
Abstract

Fatigue is the most frequent failure mode and must be considered in a mechanical design
of actual operating components. The fact that mechanical design is most often linked
with existence of stress raisers and multiaxial time-varying stresses has in the last decades
increased the research effort worldwide. The goal is to put forward methods and ideas
to explain the fatigue phenomenon so that costs can be decreased and reliability can be
increased. The ultimate goal is reliable performance of mechanical components.

Most of the available models for High Cycle Fatigue (HCF) assessment are deter-
ministic and are applied to experimental fatigue limits for a failure probability of 50%.
These models are not intended to describe the statistical nature of HCF even with the
knowledge that HCF has a degree of randomness (stochastic), often showing consider-
able scatter even in well controlled environments. In traditional product design, safety
factors, or design factors, are usually assigned in order to assure reliability since the
fatigue process is influenced by many different factors, i.e. size effect, gradient effect and
load effect, which inherently exhibit scatter.

Probabilistic approaches in fatigue design are practical due to the uncertainties asso-
ciated with service loads, material properties, geometrical attributes, and mathematical
design models. This approach allows a quantification of risk that is not possible with
deterministic design approaches.

In HCF assessment, both the deterministic and probabilistic models share a com-
mon critical point. The critical point is the transferability of the models, i.e. transferring
fatigue data in between different geometries. In order to address the problem of trans-
ferability, and hence the prediction capability of the fatigue models in new situations,
many engineers and researchers have contributed.

The stress gradient and the structural size are known to be important factors affecting
the fatigue life of components. The volumetric approaches based on threshold stress
levels have indicated on good predictive capabilities. In these approaches, it is assumed
that only in some highly stressed material volume, fatigue processes take place.

For describing the scatter around the fatigue limit, the weakest link (WL) model is
widely used. In the WL-model, the spatial stress field acting in a component is integrated
over either the component material volume or surface and thus the failure probability is
obtained. The model is considered to be the state of the art approach in HCF field.

In this work, new probabilistic HCF models based on ideas originating from the
highly loaded region concept and the Theory of Critical Distances (TCD) are presented.
The new HCF models stem from the hypothesis that fatigue damage can initiate at any
spatial point that is stressed higher than a material specific threshold stress value. All
points that fulfill this condition form the highly loaded regions. The new models are
found to have good transferability and improved predictive capability compared to the
WL-model when validated with fatigue test data obtained from conducted experiments
using cylindrical specimens loaded by uniaxial and rotating bending loading modes.

Keywords: High Cycle Fatigue, Probabilistic models, Weakest link, Highly loaded
regions
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Sammanfattning

Efter många upprepade belastningar kan en komponent haverera p.g.a utmattning. För
många metalliska material är det oftast kombinationen av cykliska belastningar och
förekomsten av defekter (utspridda i komponentens volym eller på dess area) och den
geometriska komplexiteten som kombinerat utgör den viktigaste förklaringen till att
utmattningsbrott inträffar. Defekterna kan vara partiklar, hålrum eller inneslutningar
av olika slag (grafit, karbider, silikater, nitrider...).

Föreliggande doktorsvhandling handlar om högcykelutmattning (HCF), med särskilt
fokus på probabilistiska prediktionsmodeller för beräkning av utmattningsrisken. Vid
högcykelutmattning är antalet belastningar till brott stort och man får ingen egentlig
förvarning om att brott är på gång. Bl.a. av detta skäl är det extra viktigt att högcyke-
lutmattning kan undvikas. Metoderna för utmattningsdimensionering är av helt olika
typ; de klassiska metoderna är deterministiska och kompletteras ofta med säkerhets-
faktorer. Inom den probabilistiska dimensioneringsmetoden mot högcykelutmattning
uttrycks belastningen på en komponent som sannolikheten för utmattningsbrott. Detta
innebär ett nytt sätt att tänka vid dimensionering.

Under de senaste decennierna har utmattningsmodeller dock utvecklats mycket, från
att vara rent empiriska till att idag mera föreskriva fenomenologiska observationer av
den fysikaliska utmattningsprocessen. Framför allt möjligheten att göra omfattande
FE-analyser har verkat pådrivande i denna utveckling.

Den främsta probabilistiska dimensioneringsmetoden som används idag är baserad
på weakest link statistik. Den volymbaserade weakest-link (WL) metoden utgår från att
det finns oberoende defekter, slumpmässigt fördelade i volymen hos en komponent. I
metoden beräknar man sannolikheten för utmattningsbrott i form av en volymintegral.
Det innebär att sannolikheten påverkas dels av hur belastad varje punkt i en komponent
är och dels hur den rumsliga fördelningen för spänningarna i komponenten ser ut. Detta
innebär att även måttliga spänningar kommer öka sannolikheten för utmattning om de
verkar i en stor volym. I tillämpningar beräknas brottsannolikheten för en komponent
med WL metoden med hjälp av numerisk volymintegration.

Spänningsgradienten och de högt belastade områdena (volym, area) är mycket viktiga
faktorer som påverkar utmattningslivslängden för metalliska komponenter. När man
analyserar fleraxliga spänningstillstånd bör ett relevant spänningskriterium användas
för att ta hänsyn till båda ovan nämnda effekter samt spänningshistoriken.

En av WL modellens svagheter är att dess prediktionsförmåga försämras då flera
anvisningar finns hos komponenten. Nya modeller för HCF presenteras i denna avhan-
dling. De nya modellerna tar de högt belastade områdena (volym, area) och spännings-
gradienteffekten i beaktande. De nya modellernas prediktionsförmåga och överförbarhet
valideras med utmattningsdata från cylindriska provstavar utsatta för enaxlig dragn-
ing respektive och roterande böjning. Dessa modeller visar signifikant förbättring av
prediktionsförmågan och överförbarhet för utmattningsbrott jämfört med weakest-link
modellen.

Nyckelord: HCF, Probabilistiska modeller, weakest-link, Högt påkända områden
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The Fatigue Phenomenon

1.1 What is fatigue?

Fatigue is the most common form of metal failure in structural components and members.
Between 80 and 90% of all structural failures occur due to a fatigue mechanism. Fatigue
failure in some different operating mechanical components is presented in Fig. 1.1. In
order to avoid and address this fact substantial efforts have been made to bring fatigue
analysis technology to the hands of engineers. Then, it is possible to design improved
products and by this achieve cost reduction and reliability at the same time. However,
the prediction of fatigue damage for structural components subjected to variable loading
conditions is a highly complex issue and this fact has led to much research among
experimentalists and theoreticians through the years and around the world.

Fatigue is a localized damage process of a component produced by cyclic loading. It
is a cumulative process consisting of crack initiation, mainly initiated at the surface of
components, propagation and a final failure of the component. It has been observed that
the fatigue failure process will exhibit the following stages: (1) crack nucleation, (2) crack

propagation (short and long crack growth) and (3) final fracture. What is complicating is
that the second stage may lead to crack arrest, i.e. a nucleated crack will not necessarily
lead to final fracture. One may also speculate that, the conditions for nucleation can
sometimes be fulfilled, but a crack can not be observed because the conditions of the
second stage are not fulfilled. Then, there is not any observable damage.

(a) Tooth failure (b) Blade failure

Figure 1.1: Fatigue failure in operating mechanical components.

Fatigue results always indicate a considerable scatter. The fatigue process has a
degree of inherent randomness (stochastic), often showing statistical nature even in well
controlled environments. The scatter tends to increase for longer fatigue lives as shown
in Fig. 1.2. Fatigue damage increases with applied load cycles in a cumulative manner.
High cycle fatigue strength (about ≈ 104 to ≈ 107 cycles) is often described by stress-
based parameters.
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Figure 1.2: Failure distribution with corresponding scatter in different fatigue life

regimes.

1.2 What are the challenges in the High Cycle Fatigue

field?

Real-world components have taught design engineers that the fatigue strength found in
well controlled laboratory environments does not really describe the complete reality of
the fatigue strength. This is mainly due to the statistical nature of the fatigue phe-
nomenon. During the last decades, many investigations have been carried out in order
to develop reliable prediction models for High Cycle Fatigue, HCF. It takes tremendous
time and other efforts to construct reliable stress-life curves for materials. Therefore it
is of great importance to develop prediction models with good accuracy to avoid fatigue
failures of the structural components.

In order to design with satisfactory fatigue life (prior to testing actual components),
good practice requires that the “laboratory” fatigue strength distribution (using proba-
bilistic methods) be reduced by several adjustment factors. These reductions are neces-
sary to account for:

1. The differences between the application and the testing environments (specimen
testing or product testing), and

2. The known statistical/metallurgical variations of the material.

12



Fatigue design

2.1 Why do we need fatigue design?

Fatigue is one of the observed modes of mechanical failure in practice. For this rea-
son fatigue becomes an obvious design consideration for many structures. For these
structures, cyclic loads are identified that could cause fatigue failure if the design is
not adequate. Most often, for design engineers, the combination of cyclic loading and
complex geometries is unavoidable. Today’s manufacturers face strong competition and
have to improve performance and reduce margins/costs of their products. The required
safety and/or reliability of modern engineering structures has also generated interest in
this subject.

Probabilistic design allows for a quantification of risk that is not possible with de-
terministic design approaches. This quantification of risk can help to avoid both over-
and under-design problems while ensuring that safety and quality levels are economically
achieved. Over-design spend more resources than necessary and leads to costly products.
Avoiding over-design helps to conserve product materials and reduce manufacturing re-
sources, machining accuracy, quality control, and processing. The majority of the models
into the fatigue process have been concerned with the phenomenological aspect of fatigue
failure, i.e estimating the total life of components under specified loading conditions.

2.2 Why do we need probabilistic fatigue design methods?

Probabilistic design seems to be the most practical approach in product design due to
the inherent variability associated with service loads, material properties, geometrical
attributes, and mathematical design models. It is becoming the preferred design method
because over- or under-design can be avoided while still ensuring the safety of a product.
Multiple distributed inputs can interact in unpredictable ways, in some cases to give
higher then expected probabilities of bad things happening, like structural failure. Only
probabilistic analysis can represent this. Probabilistic design is suggested as an alterna-
tive. This way of designing, promises lower weight, lower cost, and higher performance
for products like jet engine components. Drive for efficiency can compromise reliability
(safety) in these components where a level of appropriate or tolerable risk is around
(10−4, 10−5, etc.).

A quality product is not associated with unexpected and unpleasant events which re-
sult from uncertainties in design. In traditional, or deterministic design, safety or design
factors are usually subjectively assigned in product design so as to assure reliability. But
this method of design can sometimes be crude. In fact, the safety factor method does not
give any insight regarding individual variation or the actual margin of safety in a design.
Because of the difficulty of relating safety factor and product safety quantitatively, some
prefer the term design factor to safety factor.

A design based on analysis alone, without fatigue testing, either requires large mar-
gins for uncertainty or must permit for some probability of failure. In some situations, ac-

13
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counting for this variability in the analysis can be critical, or at least more cost-effective,
than over-designing products with expensive materials or manufacturing processes.

Fatigue data available at present permit probabilistic design for a few situations
down to a probability of failure of about 10%. There is hardly ever data available for
lower probabilities. Extrapolation of known probability data to lower probabilities of
failure requires large margins for uncertainty or safety factors. Another critical point is
the transferability of the fatigue data from small specimens to larger and more complex
actual operating components, see Fig. 2.1.

Figure 2.1: Transferability of fatigue test data to actual operating components.

2.3 Stress-based HCF models

2.3.1 What is a stress state history?

Cyclic stresses are considered to be the main factor for HCF. In order to perform HCF
assessment, stress histories of components are of great importance. The stress state can
be more or less demanding to analyze. At every material point, x, of a component a
time-varying stress history can be described mathematically. Some common stress state
histories are described here briefly,

σij (x, t) = σm
ij (x) + σa

ij (x) sin (ωt) , (2.1)

σij (x, t) = σ0
ij (x) + σ

f
ij (x) f(t), (2.2)

σij = σij (x, t) , (2.3)

where each stress state has a certain complexity. The most basic cyclic stress at a point
x and time t can be described as Eq. 2.1 where the stress is alternating with a mean
stress, σm

ij (x), and an amplitude part, σa
ij(x). This state is caused by applied loads that

have the same phase and frequency. It is natural to use the period of the sine function,
sin (ωt), to define a periodic cyclic loading.
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The next level of complexity is the stress state described in Eq. 2.2, where the time
and space are still separated. The point is considered to have a basic stress state, σ0

ij (x)
and f(t) which is function to describe the magnitude for each time, t. In this case the
time dependence can be periodic or random.

The most complex stress situation is the one described in Eq. 2.3, where the stress
components vary independently of each other. It is not very common to have this kind of
stress state in which no direct connection between the stress components exist. This is a
difficult case to study and there is no generally accepted way to transfer stress histories
into separated stress cycles based on the stress tensor.

To summarize the stress states above, one can say that in cyclic loading, either the
direction of the principal stresses or the magnitude of them changes with respect to time.
In general cases, both are varying with time. In multiaxial loading, principal stress axes
create more complex stress trajectories which is one aspect that complicates multiaxial
fatigue compared to the uniaxial one.

2.3.2 How is prediction of HCF modeled today?

This impedes the development of applicable, engineering models that would require only
a small amount of basic material characterization data to simulate the fatigue process.
As a result, most fatigue models proposed until now are founded on a phenomenological

basis. Phenomenological formulations try to correlate the fatigue damage state of the
material with a physically measurable quantity like residual stiffness or strength. A gen-
eral classification of fatigue modeling efforts adopted herein is the following: empirical,
deterministic and probabilistic, see Fig. 2.4.

Figure 2.2: Different types of phenomenological models in HCF field.

Empirical models that introduce a damage parameter with no physical interpretation
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as a means of accumulating fatigue damage until final failure of the material. Several
examples of different levels of complexity are found in literature, with most typical
example the widely used Palmgren-Miner rule. Most empirical approaches have been
introduced for metallic materials in an effort to predict fatigue damage and life under
variable amplitude (block or spectrum) loading. Some amongst them account for non
linear dependencies of fatigue life on entities such as load sequence, fatigue stress level
etc.

Deterministic models, such as volumetric approaches and critical distance methods,
do not intend to described the statistical nature of fatigue. These models are aimed to
describe the fatigue strength, typically at 50% failure probability, known as fatigue limit.
This category of models treats the fatigue life prediction problem from the macro down to
the meso- or even micro-scale. However, micro-damage is not treated as such but rather
as a cause of change of material mechanical properties at the considered scale. Given the
variety and various interactions between fatigue damage mechanisms, phenomenological
modeling appears as an attractive and convenient solution to the problem. All the models
include different types of parameters to be determined when fitted to experimental test
results.

Probabilistic models on the other hand intend to describe the strength scatter of the
materials. Different phenomenological model have been proposed, for instance the weak-
est link model, to describe the statistical nature of material fatigue. As a consequence,
probabilistic models do not explicitly model each damage mechanism individually, but
captures them on the macroscopic, observed, level.

2.4 Classification of High Cycle Fatigue models

2.4.1 What is a local stress criterion?

The most straightforward classification of the HCF models divides them into two types:
local and non-local. In the local models, different local fatigue criteria are available.
These criteria are applied at each individual material point in the body. The important
feature of these local fatigue criteria is that the FEA computations at a particular point
use only data obtained at that point, not the rest of the body of the component. The
local fatigue criteria are considered to be very useful due to the fact that they can be
implemented easily in even structures with more complex geometries, and also the fact
that they often can be interfaced with statistical models.

A criterion is considered local, if it can be evaluated with only the knowledge of the
time history of the stress tensor at a single material point. The local criteria summarizes
the stress history into a scalar value at a material point, x: σ (x, t) → σeff (x). Some of
the local effective stress criteria are based on stress invariants, such as the Sines [1] and
Crossland [2] criteria, and other are so-called critical plane criteria like the Findley [3],
Matake [4] and Dang Van [5] criteria. Investigations of the predictive capabilities using
different effective stresses have been performed by Papadopoulos [6] and Norberg and
Olsson [7].
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The effective stress criterion given by Findley is expressed as,

max
all planes

(τa + αF σn,max) = σF, σF ≤ σcrit
F , (2.4)

where τa is the shear stress amplitude and σn,max is the maximum normal stress acting on
the critical plane during a load cycle and αF and σcrit

F are material parameters needed to
be determined by two different fatigue tests. This criterion modifies the allowable shear
stress amplitude on each plane with the tensile normal stress acting on the plane.

2.4.2 What is a non-local High Cycle Fatigue model?

Non-local methods are of such character that they do not only take the local stress in a
material point into account. These methods consider how the effective stress is spatially
distributed in a component. Various theories such as gradient, volumetric and weakest
link concepts belong to the category of non-local fatigue criteria.

One of the most widely known statistical approaches in fatigue is the weakest link
theory, first proposed by Weibull [8, 9]. The applicability of this theory is not always
straightforward. For cyclic loading the statistical size effect represents a possibility to
transfer characteristic values of fatigue life from one component (specimen) to another
having different size and shape. The integration can be performed over the specimen
surface area [10, 11, 12, 13, 14, 15] or as a volumetric entity [16, 10, 11, 12, 17, 18].
The normal distribution is often used as a fatigue limit model when using the largest
occurring point stress value [11, 12, 19, 20, 21, 15]. This gives a rather conservative
prediction. If the effective stress at a point is reduced with a constant times the gradient
of the effective stress at the same point, a better measure for prediction is obtained,
[11, 12].

The volume based weakest link model is

Pf,V = 1 − exp

[

−
1

Vref

∫

V

(

σeff − σth

σu

)β

dV

]

, (2.5)

with σth denoting the threshold stress below which no failure ever occurs, and β denoting
the Weibull exponent; Vref and σu are the reference volume and reference stress, respec-
tively. The bracket (that is raised to β) attains the value zero for negative arguments.
Consideration of a continuous stress distribution in space, the expression in Eq. 2.5 can
be used to express the probability of failure for a component by integrating over the
entire volume.

2.4.3 What is a highly loaded volume?

It is generally accepted that the use of the theoretical stress concentration factor (Kt)
gives overly conservative results for fatigue data of ductile materials or when sharp
notches are present. In these cases, the fatigue notch factor (Kf < Kt) is used. Over
the last years, many methods have been developed to compute the Kf based on for
instance statistics or crack growth. However, none of these methods is suitable for all
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fatigue cases, often leading to the use of empirical formulas to cope with the influence
of stress raisers on the fatigue life of different materials. Several methods based on the
highly loaded region concepts have been developed. One of these concepts is the highly
stressed volume method, originally developed by Kuguel [22].

Kuguel [22] has in a work, in 1961, studied the effect of the highly stressed volume on
the fatigue life of specimens. The highly stressed volume according to Kuguel is defined
as the volume which is subjected to at least 90% of the maximum stress occurring in a
notch. Bending was the main load case investigated. The final result showed a linear
relationship between the logarithm of the critical volume and the logarithm of the local
endurance stress amplitude. The power law used is given as,

σa(1) = σa(0) ·

(

V90%(1)

V90%(0)

)m

(2.6)

with m < 0, referred to as Kuguel coefficient. This law is based on two specimens (0)
and (1) with different notch geometries. Kuguel’s model is of a deterministic type and
has shown good predictive capabilities.

2.4.4 What is the Critical Distance Method, CDM?

It has been suggested that the stresses at a depth below the surface, or the averaged
stresses in a surface layer of a certain depth, best describe the loading that give fatigue
failure [23, 24, 25, 26, 27], rather than the peak stresses at the specimen surface. The
theory of critical distances (TCD), by Taylor [25], has proven to be suitable for fatigue
strength prediction of real metallic materials, even in the presence of complex geometries
and stress raisers. In recent years, TCD is widely used for fatigue assessment and
evaluation of hot spots. The idea of hot spots in design was first introduced by Neuber
[23] with the so called Line Method (LM) for fatigue life prediction of metallic materials.
Failure is then assumed to occur when the averaged stress over a line of length equal
to the crystal size equals the plane-specimen fatigue limit of the material. The Point
Method (PM), was introduced by Peterson [24] as a simplification of the LM. The PM
assumes that the fatigue failure is due to stress levels at a point placed at some critical
distance from a hot spot.

The rule is based on Peterson’s [24] hypothesis that fatigue failure does not occur
when the maximum surface stress reaches the fatigue limit, but rather when the fatigue
limit is reached at some finite distance below the surface. All the TCD related theories
are directed at the HCF region of metallic materials. Eventhough TCD may still be
used in design, it is now inappropriate given that the stress distribution at notches and
stress raisers can be computed accurately with finite element analysis (FEA).
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2.5 New proposed HCF models

2.5.1 What are VPF models?

The weakest link integral is adequate when fitted to the experimental outcome of each
single notch separately. However, WL is not good when several notches are considered
simultaneously. The transferability of the WL-model is limited. In addition, earlier
investigations show that probabilities of fatigue failure that depart from 50%, both
higher and lower, are poorly described by the WL-model. The models are presented in
[20, 21, 15].

In Paper B, the new HCF models, VPF models, stem from the hypothesis that fatigue
damage can initiate at any spatial point that is stressed higher than a material specific
threshold stress value, σeff (x) ≥ σth. The models are strongly connected to he CDM
and the highly loaded volume concepts proposed by Kuguel, see Fig. 2.3. All points
that fulfil this condition form the highly loaded volume, V ∗. The main factors included
in the new models are the volume V ∗, the maximum perpendicular depth below surface,
d̂, and the highly loaded specimen surface area, A∗. It is shown that the new models
give better HCF prediction then WL.

Figure 2.3: VPF models, a combination of two state of the start methods.

In Paper C, a further developed VPF model is presented. In this paper, a new
threshold/volume/depth related HCF evaluation method is proposed. A new highly
loaded volume is presented. The volume Ṽ , is defined by first considering V ∗. The
amount of the volume, V ∗, is computed from all the material points, that fulfills the
condition, σeff (x) ≥ σth. Thereafter, all points closer to the surface than dth are omitted
and the remaining volume is Ṽ . It is then assumed that the volume Ṽ is directly
connected to the probability of fatigue failure.

In Paper E, on more attempt to develop the VPF models is made. In this work, the
sub-surface region V̂ is introduced and the failure probability based on the size of this
region is determined. The model can be seen as an augmented Ṽ -model.

2.5.2 What is AROMA-PF?

There exist several commercial (and non-commercial) fatigue post-processors today. The
post-processors use results from FE-codes with different methods mainly based on deter-
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ministic and probabilistic approaches to deal with multiaxial stress states in mechanical
components. Most of the fatigue damage evaluation methods for multiaxial conditions
have been developed for proportional conditions. Under non-proportional stressing, fa-
tigue damage evaluation becomes difficult, since a complex path in the stress space has to
be determined and evaluated. This is usually performed by a suitable fatigue evaluation
post-processor.

The post-processors used today can mainly be divided into three different categories.
Among the general fatigue assessment softwares FEMFAT, nCode, fe-safe, ANSYS fa-
tigue module and the Fatigue Calculator can be mentioned. Post-processors such as
P•FAT and PFAFAT belong to probabilistic fatigue assessment post-processors. The
third category of post-processors are based on the crack growth simulations. This group
is left out of this work because they are less relevant for probabilistic HCF assessment.

In this work [28] and [29], a probabilistic HCF post-processor named AROMA-PF has
been developed and used for the analysis. This post-processor contains different effective
stress criteria and evaluation models as presented in Fig. 2.4. The new developed models
within this work intend to describe the failure probability pf , as function of the properties
connected to the highly loaded regions. All the new models along with the weakest link
model have been implemented in AROMA-PF for computation of the failure probability,
as shown in Fig. 2.4.

Figure 2.4: Flow chart of the HCF post-processor, AROMA-PF.



Results

In Paper A, a probabilistic HCF investigation is carried out. The sensitivity of the
volume based weakest link probabilistic model due to different mesh properties of the
blade is investigated. The work with the HCF probabilistic post-processor starts within
the scope of this work. Based on the results obtained in Paper A, advice for better
finite element meshing of the blades based on linear solid type solid elements for HCF
investigation is given.

In Paper B, a specimen with two competing fatigue failure sites, two notches of
different sizes, is used. This specimen has been used in [16, 10, 11, 12] for determination
of both the fatigue limits (one for each notch) and the finite life behavior. The predictive
capability and transferability of the new VPF models along with the weakest link model
have been studied using rotating bending double notched fatigue specimens.
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Figure 2.5: Residual for the proposed VPF models, and the WL-model, using different

local criteria in Paper A. Rotating bending load case is used in the performed

fatigue tests.

The results for different fatigue post-processing models 1-6 may be seen in Fig. 2.5.
Models 1-3 are the V ∗-model, A∗-model and the d̂-model. Models 4-6 are different com-
binations of the models 1-3. Model 7 is the volume based WL-model in Fig. 2.5. Note
that the best choice of parameters have been chosen for each model. Thus, combined
models such as 4-6 will be better since “curve fitting capability” is enhanced. From
models 1 to 3 in Fig. 2.5, it is clear that the V ∗-model exhibits better predictive ca-
pability then the A∗- and d̂-model. This result indicate that the important defects are
distributed in the volume and they form cracks that grow until final fatigue failure. This

21



22 CONTENTS

conclusion is strengthened by noticing that the V ∗-model is equally good as models 4-6.
It is also interesting to note how poor the WL-model is in this investigation.

In Paper C, a new threshold/volume/depth related HCF evaluation method is pro-
posed. The main goals of this paper are: i) to determine how much the predictive and
transferability capabilities are improved when compared to the current state of the art
HCF models and ii) to compare results of prediction with the new proposed method
with experimental results for uniaxial fatigue tests conducted on smooth and notched
specimens at different stress ratios and finally iii) to increase the understanding of how
mechanisms of fatigue could be expressed in phenomenological models. The comparison
of the new models and the WL-model using different effective stress criteria is presented
in Fig. 2.6. The result presented in Fig. 2.6 indicate that the new threshold depth
used in the Ṽ -model is an interesting parameter since the HCF prediction capability of
Ṽ -model is better than the other models used in this investigation. This result indicate
that the defects slightly below the material surface distributed in the volume form cracks
that grow until final fatigue failure.

Figure 2.6: Residual for the proposed VPF models, and the WL-model, using different

local criteria in Paper B. Uniaxial load case is used in the performed fatigue

tests.

In Paper D, the probabilistic HCF post-processor AROMA-PF is used for real compo-
nent application. AROMA-PF, developed mainly for HCF design of compressor blades,
is presented with different combinations of stress-invariant based stress criteria and vol-
ume based probabilistic HCF models. In this paper, a compressor blade with more
realistic time-varying loading is studied. Three different load cases, originating from



critical crossings on a Campbell diagram corresponding to different vibration frequen-
cies are investigated and the predictive capability of the models is analyzed. In Fig.
2.7, the failure probability due to uncertainty only in the material’s fatigue properties
as function of the maximum Crossland effective stress value is presented for the different
load cases. The VPF model is showing a cut-off behavior compared to the WL model
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Figure 2.7: The failure probability due to uncertainty only in the material’s fatigue prop-

erties as function of the maximum Crossland effective stress value.

which is having a tail behavior as shown in Fig. 2.7. The models shown a significant
difference at lower failure probabilities.

In Paper E, new probabilistic HCF evaluation model based on deep root fatigue
regions. The model stems from the hypothesis that the highest fatigue risk is controlled
by stresses in locations slightly below the free surface area. The size of this region
affects the fatigue risk and fatigue crack initiation. The predictive capability of the new
proposed HCF model is studied along with comparison to other state of the art HCF
probabilistic models. Fatigue data originating from different geometries and materials
conducted at different loading modes; rotating bending and uniaxial loading is used for
the analysis. The investigation performed in this work indicate that the new proposed
models increase the prediction accuracy and hence predictive capability. In Fig. 2.8,
the best fit results, i.e. the minimum sum of errors, for different HCF models combined
with the three chosen local criteria are presented. The new proposed models indicate on
good predictive capabilities compared to the WL models as shown in Fig. 2.8. For this
test data, even the area based models indicate on good predictive capability when fitted
to scaled geometries tested with rotating bending loading mode.
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Conclusions

Based on the results obtained in this work, the following conclusions may be drawn:

• The predictive capability of the HCF probabilistic models are not very dependent
on the choice of the local multiaxial stress criterion.

• The choice of a probabilistic HCF model seems to be more significant for the
predictive capability.

• In general, the weakest link models show limited predictive capability and thus
transferability.

• The new proposed VPF models indicate on good predictive capability when fitted
to data originating from different geometries and loading modes conducted in this
work.
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Summary of appended papers

Paper A: FE-Mesh Effect of the Volume Based Weakest-Link Fatigue Probability Ap-

plied to a Compressor Blade.

In Paper A, a probabilistic HCF investigation is carried out for a transonic compressor
rotor blade. The sensitivity of the volume based weakest link probabilistic model (WL)
due to different mesh properties of the blade is investigated. The goal is to provide advice
for better finite element meshing of the blades based on linear type solid elements for
the computation of the stress history. The mesh types of the blade is the input param-
eter for the probabilistic HCF investigation. Two different types of local effective stress
criteria are used in combination with weakest-link to describe the failure probability for
the material used for the compressor blade. The estimation of the weakest-link theory
and the local HCF criteria material parameters are performed using HCF experimental
data based on 2 million load cycles obtained for smooth and notched specimens. The
investigation shows that the choice of the mesh property through the thickness of the
compressor blade has much more effect on the failure probability predictions compared
to the in-plane mesh property of the blade.

Paper B: New models for prediction of high cycle fatigue failure based on highly loaded

regions.

In this paper, new probabilistic HCF models based on the highly loaded region are pro-
posed. The models take important factors like stress gradient and structural size into
account. In situations with multiaxial stress conditions, a relevant criterion must be
used to account for both these effects as well as the history of a non-homogeneous stress
state. In this work, a stress field resulting from rotating bending is analyzed. By means
of the new proposed probabilistic HCF models, all the known important effects on the
fatigue strength have been reflected. In addition, the well-known weakest link model
has be compared to the new proposed HCF models based on the concept of the highly
loaded regions. The new models take the highly loaded regions (volume, area) and the
stress gradient effect into account. These models show significant improvement of failure
probability prediction capability compared to the weakest link integral.

Paper C: A Probabilistic Method for Multiaxial HCF based on highly loaded regions

below the threshold depth.

In Paper B, the highly loaded region based models indicated on good predictive capa-
bility. However, the models left room for further improvement and analysis in other
situations. In this paper, a new probabilistic HCF model based on the concept of highly
loaded region is proposed. A depth parameter is taking on an important role in the pro-
posed model compared to the model earlier proposed in Paper B. For High Cycle Fatigue
(HCF) assessment of structural components, a variety of phenomenological models that
take into account important factors are available today. However, the application of the
probabilistic evaluation methods is not always straightforward and investigations prove
that these methods have limited predictive capability and most often poor transferabil-
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ity of fatigue test results for more complex geometries. Different local stress criteria in
combination with the new model and two other evaluation methods are studied in Paper
C. The purpose is to determine the combination of criteria and evaluation method that
gives the best transferability using uniaxial fatigue tests. The results show that the new
model has better predictive capability than others regardless the choice of the stress
criteria.

Paper D: Fast Multiaxial High Cycle Fatigue Evaluation in the Probabilistic Fatigue

Post-processor AROMA-PF.

In Papers B and C, the Volume method for the Probability of Fatigue (VPF) were in-
troduced and indicated on good predictive capabilities. In Paper D, the probabilistic
high cycle fatigue (HCF) post-processor AROMA-PF, developed mainly for HCF de-
sign of compressor blades, is presented. Several local multiaxial HCF criteria have been
implemented for computation of the fatigue effective stress, and two volume based prob-
abilistic HCF models have been implemented for computation of the fatigue probability:
Weakest-link (WL) and the Volume method for the Probability of Fatigue (VPF). It
is shown that for the time-varying stress history that acts in a compressor blade, for
stress invariant based criteria, the effective stress can be expressed in closed form. This
enables fast HCF evaluations. By comparing WL and VPF to test data obtained for
Ti-6-4 specimens, it is seen that the highest transferability is obtained for WL used in
combination with Crossland’s HCF criterion. The results also indicate on that the true
fatigue behavior at low pf -values is between the predictions obtained by use of WL and
VPF.

Paper E: Surface and sub-surface probabilistic models for HCF

In Paper E, new probabilistic HCF evaluation models based on the surface and the sub-
surface region is presented. The sub-surface model stems from the hypothesis that the
highest fatigue risk depends on the loading in a region slightly below the free surface
area. There, the materials microstructural barriers must be overcome by fatigue crack
propagation. The size of the region with high load slightly below the surface affects
the fatigue risk. The predictive capability of the new proposed HCF model is studied
along with comparisons to other state of the art HCF probabilistic models. Fatigue
data originating from different geometries and materials conducted at different loading
modes, rotating bending and uniaxial loading is used for the analysis. The investigation
performed in this work indicate that the new proposed models increase the prediction
accuracy and hence predictive capability.
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Future work

Based on the results presented in this thesis, some of the following topics are suggested
for further investigations and future work in more details.

• It is interesting to investigate the limitations of the proposed models in the Very
High Cycle Fatigue (VHCF) region. Fatigue tests within this region is time con-
suming. The preset life is VHCF region is normally set to about 109 load cycles.

• In some applications, such as turbomachinery, very low failure probabilities are
of great interest. Therefore, fatigue testing at lower failure probabilities than the
levels used in this work may be needed in order to verify the predictive capability
of the proposed models. One challenge in the time required to realize the fatigue
tests.

• If the fatigue behavior at very low failure probabilities is obeying a tail behavior
as predicted by the WL model or a cut-off kind of behavior as the VPF models
predict is not easy to answer. More testing at lower failure probabilities is required
to answer this question.

• Experimental studies in the literature have shown on non-propagating arrested
cracks initiated at or below the free surface area. One explanation may be the
elastic-plastic stress field behavior around the crack tip that force arrests the cracks
and avoid them from growing longer. By investigating the local plasticity at the
notch roots may explain the scatter in fatigue failure initiation.

• The investigation of the fracture surfaces may also give information about respon-
sible cracks for the final failure. By detecting the critical cracks, it is possible
to understand and find parameters responsible for the fatigue life of components
made by the material of interest.

• Numerical aspects of the HCF models are also of interest to investigate. Sensi-
tivity of the model parameters and their effect on the failure probability can be
investigated further. For the proposed models, the finite element models obtained
from FEA are very important for the models predictive capability.
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