating that for larger
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4 Parameter study

grains the HCF failure is more probable. These two effects are typical for

equations containing terms of (1/x™) as in the failure function, and will be

verified later by experimental results.

Table 4.1. Material parameters of Ni.

S0F

~— g(d,T,)=+10

I~ g(d,T,))=+50

Material parameter Value Unit

k 160 [MPa.um"?]
h 1 [MPa]
7" 22 [MPa)
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Fig. 4.1. Contour lines of failure function g(d,7,) in dependence of grain size and resolved

shear stress.
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4.1 Deterministic study of parameters

After dealing with grain size and resolved shear stress, grain orientation is the
other important variable in the HCF model to be considered, since it affects the
resolved shear stress along each slip direction. The first and second Euler-
angles, ¢ and 6, are considered as variable in the failure function, while the third
Euler-angle, w, and the grain size, d, are held as constant and given by typical
values obtained from micro-samples used in HCF experiments. Fig. 4.2 gives a
surface plot of failure function g(¢,6) versus first and second Euler-angles for
slip system (111), [110] of Ni. The graph is obtained by assuming a constant
third Euler-angle w of 45° and a grain size d of 20 pm. The surface has a
periodic shape, since transformation relations between Euler-angles and slip
directions include trigonometric functions based on sine and cosine terms
illustrated in Appendix Al.

2o =250[MPa]

d=20[um]
v =45[degree]

8(4.9) [-]

2" Euler-angle: 6 [degree]

1* Euler-angle: ¢ [degree] ¥

Fig. 4.2. Surface plot of g(4,6) versus 1% and 2™ Euler-angle for slip system (111), [110]
of Ni.

According to Fig. 4.2, certain ranges of Euler-angles lead to pronounced
changes in the failure function and consequently in the probability of HCF
failure, while for other Euler-angles the failure function is mostly independent
on those angles. For the second Euler-angles near to 0° or 180°, the failure
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4 Parameter study

function is very sensitive to the variations of the first Euler-angle, specially in
periods of 90° (0°, 90°, 180°,...). For second Euler-angles near to 55°, the
failure function is essentially insensitive to the variations of the first Euler-angle.

Contour lines of failure function g(¢,6) versus first and second Euler-angles
are shown in Fig. 4.3, corresponding to the surface plot presented in Fig. 4.2.

m

s0F

O, @ ,ﬂ @ m, J
i} 50 100 130 200 250 500 3450

1* Euler-angle: ¢ [degree]

g(¢,0)=+50
2(4,0)=+100

2(9,0)=+120

2" Euler-angle: 6 [degree]

Fig. 4.3. Contour lines of g(¢,0) versus first and second Euler-angle. Parameter set as in
Fig. 4.2.

To generalize the results of Fig. 4.2 and Fig. 4.3 to all three Euler-angles, a
contour surface of the failure function g(¢,6,y) versus all three angles is
illustrated in Fig. 4.4. This toroidal contour surface is the locus of the points
with a failure function equal to zero but with different sets of Euler-angles. For a
given set of parameters (d,2) the surface separates orientations on the outside of
the toroidal surface, which lead to no HCF failure (g > 0), from unfavorable
orientations represented by the interior of the toroid, where HCF failure is
predicted (g < 0).
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4.1 Deterministic study of parameters

31 Euler-angle: y [degree]

2 a= 200 [ MPa)
d =20 ]
(¢.0.)=0

1™ Euler-angle: ¢ [degree]

s
2™ Euler-angle: 0 [degree] o

Fig. 4.4. Contour surface of failure function versus three Euler-angles for slip system (-111),
[101] of Ni.

In Fig. 4.2 to Fig. 4.4, the failure function g(.) was analyzed just for a certain
slip system. Now it turns out, if there is a specific slip system (between different
slip systems), which represents the weakest slip system to HCF failure; if the
minimum value of the failure function belongs always to a specific slip system,
independent of load condition or Euler-angles. In Fig. 4.5 the failure function
g(¢) is plotted versus the first Euler-angle ¢ for different slip systems of a fcc
metal (in this case nickel) considering a certain load condition. Fig. 4.5 shows
that there is no specific slip system, which leads to the minimum value of failure
function g(¢) for an arbitrary load condition and over the whole range of Euler-
angles. Furthermore, it was noticed that depending on the load condition, the
arrangement of the curves in Fig. 4.5 (belonging to different slip systems)
varies.
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Fig. 4.5. Failure function g(¢) versus first Euler-angle for all slip systems of Ni.

4.2 Probabilistic study of parameters and
corresponding numerical tools

In the previous examples the failure function was utilized for a deterministic
description of the HCF failure in individual grains. However, in a random
agglomerate of grains the parameters are not known for each individual grain
and the failure probability is determined by equally significant contributions of
several random variables. In that case, the HCF failure probability can be
evaluated, if the stochastic distributions of variables are given for the aggregate
of grains. The evaluation of the failure probability for random variables with
given distributions is then performed by reliability methods.

Instead of the well-known Monte Carlo simulations, where a large number of
random experiments are performed and the outcome leads to an estimation of
the failure probability, we chose the first- and second-order reliability methods
(FORM and SORM) because of their computational effectiveness, and since
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4.2 Probabilistic study of parameters and corresponding numerical tools

they also generate sensitivity information with respect to the random input
variables [76, 82].

For this work, the ZERBERUS code is utilized to calculate the HCF
probability, for the cases where parameter distributions are given for the
microstructure. This code includes a general-purpose core implementing the
FORM and SORM in probabilistic fracture mechanics (PFM) [83]. For using the
code, a deterministic user-supplied failure function, as described in Eq. 51, is
needed. The variables and constants of the failure function are defined as inputs
of the code. For random input variables, the distribution type (Weibull,
Gaussian, exponential...) is selected and the distribution parameters are
provided. From these input quantities, the code calculates the failure probability
as well as sensitivity factors of the failure probability with respect to each
variable. For parameter study with ZERBERUS, the grain size d, Euler-angles
(¢,6,y), and the critical limit /. of accumulated plastic shear strain are used as
random variables, and material parameters k, /4, and 7,° as deterministic
constants of the failure function g(d,¢,6,y,1;). The microstructure data of Ni
micro-samples (which will be described in chapter 5) are applied as input of the
code. For that purpose the grain size and grain orientation (3 Euler-angles) are
measured on the surface of the samples with electron backscatter diffraction
(EBSD) method. Subsequently these data are evaluated with Mathematica [84]
to find the best-fitting type of stochastic distribution and corresponding
parameters for the description of grain size and grain orientation. The
distribution types and parameters for each random variable of the failure
function are listed in Table 4.2. The distribution parameters for the grain size
and grain orientation are obtained from a database of EBSD data for 549 surface
grains of a Ni sample. The data of the grain size and grain orientation presented
the best-fitting to a Weibull distribution.

The critical limit of the accumulated plastic shear strain, /7, is modeled as a
random variable in the range between 70 and 130. For description of this
variable a Weibull distribution was chosen for convenience and only to reflect
statistical uncertainty of 7, ; a Gaussian distribution with corresponding mean
and standard deviation would have a very similar shape in the selected variable
range. For the distribution parameters, a median value of 96.96 (scale

parameter=100, see Table 4.1) and an assumed coefficient of variation of 10%
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(i.e. a shape parameter of 11.88) are chosen. Material parameters of Ni are
applied as described in Table 4.1.

By means of the ZERBERUS code, the HCF probability was evaluated for
different slip systems considering a bending stress with an amplitude of
190 [MPa] acting in longitudinal direction of the sample (2}, ,). Furthermore, the
sensitivity of the failure probability with respect to each variable is calculated,
as illustrated in Table 4.3. The results of sensitivity analyses are visualized in
Fig. 4.6 as pie charts.

The sensitivity of the failure probability with respect to the Euler-angles
(Var. 2-4), specifically with respect to the first angle (Var. 2), is significantly
higher than with respect to the grain size and the critical limit of accumulated
plastic strain.

However, it has to be noted, that the values of sensitivity are depending on
the load condition and on the considered slip system. The low sensitivity of the
failure function with respect to the grain size and also the high sensitivity with
respect to the first Euler-angle are in agreement with the previous considerations
about the failure function as shown in Fig. 4.1 and Fig. 4.2.

The presented results of the parameter study and also the predictive power of
the failure function will be seen in chapter 6 to be in agreement with experiment
results.
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4.2 Probabilistic study of parameters and corresponding numerical tools

Table 4.2. Types and parameters of stochastic distributions for different variables of Ni

sample.
Variable Lo Rt Seeond | Upper
Distribution | distribution | distribution | | L.
limit of | limit of
iti type (scale) (shape) variable | variable
No. Definition parameter | parameter
Grain size .
Var. 1 Weibull 17.21 1.98 1 100
d [um]
First Euler-angle .
Var. 2 . Weibull 204.64 1.70 0 360
N
Second
Var. 3 Euler-angle Weibull 35.28 3.28 0 180
0[°]
Third Euler-angle .
Var. 4 . Weibull 51.83 1.83 0 360
w[°]
Critical limit of
accumulated .
Var. 5 . . Weibull 100 11.88 70 130
plastic shear strain
I:[-]
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Table 4.3. Sensitivity of failure function to each variable and HCF failure probability for
different slip systems of Ni.

Variable Sensitivity to variable (%)
No. Definition (-1,-1,1) [101] (-1,1,1) [110] (-1,-1,1) [011]
Var. 1 Grain size 12 0.9 23
d [um]
First Euler-angle
Var. 2 . 91.2 85.8 87.7
#1°]
Second Euler-angle
Var. 3 o 1.7 0.2 3.1
01°]
Third Euler-angle
Var. 4 o 52 12.4 5.7
w[°]
Critical limit of
accumulated
Var. 5 . . 0.7 0.6 1.2
plastic shear strain
I [-]
HCF probability (%) 37.1 18.2 43.0

a)

Yarh

War.2 War 2 War ?

Fig. 4.6. Pie chart for sensitivity of failure function with respect to each variable, for slip
systems of Ni; a) (-1,-1,1) [101], b) (-1,1,1) [110], ¢) (-1,-1,1) [011].
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To verify the predictive power of the HCF model, fatigue experiments are
performed on micro-samples and the occurrence of micro-damage is compared
with the prediction results obtained for each grain on the specimen surface.

The fatigue experiments on micro-samples were performed with a custom-
built test setup based on resonance principle. Life times between 10° and 10
cycles were typically obtained in the experiments.

Occurrence of micro-damage (related to the HCF mechanisms) on the
surface of the samples is examined during and at the end of the experiments with
scanning electron microscope (SEM), focused ion beam (FIB), or optical micro-
scope.

Grains located on the surface of the samples are analyzed with EBSD, and a
mapping program is applied to measure the grain size and grain orientation
(Euler-angles), as input parameters of the failure function.

In the next sections the details of the experimental approach and the analysis
procedure are given.

5.1 Custom-built test setup ®

Fatigue experiments on micro-parts are delicate due to small dimensions of the
samples and more sensitivity to the handling. To avoid possible damage of the
samples, their positioning and fixing should be done carefully, and physical
parameters should be measured preferably with contact-less methods. Since the
parts are tiny, applied mechanical forces and displacements are very small, and
therefore precise methods are required to measure those parameters. A proper

The custom-built test setup for fatigue experiments and related test method were
developed by T. Straub in his dissertation work [85-86]. One part of the fatigue
experiments performed by him and his team had been planned for this dissertation, and
the samples were used after fatigue experiments for characterization analyses and
verification of the failure function in this work. Hence both dissertations could

supplement each other.
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5 HCF experiments with micro-samples

method for imposing cyclic loading on micro-samples is stimulation of the parts
at their resonance frequencies (e.g. with piezoelectric actuators), so that higher
stress amplitudes are induced in the sample (despite low excitation displace-
ments) and the testing time is reduced, which is an important aspect for HCF
testing [87].

The working principle of the custom-built test setup, applied for HCF
experiments on micro-samples, is illustrated in Fig. 5.1. One end of the sample
is fixed by a clamp and the second end is free to oscillate as inertial mass. The
narrow gauge section is in the middle of the sample between these two ends.
The clamp side of the specimen is connected to a spring, and two independently
controlled piezoelectric actuators can displace the spring, leading to the
excitation of the sample at the free end. In-phase excitation of the piezoelectric
actuators induces a bending load on the sample (Fig. 5.2a), an anti-phase
excitation causes a torsional load (Fig. 5.2b), and out-of-phase excitation leads
to multiaxial loading. Each piezoelectric actuator has a displacement range of
60 nm and a resolution of 1.2 nm (Physik Instrumente, Germany) [85, 87].

spring

area detector

laser

sample

support

piezos

Fig. 5.1. Working principle of the test setup for HCF experiments on micro-samples [85].

Displacements of the sample due to the bending or torsion are measured via a
laser beam reflected from the surface of the sample to an area detector. The area
detector is a position sensitive device (PSD), with an optical resolution of 1 pm
(Fig. 5.3). The induced bending and torsion stresses in the sample can be
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5.1 Custom-built test setup

calculated using the measured displacements. The data acquisition and
controlling of the test setup is performed by a field programmable gate array
(FPGA), having analogue input channels with a sampling rate of

750%10° samples/s and analogue output channels with 10° samples/s [85].

Fig. 5.3. a) Test setup for HCF experiments on micro-samples, measurement of the sample
displacements via laser beam, b) micro-sample fixed in the clamp [85].
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5 HCF experiments with micro-samples

5.2 Geometry design of micro-samples ’

Samples should be designed in a way that from one side they could be used with
the illustrated resonance principle and on the other hand the results of the HCF
experiments should be applicable for verification of the presented micro-
mechanical model. For design of the samples and corresponding evaluation of
the micro-mechanical HCF model, some aspects need to be considered:

a) resonance frequencies of the samples in bending and torsion should be in
frequency range of the test equipment.

b) maximum stress induced by uniaxial or multiaxial loading should be located
in the gauge section of the sample, where a post-test analysis of micro-
damage (occurring during the fatigue experiment) is to be performed.

¢) maximum stress should occur on the surface of the sample, since only for
surface grains their size and orientation can be measured with EBSD.
Furthermore, occurrence of micro-damage, e.g. extrusions and intrusions
related to persistent slip bands (PSBs), or micro-cracks, can be observed on
the surface of the sample simply by means of non-destructive methods, as
SEM or optical microscopy.

d) sharp corners should be avoided in the samples, in order to prevent the stress
concentration in those areas. Stress concentration can lead to fatigue crack
initiation in the areas of the samples which are not under observation.

Taking into account the above mentioned aspects, three main regions are

considered in geometry design of the samples:

1) the clamped side, which is used to fix the sample in the fixture of the test
equipment and excite it from this side.

2) the gauge section, which is the narrow part in the middle of the sample with a
typical length of 5 mm.

The design and optimization of samples were performed by T. Straub [85-86]. Here an
introduction to the design process has been given. Furthermore some results of FE
simulation carried out in this work are presented. Readers are referred to [85-86] for more

details on geometry design of samples.
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5.2 Geometry design of micro-samples

3) the oscillating inertial mass, which is located in the free end of the sample and
can oscillate due to the excitation caused by piezoelectric actuators. Due to
the reciprocating displacements of the inertial mass, cyclic stresses are
induced in the gauge section.

The geometry of the inertial mass has significant influence on the resonance

frequency and vibration mode shapes of the sample. The geometry is rectangular

for uniaxial bending experiments, while for uniaxial torsion or multiaxial
loading (combined bending and torsion) twin inertial masses are preferred.

Initial design of a twin mass model is illustrated in Fig 5.4; two masses at both

sides of the gauge section lead to higher displacements and consequently higher

stresses under bending and torsional loads. Dimensions of the samples are
designed with the aim of FE simulations, so that the resonance frequencies in
bending and torsion modes coincide as much as possible. The specimen design
in Fig. 5.4 has a resonance frequency of 734 Hz in uniaxial torsion mode and

740 Hz in uniaxial bending mode. The main disadvantage of this design is the

stress concentration at sharp corners between gauge and clamped sections.

Fig. 5.5 shows the bending stresses in this design (calculated by FE simulation),

if the free end of the twin inertial masses is displaced 50 pm in the z-direction.

A classical method to reduce the stress concentration is to change the
geometry from sharp corners to chamfers or rounded corners (e.g. fillets).
Fig. 5.6 depicts the bending stress under similar load condition as in Fig. 5.5;
however, shoulder fillets with a radius of 0.45 mm were added to the corners.
Hence the maximum bending stress is reduced from 178 MPa to 139 MPa and
moved from corners towards the gauge section. Nevertheless, this maximum
stress is still in the vicinity of the notch region at the specimen shoulder, while
maximum stress due to bending should occur on the upper or lower surface of
the gauge section (considering it as a cantilever beam).

To solve this problem the geometry of shoulder fillets needs further
optimization, in the way that the stress concentration is avoided and the
maximum stress due to the bending stress occurs in the middle of the gauge
section. For this purpose the tensile triangle method is used in this work [89-90].
Details of this optimization method are illustrated in Appendix A2.

51



5 HCF experiments with micro-samples

L
0

Fig. 5.4. Model of the twin inertial masses with non-optimized sharp corners (between gauge
section and clamped section). Dimension unit: [mm]. Reference for the model: [88].

Material data (steel):

E =210x10° [Pa]

Vip=0.33
p = 7800 [kg/m’]
Az = =50 [um]

Gy, max = 178 [MPa]

| EEEEEEEaa——— | B (Pa]

- .189E+08 248E+08 .G85E+08 J12E+09 156E+09
- 292E+07 AGTE+08 904E+08 134E+09 178E+09

Fig. 5.5. Model with non-optimized sharp corners: bending stress at the shoulder due to a
vertical displacement of 50 um (at the free end of the twin inertial masses).
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Material data (steel):

E =210x10° [Pa]
vy =033

p = 7800 [kg/m’]
Az =-50 [um]

Gy mar= 139 [MPa]

‘p?
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Fig. 5.6. Bending stress at the shoulder due to a vertical displacement of 50 pm (at the free
end of the twin inertial masses). Model has shoulder fillets with a radius of 0.45 mm.

The previous twin mass design (Fig. 5.4) is optimized with tensile triangle
method with three different sets of fillet radii as shown in Fig. 5.7, and each time
the bending stress is simulated with FE under the same load condition as in
Fig. 5.5. The method demonstrates considerable improvements in reduction of
the stress concentration, if proper set of fillet radii is selected. With the third set
of fillet radii (Fig. 5.7.c) no stress concentration is observed in the shoulders and
the maximum stress is decreased significantly, down to the level of the pure
bending stress. The location of maximum stress is moved from shoulder toward
the midpoint of the gauge section, and it extends at a larger area at the topside of
the gauge section compared to the initially localized stress concentration at the
sharp corners. So the stress concentration is avoided with iterative optimizations
of the fillet radii.

The next optimization on the specimen design, shown on Fig. 5.4, is to
strengthen the small connecting beam between the two inertial masses to avoid
the twisting of the masses around the beam. Fig. 5.8 depicts a simplified
optimized geometry with two wings at the sides, which have similar function as
twin inertial masses. The beam connecting the two masses has now a larger area,
which prevents the twisting of the wings around the beam.
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b) ©)

R1=025 R1=0.82
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Fig. 5.7. Optimization of twin mass model with tensile triangle method, with three different
sets of fillet radii (a, b, and c). Dimension unit in [mm]. Calculation of bending
stress with FE simulation. Load condition and material parameters as in Fig. 5.6.
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Fig. 5.8. Optimized geometry of micro-samples for multiaxial HCF tests. Dimensions are
in [mm]. L;=L,=4.5 mm. References for the drawing and geometrical data of the
samples are [85, 88], with some small modifications.
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The last step in optimization of the specimen design is adjusting the geometry of
the oscillating inertial twin masses, in the way that the resonance frequencies in
uniaxial bending and torsion are close to each other. For that purpose two
parameters are considered in the design: length L, and L, (Fig. 5.8). Increasing
of length L, or L, leads to the reduction of the resonance frequencies in bending
or torsion, respectively. The optimization of length L, and L, is performed with
the aim of FE simulations. Assuming L,=L,=L, the value of L is varied in FE
simulation and the corresponding resonance frequencies in bending and torsion
modes are calculated. The results of those calculations are illustrated in Fig. 5.9.
For small values of L, the resonance frequency in torsion is significantly higher
than in bending. Towards larger values of L, the decrease in the torsional
resonance frequency is more pronounced than in the bending resonance
frequency. The two curves for the bending and torsion modes intersect at a
resonance frequency of 460 Hz, and the corresponding length of L=4.5 mm was
used for specimen fabrication [85].

Material data (nickel):

4000} —=— Bending

—e— Torsion B 200x10° [P
3000} 4 E=200d071Pd]

Vo= 0.31
—  p =8908 [kg/m’]

2000

Intersection point

1000

Resonance frequencies [Hz]

0 2 4 6 8 10

Length of oscillation mass, L [mm]

Fig. 5.9. Optimization of length L for equal resonance frequencies at bending and torsion
modes. Reference of the diagram is [86], with some small modifications.
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5 HCF experiments with micro-samples

5.3 Material selection and preparation
of micro-samples

Results of HCF experiments for micro-samples of nickel, copper, and aluminum
were used. These materials are utilized broadly in microelectronic components
and MEMS (e.g. in wire bonds, electrical terminals and leadframes), where they
are exposed to thermo-mechanical stresses and vibrations, resulting in material
fatigue [91-92].

Copper and aluminum specimens turned out to be not suitable for EBSD
surface analysis. Due to high surface roughness of the copper samples, the
surface grains could not be mapped properly in EBSD measurements. On the
other hand, aluminum samples had a good surface quality for EBSD
measurements; however, due to the large grain size (3-5 grains in the width of
the gauge section) it was not possible to collect a reasonable amount of data
from the surface grains. Therefore most of the HCF experiments were performed
on nickel samples, where both surface quality and grain size were well suited for
EBSD analysis purposes.

The nickel micro-samples were laser-cut from annealed foils having a
thickness of 200 pm and 99.0% purity (Goodfellow, UK). The gauge section
had a rectangular cross section of 500 um by 200 um (according to the geometry
of Fig. 5.8). The nickel samples had an average grain size of 20 pm. The gauge
section together with some regions of the inertial mass and clamped side near
the gauge section was electro-polished. The electro-polishing improves surface
reflection of the laser beam for measurement of the displacements of the sample
[85]. Fig. 5.10 shows one of the Ni-samples before and after electro-polishing.

The applied methods for surface analysis of the grains after HCF experi-
ments with respect to microstructure (e.g. grain size and grain orientation) and
micro-damage are described in the following sections 5.4 and 5.5.
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8mm

Fig. 5.10. Ni-sample: a) before electro-polishing, b) after partial electro-polishing: surface
roughness reduced for better reflection of the laser beam [88].

5.4 Measurement of grain size and grain
orientation with EBSD

In the definition of the failure function (Eq. 51), it was stated that the grain size
and grain orientation (Euler-angles) are two important input variables of this
function for describing the grain microstructure. In this work, EBSD ' is used to
analyze the grains located on the surface of the sample. After the EBSD
analysis, the mapping program HKL CHANNEL 5 [73] was used to map the
grain size and grain orientation (Euler-angles).

According to FE simulation results in section 5.2, the maximum von-Mises
stress (and also maximum bending stress) occurs at a region near the midpoint
of the gauge section, where most of the micro-damage evolves during HCF test.

" By means of the EBSD (electron backscatter diffraction), which is applied together with

the scanning electron microscopy (SEM), the orientation of individual grains, local
texture, and phase distributions can be determined on the surfaces of bulk polycrystals
[74]. Readers are referred to [73-75] for more details on working principles, applications,
and experimental setup of the EBSD analysis.
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5 HCF experiments with micro-samples

Therefore this region was analyzed with EBSD, to gain a reasonable amount of
data from grains exhibiting micro-damage.

Fig. 5.11 shows the SEM micrograph of the surface of a Ni-sample (left)
together with the EBSD map of the grains (right) located in the region with the
most micro-damage. The dark gray color (in the left micrograph) indicates the
region of the EBSD analysis. EBSD maps help to recognize the grain borders
and visualize different grain orientations.

The small white spots in EBSD map (Fig. 5.11) are indicating the points,
where EBSD could not successfully identify the grain orientation. The reason
for that can be roughness of the sample surface, affected by material defects, the
fabrication process of the foils, or micro-damage evolved during the HCF
experiment. The mapping program HKL CHANNEL 5 has mapped these spots
to individual grains of a very small grain size. To avoid these artifacts, grains
smaller than 6 um have not been considered in the later analysis of the grains
(with failure function).

For comparison, Fig. 5.12.a shows the EBSD map of the surface grains for a
copper sample. Due to the relative high roughness of the surface, the EBSD
mapping could not recognize the size, orientation, and borders of the grains
correctly. Even in SEM micrographs (e.g. Fig. 5.12.b) the grains can not be
distinguished from each other properly.

After successful surface analysis, the data of grain size and Euler-angles
obtained by EBSD mapping are introduced into Eq. 51 and the failure function
for all slip systems of each grain is evaluated. In a subsequent step, the
predictions of the failure function need to be compared with the observed micro-
damage in the grains. The next section illustrates the procedure for the surface
analysis of the micro-damage in the grains.
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5.4 Measurement of grain size and grain orientation with EBSD

Fig. 5.11. EBSD analysis of surface grains of a Ni-sample; left: SEM micrograph of the
scanned area, right: EBSD map of grains (mapping to 1* Euler-axis) and legend of
IPF (inverse pole figure) coloring.

Fig. 5.12. Surface analysis of Cu-sample after HCF experiment: a) EBSD map of grains
(mapping to 1% Euler-axis), b) SEM micrograph of grains (after 3.4x10° cycles of
uniaxial reversed bending with amplitude of £164 MPa). In both micrographs the
grains and their borders are not identified clearly.
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5 HCF experiments with micro-samples

5.5 Analysis of surface damage

To verify the evolution of micro-damage due to the cyclic loading, the samples
were inspected before and during HCF experiments with ultraviolet laser
scanning microscopy. At the end of HCF experiments, the surface of each grain
was analyzed with SEM and EBSD for the occurrence of micro-damage. For
further inspection of the damage, in some cases FIB cross sections were taken to
assess the depth and extent of the damage inside the grain or in the neighboring
grains.

At the beginning of the load cycling (or at low stress amplitudes) smooth
straight markings were observed on the surface of some grains due to the
extrusions and intrusions caused by the cyclic plastic strains in slip bands of the
grains (Fig. 5.13). The surface markings were parallel to each other inside each
grain, in agreement with the assumption stated previously that just one slip
system is activated in HCF regime. With continuing cyclic deformation (and in
some cases facilitated with increase in stress amplitude), the surface markings
and corresponding protrusions evolved gradually in the form of surface micro-
damage, representing the localization of plastic strains along PSBs (Fig. 5.14).
Further cyclic loading enhances such micro-damage and leads to the initiation of
micro-cracks inside the grain and parallel to the PSBs (Fig. 5.15 and Fig. 5.16).
Therefore, grains exhibiting such kind of micro-damage are considered here as
non-safe and prone to HCF failure [93-94]. During surface inspection of the
samples, it is verified for each grain, if micro-damage has occurred or not.

In chapter 6, the results of surface inspection for each sample are illustrated
and it is discussed to which extent the failure function was able to predict the
occurrence of micro-damage in individual grains.
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5.5 Analysis of surface damage

Fig. 5.13. Surface inspection of a Ni-sample (107 cycles; uniaxial reversed bending with an
amplitude of +150 MPa): a) ultraviolet laser scanning micrograph of the sample
[88], b) SEM micrograph of the surface showing straight and smooth markings
(extrusions and intrusions).

Fig. 5.14. Ultraviolet laser scanning micrographs from the surface of a Ni-sample [88]: a) and
b) gauge section of the sample before HCF testing, ¢) micro-damage (extrusions

and intrusions) occurred during HCF testing (4x10° cycles of uniaxial reversed
bending with an amplitude of +200 MPa).
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det | tilt| HFW
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Fig. 5.15. Surface inspection of a Ni-sample after an HCF experiment (4x10° cycles of
uniaxial reversed bending with an amplitude of 200 MPa): a) SEM micrograph of
grains exhibiting micro-damage (extrusions and intrusions), b) FIB cross
section of a damaged grain showing a micro-crack initiated from surface
protrusions.

&

Fig. 5.16. Surface inspection of a Cu-sample after an HCF experiment (after 3.4x10° cycles of

uniaxial reversed bending with an amplitude of £164 MPa): a) SEM micrograph of
a grain exhibiting micro-damage (extrusions and intrusions), b) FIB cross section of
the damaged grain showing a micro-crack initiated from surface protrusions.
Reference of micrographs: [88].
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5.6 Performing of HCF experiments under bending load

5.6 Performing of HCF experiments
under bending load

The idea behind the HCF experiments is to examine the occurrence of the
failures in individual grains during and after the experiments, and compare those
failures with the predictions made by the failure function (Eq. 51). Therefore, a
proper range of the stress and number of load cycles to failure should be found,
which lead to the failure of a few grains. In this regard, some preliminary
experiments with different range of stresses and load cycles were performed to
establish the S-N diagram of Ni in the HCF regime. Fig. 5.17 illustrates the
S-N diagram of the Ni-samples with the design given in Fig. 5.8, covering the
HCF regime and also extending into the very high cycle fatigue (VHCF) regime.
The tests were performed with the custom-built test setup under uniaxial fully
reversed bending (Fig. 5.3). The points shown in the S-N diagram do not
correspond to the rupture of the whole sample (due to propagation of macro-
scopic cracks) but failure of some grains, which suffer localized plastic strains
along PSBs, resulting in micro-cracks. Those plastic deformations cause
changes in mechanical properties of the material, e.g. the elastic modulus or
stiffness [86, 95], affecting subsequently the resonance frequency of the sample.
In HCF experiments, the first micro-cracks could be revealed by FIB cross
sections, after the resonance frequency of the sample was reduced about 0.2%
from the initial value (before the HCF experiment), and the sample was thus
identified as failed in the HCF experiment [86].

The S-N diagram in Fig. 5.17 presents similar behavior as data reported in
literature, where there is no definite endurance limit at higher cycle numbers.
The endurance limit is recognized, e.g. for ferrous materials, as a change in the
slope of the S-N diagram from negative to zero (flat). For fcc metals, e.g. nickel,
the S-N diagram does not have zero slope at long lives, nevertheless it exhibits a
gradual flattening between 107 and 10% cycles, and it is common to speak of the
endurance limit in this range of cycle numbers [96].

According to the S-N diagram (Fig. 5.17), stresses lower than 80 MPa
correspond to the endurance limit, which is the working regime of the failure
function. Since in this stress range theoretically no micro-damage is expected in
the individual grains, it is difficult to verify the prediction power of the failure
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5 HCF experiments with micro-samples

function. Hence for HCF testing of micro-samples a stress range somewhat
higher than the endurance limit was selected in order to have at least a few
grains damaged during the fatigue experiment.

HCF regime

Finite life Infinite life

210
190 1
170 4
150 1
130 1
110 A
90 1
70 4 Tt
50 T T 1
1,0E+06 1,0E+07 1,0E+08 1,0E+09
Cycles number [-]

Stress amplitude [MPa]

Fig. 5.17. S-N diagram of Ni-samples under uniaxial fully reversed bending. Reference for
raw data used in the diagram: [88].

First, a uniaxial bending stress of +150 MPa was selected, and for subsequent
Ni-samples the stress amplitude and test duration were varied to verify the
influence of these parameters on the evolution of micro-damage and also to
assess the prediction power of the failure function for different loading
conditions. Table 5.1 summarizes the load conditions for five samples along
with micro-graphs of surface damage after corresponding HCF experiments.
With increasing of the stress amplitude and test duration more micro-damage
is observed on the surface of samples. In sample No. Ni-105, smooth straight
surface markings are visible which are caused by extrusions and intrusions
related to the dislocations in the slip bands. The surface markings are distributed
over the whole surface area of the grains, and the plastic strain is not localized
yet in PSBs (except in some rare cases). For samples No. Ni-106 and Ni-107,
the stress amplitude was increased to £200 MPa, and micro-damage due to

localized plastic strains along PSBs is observed in some grains even after 2x10°
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5.6 Performing of HCF experiments under bending load

cycles. By keeping the same stress amplitude and extending the test duration to
4x10° cycles, the micro-damage evolved in more grains, as noticed in samples
No. Ni-108 and Ni-109.

Table 5.1. Load conditions for HCF experiments of Ni-samples and surface micrographs
(SEM, EBSD) of the samples after the test.

Sample . Ni-106 Ni-108
Ni-105
No. ! Ni-107 Ni-109
Stress Uniaxial fully reversed | Uniaxial fully reversed | Uniaxial fully reversed
amplitude bending bending bending
[MPa] +150 +200 +200
Number
of 10’ 2 x10° 4% 10°
cycles
Surface
micrograph |

In the next chapter, the surface inspection results of samples No. Ni-105, Ni-
106, Ni-107, and Ni-108 will be discussed. Since sample No. Ni-109 has similar
results as sample No. Ni-108, its results are not discussed in details.

Furthermore, the observed micro-damage will be compared with the
predicted results of the failure function for each individual grain.
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6  Comparison of theoretical and
experimental results

In this chapter, the overall predictions of the HCF model, which grains will be
damaged by fatigue, is discussed and backed up with results on fatigue micro-
damage of selected individual grains. For that, the experimental results of four
Ni-samples (as discussed in the last chapter) are used, and the failure function is
calculated for each grain in the sample. Thus, we obtain a classification scheme
for all of the analyzed grains in terms of predicted and observed fatigue micro-
damage. The possible disagreements between theoretical and experimental
results will be discussed for each sample, and based on the post-fatigue
investigations the reasons for some of those misclassifications will be assessed.

In the first step, the failure function g(.) is calculated for all slip systems of
each grain using Eq. 51. Grain size and grain orientation (Euler-angles) are
extracted from EBSD data and taken as input parameters of the failure function.
Material parameters of Ni are used according to Table 4.1. The minimum value
of the failure function amongst all slip systems of each grain — representing the
weakest slip system — is considered for a prediction of grain failure (g < 0) or no
failure (g > 0). As a next step, the surface of the grains is inspected with SEM,
EBSD, or FIB for presence of micro-damage during HCF experiment. Fig. 6.1
shows typical micrographs of grains with no HCF damage (left) or with HCF
damage (right).

In this way, a classification can be made according to the scheme in Fig. 6.2,
where two different regions are distinguished: the upper region belongs to the
grains, for which the failure function does not predict any HCF damage (g > 0 ;
safe domain or no failure), and the lower region corresponds to the grains, for
which HCF damage is predicted (g < 0 ; failure domain). Depending on
agreement or disagreement between predicted results of the failure function and
the observed micro-damage, each region corresponds to two groups of grains:
those which are correctly classified or those which are possibly misclassified.
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6 Comparison of theoretical and experimental results

Hence, the results for the classified grains can be organized in four different

groups:

1) Correct prediction of no damage: the failure function has predicted no
damage (g > 0), and the surface inspection with EBSD and SEM did not
reveal any micro-damage.

2) Incorrect prediction of damage: the failure function has predicted damage
(g <0), but no micro-damage was observed during surface inspection.

3) Correct prediction of damage: the failure function has predicted damage
(g < 0), and micro-damage was observed during surface inspection. Micro-
damage in those grains was mostly due to extrusions and intrusions.

4) Incorrect prediction of no damage: the failure function has predicted no
damage for them (g > 0), however micro-damage was observed during
surface inspection.

In the next sections, the theoretical and experiments results of the four Ni-

samples No. Ni-105 to Ni-108 are illustrated and the classification of the data

according to the above mentioned procedure is performed.

First, the results of samples No. Ni-107 and Ni-106 are discussed, because
these samples were both loaded in a moderate bending stress range of
+200 MPa, causing a reasonable amount of micro-damage during the HCF
experiment. Then, the results of samples No. Ni-105 and Ni-108 are discussed,
which present a very low and a very high amount of micro-damage due to
smaller load or higher number of fatigue cycles, respectively. With the various
conditions of these samples, the prediction limits of the failure function for HCF
failure shall be verified.
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\J/
a) No HCF damage b) HCF damage
Fig. 6.1. EBSD micrographs of surface grains in sample No. Ni-107 after HCF experiment;

a) no HCF damage observed, b) occurrence of HCF damage related to the extrusions

and intrusions.
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Fig. 6.2. Regions in the diagram of failure function versus grain size for prediction of HCF

damage.
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6 Comparison of theoretical and experimental results

6.1 Results of sample No. Ni-107

This sample was exposed to 2x10° cycles of uniaxial fully reversed bending
with stress amplitude of +200 MPa. After that, its surface was inspected with
SEM and EBSD. Fig. 6.3 compares the surface of the sample before and after
HCEF testing; significant amount of micro-damage evolved during load cycling.
The micro-damage observed on the surface of the grains is related to the
extrusions and intrusions caused by localized plastic deformations along PSBs
(Fig. 6.4).

A total number of 520 grains have been analyzed from the surface area
scanned by EBSD. Grains smaller than 6 pm in diameter are not considered in
this analysis due to the measurement limits of the EBSD method. After
calculating the failure function for all slip systems of each grain and selection of
the related value for the weakest slip system, the results are classified in four
groups in the way as described before. In the following the results of each
classification group are discussed.

250pm

Fig. 6.3. Ultraviolet laser scanning micrographs from surface of the sample No. Ni-107 [88]:
a) and b) gauge section of the sample before HCF testing, ¢) micro-damage that
occurred during HCF testing (2x10° cycles of uniaxial reversed bending with an
amplitude of £200 MPa).
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Fig. 6.4. SEM micrograph of the surface of sample No. Ni-107 (after 2x10° cycles of uniaxial
bending with an amplitude of +200 MPa): micro-damage on the surface near the
gauge section caused by extrusions and intrusions.

6.1.1 Correct prediction of no damage

The first classification group consists of those grains, for which the failure
function has predicted no damage (g > 0), and the surface inspection with EBSD
and SEM did not reveal any micro-damage. Fig. 6.5 shows the failure function
versus grain size for the weakest slip system of all the grains classified in the
first group. Each point of the diagram corresponds to an individual grain. Since
it is a 2D-diagram, Euler-angles of the grains are not shown, although they are
considered in the calculations. A SEM micrograph of one surface grain, which is
typical for the grains in this group, is shown as inset in Fig. 6.5.
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Fig. 6.5. Failure function versus grain size for the weakest slip system of each grain in the
first classification group; correct prediction of no damage.

6.1.2 Incorrect prediction of damage

The second classification group consists of those grains, where the failure
function has predicted damage (g < 0), but no micro-damage was observed
during surface inspection. Failure function of those grains versus grain size is
illustrated in Fig. 6.6.

To understand the reason of misclassification by incorrect prediction of
failure, some of the grains belonging to this group were analyzed in detail. FIB
cross sections were cut through the grains perpendicular to the surface in order
to locate possible damage inside of the grain (not visible on the surface). The
FIB cross sections revealed that in some cases neighboring grains with very
similar Euler-angles were considered by the EBSD mapping program as one
grain with larger size instead of two smaller neighboring grains. The resulting
larger grain size leads to a lower (and possibly negative) value of the failure
function and consequently to misclassification as damaged. This case is
illustrated in Fig. 6.7, where the EBSD mapping together with the FIB cross
section of a mapped grain is shown, confirming that it actually consists of at
least three separate grains.
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Fig.

110 7
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6.6. Failure function versus grain size for the weakest slip system of each grain in the

second classification group; incorrect prediction of damage.

Fig. 6.7. EBSD mapping (left) and FIB cross section (right) of a grain belonging to the 2™

group of classification. No failure inside the grain or on the surface is visible. The
mapped grain includes at least three separate grains (shown in dark and light gray
colors).

6.1.3 Correct prediction of damage

The third classification group represents the grains, where the failure function

has correctly predicted damage (g < 0), and micro-damage was in fact observed
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6 Comparison of theoretical and experimental results

during surface inspection. Micro-damage in those grains was caused
predominantly by extrusions and intrusions. Fig. 6.8 shows the failure function
versus grain size for the 3" classification group of the grains.
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Fig. 6.8. Failure function versus grain size for the weakest slip system of each grain in the 3"
classification group; correct prediction of damage.

6.1.4 Incorrect prediction of no damage

The fourth classification group corresponds to those grains, where the failure
function has predicted no damage (g > 0); while in fact micro-damage was
observed during the surface inspection. Fig. 6.9 shows the failure function
versus grain size for this classified group of grains. This kind of
misclassification is most critical, since grains belonging to this group would be
assessed in a non-conservative manner.

For most grains belonging to this group, the failure function has a small
positive value and they are most probably misclassified due to the uncertainties
in the material parameters or in the experimental characterization of the micro-
structural properties. If, for example, a safety factor of only 10% is added to the
applied value of the critical limit of the accumulated plastic shear strain /¢, then
the failure function will be negative for all but one of those misclassified grains,
so that there would be practically no misclassifications. For the single remaining
grain, which is clearly misclassified (see Fig. 6.9), additional FIB and SEM
analyses were performed. These analyses revealed that an adjacent grain
exhibits also micro-damage, and the PSBs of both grains meet at the grain
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6.1 Results of sample No. Ni-107

boundary. Fig. 6.10.a shows the EBSD surface scan of both grains. The
misclassified grain, with the larger grain size and in the middle of picture,
includes some parallel PSBs, and the neighboring grain, the smaller one, has a
PSB, which ends at the boundary between the two grains. Fig. 6.10.b and
Fig. 6.10.c show the FIB cross sections of the misclassified grain and its
neighboring grain, respectively.

Since the failure function evaluates each grain individually and does not
model mechanical interaction between neighboring grains, those specific cases
are outside the scope of the underlying failure function and are left to a more
refined approach.
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Fig. 6.9. Failure function versus grain size for the weakest slip system of each grain in 4"
classification group; incorrect prediction of no damage.

Fig. 6.10. a) EBSD micrograph of the misclassified grain and its neighbor grain, b) FIB cross
section of the misclassified grain (incorrect prediction of no damage) including
parallel PSBs, c¢) FIB cross section of the neighbor grain with a PSB ending at the
grain boundary.
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6.1.5 Summary of results for sample No. Ni-107

The results predicted by the failure function for all four classification groups are
summarized in Fig. 6.11, representing results of the 520 grains. It is obvious
from the diagram that with increasing grain size the failure probability increases;
grains smaller than 10 um were found not to have any damage. Conversely, for
grains larger than 25 pm the relation of damaged grains to non-damaged ones
increases. That the smaller grains have higher fatigue resistance is in line with
previous work [10-12]. For grains smaller than 10 pm the failure function is
very sensitive with respect to variations of the grain size, but for grains larger
than 20 pm it becomes quite insensitive with respect to such variations,
confirming the previous discussion of the parameter study.

Table 6.1 gives a summary on the predictive power of the failure function.
About 90% of all investigated grains are correctly classified. In 10% of the
grains, a false prediction of damage was made (classification group 2), and only
1% of grains were predicted incorrectly to have no damage (classification
group 4).
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¢ 1: Correct prediction of no damage
20 7 8& g B 2:In t prediction of d
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70 1 @ & & % N <><> . 3: Correct prediction of damage
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Fig. 6.11. Failure function versus grain size for the weakest slip system of grains of sample
No. Ni-107 considering all four classification groups (totally 520 grains presented
on the diagram).
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Table 6.1. Comparison between predictions of failure function and observed damage in grains
of sample No. Ni-107.

Classification group | Failure function Surface Number of | Percentage
inspection grains of grains [%]
! >0 No d
> o damage
correct prediction g .. & 411 79
undamaged visible
of no damage
2 <0 No damage
incorrect prediction g .. & 52 10
damaged visible
of damage
3 <0 Damage
correct prediction g .. & 50 10
damaged visible
of damage
y >0 D
> amage
incorrect prediction & .. & 7 1
undamaged visible
of no damage

6.2 Results of sample No. Ni-106

This sample was tested under the same load conditions as sample No. Ni-107
(2x10° cycles of uniaxial fully reversed bending with a stress amplitude of
+200 MPa), to verify the reproducibility of the results achieved by sample No.
Ni-107 with a more comprehensive data base. After testing, the surface of the
sample No. Ni-106 was inspected with SEM and EBSD, in the same way as for
sample No. Ni-107. Fig. 6.12 shows the surface of the sample before and after
HCF testing. The micro-damage related to extrusions and intrusions are shown
to have evolved during the load cycling (Fig. 6.13).

77



6 Comparison of theoretical and experimental results

Fig. 6.12. Ultraviolet laser scanning micrographs from surface of the sample No. Ni-106 [88]:
a) and b) gauge section of the sample before HCF testing, ¢) micro-damage that
occurred during HCF testing (2x10° cycles of uniaxial reversed bending with an
amplitude of +200 MPa).

Fig. 6.13. SEM micrograph of the surface of sample No. Ni-106: micro-damage on the
surface near the gauge section caused by extrusions and intrusions (after 2x10°
cycles of uniaxial bending with an amplitude of +200 MPa).

The predicted results of failure function versus grain size are shown in Fig. 6.14
for the analyzed area with 220 grains. The classification of the results is

performed as described before for sample No. Ni-107. The main characteristics
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6.2 Results of sample No. Ni-106

of the diagram are similar as for sample No. Ni-107; the dependency of the
failure function on the grain size as well as the distribution of the grains in the
different classification groups are comparable. Five grains were incorrectly
predicted to have no damage (4™ classification group): two of them have a very
low positive value of the failure function, and the other three grains are scattered
in a non-systematic way on the diagram.

Table 6.2 summarizes the results of the analyzed area of the sample No.
Ni-106. About 80% of all investigated grains are correctly classified, and only
3% of grains were predicted incorrectly to have no damage.

Classification group

¢ 1: Correct prediction of no damage
100 5

B 2: Incorrect prediction of damage

& L. -
3: Correct prediction of damage
80 4 & o -
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Fig. 6.14. Failure function versus grain size for the weakest slip system of the grains
considering all four classification groups, sample No. Ni-106 (totally 220 grains
presented on the diagram).
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Table 6.2. Comparison between predictions of failure function and observed damage in grains
of sample No. Ni-106.

Classification group | Failure function Surface Number of | Percentage
inspection grains of grains [%]
! >0 No d
> o damage
correct prediction g .. & 139 63
undamaged visible
of no damage
2 <0 No damage
incorrect prediction g L. g 39 17
damaged visible
of damage
3 <0 Damage
correct prediction & L. & 37 17
damaged visible
of damage
4 >0 D
> amage
incorrect prediction & .. & 5 3
undamaged visible
of no damage

6.3 Results of sample No. Ni-105

Initially, this sample was exposed to a stress amplitude of +150 MPa for 2x10°
cycles and subsequently inspected by ultraviolet laser scanning microscopy.
Since there was no micro-damage visible at the surface of the sample, the HCF
test was continued (with the same stress range) up to 10" cycles. Fig. 6.15 shows
a SEM micrograph of the surface grains after continued load cycling. Only in
some rare cases, micro-damage is detected in grains. In most of the grains just
smooth surface markings are observed which are due to the extrusions and
intrusions caused by the plastic strains along the activated slip bands. These
results reveal that in majority of grains the strain localization and surface
roughening caused by PSBs have not taken place yet, since the stress amplitude
was not sufficiently high. Fig. 6.16 gives a closer view of a grain, where surface
roughening and micro-damage caused by PSBs are obvious.
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6.3 Results of sample No. Ni-105

The failure function was calculated for sample No. Ni-105 as described before.
It was noticed that the failure function had a positive value for all analyzed
grains (g > 0). This is in agreement with the investigation results of surface
grains, where most of them are undamaged (except some rare cases). The
accumulated plastic shear strain has not exceeded the critical limit 7 in the
grains of this sample.

The predicted results of the failure function versus grain size are shown in
Fig. 6.17 for the analyzed area with 417 grains. Table 6.3 summarizes the results
of comparison between the predictions of failure function and the observed
micro-damage for the sample No. Ni-105. About 99% of the grains have been
classified correctly, and only 1% of grains were predicted incorrectly to have no
damage. Since the micro-damage occurred between 2x10° and 10 load cycles, it
indicates that by increasing the number of the load cycles, a few grains can be
damaged. The influence of the number of load cycles on occurrence of new
micro-damage is investigated in the next section for the sample No. Ni-108.

HV mag WD det | tilt| HFW
20.00 kV|1 500 x|10.5 mm|ETD |0 °| 171 pm

Fig. 6.15. SEM micrograph of surface grains: regular surface markings due to dislocations
at slip bands and some rare PSB’s, sample No. Ni-105 (after 107 cycles of
uniaxial bending with an amplitude of £150 MPa).
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@

HV WD | det |tilt| HFW
20.00 kV |2 506 x| 9.7 mm [ETD |0 °| 102 pm

Fig. 6.16. Regular surface markings due to dislocations along slip bands. Formation of PSBs
in one grain due to strain localization, sample No. Ni-105 (after 107 cycles of
uniaxial bending with an amplitude of +150 MPa).
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Fig. 6.17. Failure function versus grain size for the weakest slip system of grains considering
all four classification groups, sample No. Ni-105 (totally 417 grains presented on
the diagram).
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Table 6.3. Comparison between predictions of failure function and observed micro-damage in
sample No. Ni-105.

Classification group | Failure function Surface Number of | Percentage
inspection grains of grains [%]
! >0 No d
> o damage
correct prediction g .. & 413 99
undamaged visible
of no damage
2
. L. 2g<0 No damage
incorrect prediction .. 0 0
damaged visible
of damage
3 <0 Damage
correct prediction g .. & 0 0
damaged visible
of damage
4 >0 D
> amage
incorrect prediction & .. & 4 1
undamaged visible
of no damage

6.4 Results of sample No. Ni-108

In the results of the previous samples No. Ni-106 and Ni-107, it was already
observed that at the stress amplitude of +200 MPa and after 2x10° load cycles a
reasonable amount of micro-damage occurred. Now the question is what
happens in the grains, if those samples are exposed to more load cycles (at the
same stress amplitude)?

To answer this question, sample No. Ni-108 was exposed to the nominal
stress amplitude of £200 MPa but for a longer testing duration of 4x10° cycles.
So it can be verified experimentally, if after 2x10° load cycles the existing
micro-damage evolves further, and if the micro-damage occurs in more grains.
Furthermore the prediction power of the failure function can be evaluated
specifically if the number of load cycles is increased.
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6 Comparison of theoretical and experimental results

Fig. 6.18 shows the SEM micrographs of the surface grains in sample No.
Ni-108. Comparing the results to the samples discussed earlier, more grains are
damaged in this sample by extrusions and intrusions. Furthermore the micro-
damage is extended to a larger area of the grains. It indicates that keeping the
nominal stress amplitude of £200 MPa and increasing the number of load cycles
from 2x10° to 4x10° lead to the formation of more PSBs and further evolution
of existing micro-damage.

For further analysis FIB cross sections were performed for a few damaged
grains. In some cases micro-cracks have been initiated along PSBs (Fig. 6.19).

Fig. 6.18. SEM micrograph of the surface grains. Formation of PSBs and micro-damage is

visible in many grains, sample No. Ni-108 (after 4x10° cycles of uniaxial bending
with an amplitude of +200 MPa).

Fig. 6.20 illustrates the failure function versus grain size for the weakest slip
system of grains considering all four classification groups. Totally 184 grains
are analyzed and the classification results are summarized in Table 6.4.
Comparing to the previous samples, the percentage of the grains in the 3™
classification group is more than in the 2™ classification group, indicating that
the damage can be observed more obviously in the grains of sample No. Ni-108.
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6.4 Results of sample No. Ni-108

Fig. 6.19. FIB cross section: micro-crack initiated, sample No. Ni-108 (after 4x10° cycles of
uniaxial bending with an amplitude of £200 MPa).

Considering the results of the 4™ classification group, it is noticeable that the
prediction power of the failure function has reduced for the mentioned load
condition, where more grains are damaged, which were predicted not to be
damaged. As described in sections 3.3 and 3.4, the grain fulfills the elastic
shakedown and remains in hardening phase, if the accumulated plastic shear
strain bounds to a limit. At the end of the hardening phase, the first PSBs are
created and during the saturation phase the number of PSBs increases [97].
About 38% of the analyzed grains in sample No. Ni-108 present micro-damage
related to PSBs. This indicates that these grains are not anymore in the
hardening phase.

Two specific aspects for the sample No. Ni-108 are the higher stress
amplitude (comparing to the sample No. Ni-105) and the increased number of
load cycles (from 2x10° to 4x10° cycles). These aspects have led to the
occurrence of more micro-damage and more pronounced mechanical interaction
between damaged neighboring grains, which was already addressed as a cause
of misclassification in the results of sample No. Ni-107. In such cases, the
assumption, that in HCF regime each plastically deforming grain is surrounded
by grains which show elastic behavior, is not as accurate as for previous
samples.
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6 Comparison of theoretical and experimental results

Particularly at the beginning of the micro-damage evolution, the proposed
failure function has a very good prediction power for the failure of grains in
HCF due to micro-damage caused by dislocation movements along PSBs. By
occurrence of more and severe micro-damage (at higher stress amplitudes and
higher cycle numbers), the influence of damaged neighboring grains leads to the
reduction of the prediction accuracy, indicating a limiting factor in application
of the failure function.

As refining approach of the HCF model in future work, it is proposed to
consider the influence of surrounding grains, which suffer plastic strains, e.g. by
modification of the Lin-Taylor theorem applied in Eq. 16.

Classification group

& 1: Correct prediction of no damage

100 1 2: Incorrect prediction of damage
3: Correct prediction of damage
80 1 7 e © ® 1 Incorrect prediction of no damage
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Fig. 6.20. Failure function versus grain size for the weakest slip system of grains considering

all four classification groups, sample No. Ni-108 (totally 184 grains presented on
the diagram).
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Table 6.4. Comparison between predictions of failure function and observed damage in
sample No. Ni-108.

Classification group | Failure function Surface Number of | Percentage
inspection grains of grains [%]
! >0 Nod
> o damage
correct prediction g .. & 87 47
undamaged visible
of no damage
2
. .. g<0 No damage
incorrect prediction .. 27 15
damaged visible
of damage
3 <0 Damage
correct prediction g .. & 36 20
damaged visible
of damage
4 >0 D
> amage
incorrect prediction & .. & 34 18
undamaged visible
of no damage
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7  Summary

A new micro-mechanical approach for the prediction of multiaxial HCF failure
in individual grains of fcc metals was established. Since the fatigue damage is
controlled by mechanisms at the grain level, the HCF model considers elasto-
plastic behavior of metals at the grain level and influence of microstructural
parameters — specifically the grain size and the grain orientation — on fatigue
strength. The elaborated micro-mechanical model uses the plastic shear strain
accumulated in the grains as a damage variable to predict the HCF failure. Thus,
a link between microstructural parameters and macroscopic stresses is
established. The HCF model is established particularly for the prediction of the
HCEF failure in small scale applications (length scales of 5-100 um), e.g. micro-
parts or MEMS. Unlike other fatigue criteria, it considers the initiation of HCF
damage in individual grains and not the propagation of HCF crack at macro-
scopic scales or in the bulk material.

Based on the micro-mechanical model a failure function for prediction of
HCF damage was established, and the relevant parameters of the function were
identified. The failure function can be utilized for deterministic prediction of
failure in individual grains, and also for probabilistic failure description in
aggregates of grains with random properties. These two application fields were
discussed extensively in the parameter study and sensitivity analysis.

It was revealed that the sensitivity of the failure probability with respect to
the grain orientation (Euler-angles) is higher than with respect to the grain size.
This is in agreement with previous work of Ziemann on thin films, which dis-
closed also high dependency of plastic deformation on the grain orientation [98].

The failure function shows that there is not a specific preferred slip system
for HCF crack initiation, but the weakest slip system varies depending on the
grain orientation and load condition.

To verify the correctness of the prediction results obtained by the HCF
model, fatigue experiments were performed with a custom-built test setup on
nickel micro-samples, and the predicted results were compared with occurrence
of micro-damage for each grain on the specimen surface. The grain size and the
grain orientation were measured on the surface of the samples by the EBSD
analyses, as the main input variables of the failure function. Occurrence of

89



7 Summary

micro-damage (during HCF experiments) on surface grains was analyzed with
SEM microscopy and FIB cross sections.

By comparison between prediction results and observed micro-damage, a
classification scheme was obtained for several hundreds of individual analyzed
grains. The overall agreement between predicted results of the failure function
and observed micro-damage is fairly good (with low misclassification
probability) and in line with the expected trend that for larger grains the failure
probability is higher than for smaller ones. Generally, the classification works
well for the overwhelming majority of the analyzed grains. Nevertheless, some
grains were misclassified as undamaged, while some damage was observed.

It is argued that one of the reasons for these misclassifications is due to
uncertainties in the applied material parameters or in the measured micro-
structural properties. In a deterministic setting, the misclassifications can be
avoided by adding safety factors when calculating the failure function. Within a
probabilistic approach, the uncertainties can be addressed by a suitably chosen
misclassification probability, similar to non-detection probability approaches in
non-destructive inspection modeling [76].

Considering the fact that the failure function evaluates each grain
individually, the other aspect addressed as a cause for misclassifications is the
mechanical interaction between the neighboring grains, which is intensified by
evolution of more and severe micro-damage (at higher stress amplitudes and
higher cycle numbers). Such an effect reduces the prediction power of the
failure function as a limiting factor. This case was outside the scope of the
underlying failure function, however it can be considered in refining approaches
of the failure function in future work.

In future work, the predictive power of the failure function needs to be
verified using multiaxial HCF experiments and other fcc metals.

The HCF model presents promising results in prediction of fatigue failure at
small scales, but its application for all individual grains of a component can be
intricate. In special cases, it is easier to apply it, if the grains have a preferred
orientation or size distribution due to the manufacturing processes. In those
cases the texture of the microstructure can be estimated using data of similar
samples, and there is no need to analyze the individual grains with EBSD. Such
applications can be related for example to HCF prediction of bamboo-structured
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7 Summary

micro-wires or thin films, which are used widely in microelectronics [91, 99,
110-111].
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Appendix Al: Euler-angles and rotation
matrices

The orientation of a rigid body in three-dimensional space can be described by
three independent parameters. For definition of these parameters there are
different methods, amongst them the Euler-angles are very well-known.
According to Euler rotation theorem, any rotation may be described using three
angles. If the rotations are written in terms of corresponding matrices D, C, and
B, then a general rotation A can be decomposed into three subsequent rotations
D, C, and B according to [72] '

A=BCD (52)

The three angles describing these three rotations are the Euler-angles, denoted as
(¢,6,). Out of the several conventions for definition of Euler-angles (depending
on the axes about which the individual rotations are performed), the so-called x-
convention is used here (Fig. A1.1).

D C B

Fig. Al.1. Illustration of three Euler-angles and associated rotation matrices. Reference of the
figure is: [72], with some small modifications.

""" This appendix is written mainly based on reference [72]. Readers are referred to this

reference for some more details on this topic.
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The first rotation about the z-axis is presented with the angle ¢ and is associated
to the rotation matrix D. The second rotation with an angle 6 is about the initial
x-axis (which is already rotated to the x'-axis), and shown with the matrix C.
The last rotation is with an angle y about the initial z-axis (which is rotated
already to the z’-axis), and presented by matrix B. The rotation matrices are
given by [72]:

[ cosyy siny 0
B=|—-siny cosy 0 (53)

0 0 1

(1 0 0

C=|0 cosf sind (54)

|0 —sin@ cos®

cos¢ sing O
D=|—-sing cos¢ 0 (55)

0 0 1

In this work the components of the inverse matrix A” were needed to find the
orientation of the grains with respect to the global coordinates system.
According to Eq. 52 to 55, the components of A™' read as:

a;! = cosy cos¢ —cos@sin gsiny (56)
a;, =—siny cos¢ —cosOsin pcosy 57)
a,, =sinfsing (58)
a,] = cosy sing + cos O cos gsiny (59)
a,) =—siny sing + cos & cos pcosy (60)
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a,, =—sinfcos¢ (61)
a;| =siny sin@ (62)
a,) = cosy sin@ (63)
a,, =cosd (64)
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Appendix A2: tensile triangle method

To avoid stress concentration at the sharp corners of the components (e.g.
shoulder fillets) or notches, there are different methods to optimize the geometry
at such locations. One of the well-known approaches is the tensile triangle
method, which is inspired by nature and proposed by Mattheck [90]. This
method was applied in design optimization of the micro-samples (refer to
chapter 5) [89] .

Different steps of this method for optimization of shoulder fillets are
illustrated in Fig. A2.1. Starting with a design having a sharp corner (with right
angle), three different triangles are mapped to this corner. The first and largest
triangle, having two 45° angles, covers the sharp corner as a chamfer. So two
design points are identified: point 1 is located on the shoulder (the clamped
side), and point 2 is located on the gauge section. The midpoint of the
hypotenuse is marked as point 3. A circle with center at point 2 and a radius
equal to the distance between points 2 and 3 will cross the gauge section at
point 4. The second triangle is defined by point 2, 3, and 4. The midpoint of the
hypotenuse is marked as point 5 and the third triangle is defined in similar way
as the second one, defining the point 6 locating on the gauge section. After
combining the three mentioned triangles as a single area, three lines will remain,
numbered from 1 to 3 (Fig. A2.1.b). These lines define the new contour of the
corner; however, there are still sharp corners at the interface of the triangles
(point 3 and 5), which should be rounded with possibly largest radii tangential to
the outer contour of the triangles. Beginning from the midpoint of line 2, the
rounding radii are determined. The rounding radii should be tangential to each
other at this point, in order to have the largest radii. Now a perpendicular is
drawn to the line 2 at its midpoint. The second perpendicular is drawn to the
line 1 in the way that point 3 has the same distance d to these two perpendicu-
lars. The intersection point of the two perpendiculars defines the center of the
arc, tangential to the lines 1 and 2. The radius of the arc is equal to the distance

2 This appendix is written mainly based on reference [89]. Readers are referred to this

reference for some more details on this topic.
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between intersection points of the two perpendiculars and the midpoint of line 2.
This arc is the first fillet created by the tensile triangle method. By repeating the
procedure for line 2 and 3 in similar way, a fillet can be drawn between these
two lines to round the corner at point 5. Furthermore, a third fillet needs to be
drawn to round the corner at point 6. Finally, the sharp corner between clamped
and gauge sections is substituted with fillets, which are joined together
tangentially [89].

To achieve the optimized results, it is needed in some cases to adjust the
distance of the point 1 to the initial sharp corner (with right angle) and repeat the
procedure. Increasing of this distance leads to the increasing in the fillet radii
and therefore a better optimization regarding stress concentration.

a) b) )

Line3

Fig. A2.1: Steps of tensile triangle method for rounding of shoulder corners: a) definition of
design points, b) revised contour, c) helping lines for fillet radius [89].
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SCHRIFTENREIHE DES INSTITUTS FUR ANGEWANDTE MATERIALIEN

The grain microstructure and damage mechanisms at the grain level are the key
factors that influence fatigue of metals at small scales. This is addressed in this
work by establishing a new micro-mechanical model for prediction of multiaxial
high cycle fatigue (HCF) at a length scale of 5-100 um. The HCF model considers
elasto-plastic behavior of metals at the grain level and microstructural parameters,
specifically the grain size and the grain orientation. The HCF model can be applied
either as a deterministic failure criterion for individual grains, or as a failure func-
tion in probabilistic studies on aggregates of grains. For model verification, the
predicted results of the failure function are compared with the observed micro-
damage in individual grains of nickel micro-samples. For that the grain size and the
grain orientation are measured on the surface of the samples by EBSD, as the main
input variables of the failure function. It is shown that the overall predictive power
of the HCF model is fairly good. However, some misclassifications occur as some
grains are damaged, which are predicted to be safe. Post-fatigue investigations
on individual grains reveal in some cases the reasons for those misclassifications.
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