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Abstract
Mechanical fatigue is a failure phenomenon that occurs due to
repeated application of mechanical loads. Very High Cycle Fatigue
(VHCF) is considered as the domain of fatigue life greater than 10
million load cycles. Increasing numbers of structural components
have service life in the VHCF regime, for instance in automotive and
high speed train transportation, gas turbine disks, and components of
paper production machinery. Safe and reliable operation of these
components depends on the knowledge of their VHCF properties. In
this thesis both experimental tools and theoretical modelling were
utilized to develop better understanding of the VHCF phenomena.
In the experimental part, ultrasonic fatigue testing at 20 kHz of cold
rolled and hot rolled stainless steel grades was conducted and fatigue
strengths in the VHCF regime were obtained. The mechanisms for
fatigue crack initiation and short crack growth were investigated
using electron microscopes. For the cold rolled stainless steels crack
initiation and early growth occurred through the formation of the
Fine Granular Area (FGA) observed on the fracture surface and in
TEM observations of cross-sections. The crack growth in the FGA
seems to control more than 90% of the total fatigue life. For the hot
rolled duplex stainless steels fatigue crack initiation occurred due to
accumulation of plastic fatigue damage at the external surface, and
early crack growth proceeded through a crystallographic growth
mechanism.
Theoretical modelling of complex cracks involving kinks and branches
in an elastic half-plane under static loading was carried out by using
the Distributed Dislocation Dipole Technique (DDDT). The technique
was implemented for 2D crack problems. Both fully open and partially
closed crack cases were analyzed. The main aim of the development of
the DDDT was to compute the stress intensity factors. Accuracy of 2%
in the computations was attainable compared to the solutions
obtained by the Finite Element Method.
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1 Introduction
Athletes who overdo the same training drills may injure their muscles.
Similarly, if you bend a strip of metal many times, it will eventually
break. In humans and machines alike, this phenomenon is called
fatigue, and fatigue causes failure of function. All moving machines
are susceptible to fatigue failure. These include the structural parts of
airplanes, automobiles, turbines and industrial production
machinery. In our quest for higher speeds and greater productivity of
machines and structures, fatigue is going to pose an even bigger
problem in the future.
Fatigue is a type of damage mechanism which results in crack
initiation and propagation under repeating loads. Mechanical fatigue,
which is the focus of this study, involves cyclic mechanical loads. A
cycle of load is defined as the variation of load from the mean value to
the maximum and the minimum value and back to the mean value.
Fatigue life is a characteristic of material that corresponds to the
number of load cycles that are required before failure occurs. Fatigue
limit of a material is defined as the stress level below which fatigue
failure is not expected to occur after two million (2x106) load cycles.

2 Very High Cycle Fatigue (VHCF)
The very high cycle fatigue (VHCF) regime corresponds to a fatigue
life greater than 10 million loading cycles (>107 load cycles). It has
been shown that most engineering materials can fail due to fatigue at
stress levels lower than the fatigue limit at >107 load cycles [1-4].
These high numbers of load cycles can be a consequence of high
operational speed or long service life. Many engineering components
are designed for fatigue life in the VHCF range; therefore, the choice
of fatigue limit at 2x106 load cycles is not safe. Few examples of such
components are wheels and axles of high speed trains, car engine
cylinder heads, gas turbine disks and valve components in airconditioners and heat pumps.
Fatigue failures in machines and structures are an industrial
nightmare, causing economical losses, and in severe case, loss of
1

human lives. In most cases of industrial failure, metal fatigue is to
blame. Unfortunately, fatigue failures occur without prior warning. It
is impossible to tell just by looking at a component with the naked
eye, whether it will fail in 20 years’ time or tomorrow. To minimize
costs and maximize safety and reliability – among other concerns –
manufacturers, regulators and customers need to be able to predict
how long materials will survive under a certain load level before
failing. Therefore, the science of testing methods is crucially
important. But how can manufacturers know, when fatigue failure is
imminent? Conventional fatigue testing is time-consuming and costly.
With conventional equipment for fatigue testing, operating at 10-100
load cycles/second, the testing times required to establish the fatigue
strength of engineering materials in the VHCF regime are very long.
However, the ultrasonic fatigue testing equipment, operating at a
typical frequency of 20 000 ± 500 load cycles/second, can generate
fatigue test data (stress-fatigue life (SN) data) for fatigue life greater
than 109 load cycles in a reasonable amount of time. For instance, the
time required to generate data for 107 load cycles is 9 minutes, while
conventional testing (10 load cycles/second) takes around 12 days.
Similarly, the test time required to complete 109 cycles is 14 hours
with the ultrasonic equipment compared to three years required to
test a single specimen with conventional equipment (10 load
cycles/second). In order to generate a statistically significant fatigue
test data (SN data) several specimens of a material need to be tested.
Therefore, the ultrasonic fatigue testing provides a practical solution
to conduct testing of materials in the VHCF regime in a reasonable
amount of time.
The scientific interest in the VHCF research has grown in recent years
due to ever increasing demands on higher speeds, productivity,
reliability and efficiency of engineering components. In 1980s the
issue of failures in the VHCF regime came to fore with the
development of ultrasonic fatigue test equipment and modern
computers. Since then, extensive research has been done in order to
investigate fatigue strength and failure mechanisms of different
materials at very long fatigue lives [3-14]. Bathias et al. [1] stated that
there is no fatigue limit in metallic materials i.e. failures continue to
occur at lower fatigue stress levels at higher number of loading cycles.
2

They concluded that a fatigue limit is only possible in the absence of
material heterogeneities. Mughrabi et al. [10, 11] suggested a
classification of materials into Type I and Type II. Type I materials are
the pure metals and ductile materials with no intrinsic defects like
non-metallic inclusions. Type II materials are those with defects such
as non-metallic inclusions and pores.
Mughrabi et al. [10, 11] suggested a multistage SN diagram model to
describe the fatigue behaviour of Type I materials in the Low Cycle
Fatigue (LCF), High Cycle Fatigue (HCF), and the VHCF regime. In
the VHCF regime, the stress amplitudes are lower than the yield
strength of material. However, the localized plastic deformation
occurs in suitably oriented grains due to accumulation of irreversible
plastic strains. Due to this the surface roughness increases with
number of fatigue load cycles and finally leads to a local stress
concentration where the Persistent Slip Band (PSB) threshold is
reached. VHCF cracks initiate from the surface due to plastic slip
accumulation. For instance, in polycrystalline copper formation of
PSBs was observed on the outer surface of fatigue specimens at stress
amplitudes below the yield strength in the VHCF regime [15, 16]. In
the austenitic-ferritic duplex stainless steels, the accumulation of
plastic slip in the austenitic grains due to cyclic irreversibility lead to
fatigue crack initiation at the outer surface of the fatigue specimens
[17-26].
In Type II materials, the VHCF failures are reported to initiate at
subsurface defects like non-metallic inclusions typically with a ring
like fracture surface feature around them, the so called fish-eye. It is
believed that the subsurface defects act as stress concentration sites,
thereby, causing local plastic deformation. Another characteristic
feature of VHCF failure is the rough area on the fracture surface in
close vicinity of the crack initiating defects. There are different terms
used to refer to this feature by different research groups such as
Optical Dark Area (ODA) [12, 13], Fine Granular Area (FGA) [4, 27] or
Granular Bright Facet (GBF) [28]. In this thesis, the term FGA will be
used to refer to this feature. Different theories have been proposed for
the creation of FGA around crack initiating defects [4, 12, 13, 27, 29].
However, all researchers agree that the major portion of fatigue life
3

(more than 90%) in the VHCF regime is spent in the FGA [2, 4].
Inside the FGA, it is a complex combination of grain refinement, crack
initiation and propagation processes. Outside the FGA the crack
propagation occurs with each loading cycle according to Paris’ law of
crack propagation [30, 31] until final failure occurs.
Stainless steels are materials of choice for structures that require a
combination of strength, toughness and corrosion resistance.
Structural components that are subjected to repeated cyclic loads
during their service life are prone to fatigue failures. Typical
applications of stainless steels are in construction of structural
components of paper production machinery, the off-shore
instalments, the petrochemical and the automotive industry.
Currently, the knowledge of their VHCF properties remains largely
unexplored. This study aims to fill this gap, by exploring the VHCF
properties of stainless steels and understanding the fatigue damage
mechanisms involved. Fatigue test data of some stainless steel grades
is generated in the VHCF regime using ultrasonic fatigue test
equipment. The mechanisms of fatigue crack initiation and early
propagation stage are discussed in comparison to the existing
theories. This stage is given more attention since a major chunk of
fatigue life in the VHCF regime is spent at this stage. Influence of
microstructure of the studied materials on the damage accumulation
due to fatigue loading is investigated in detail. The effect of
grain/phase boundaries as barriers against the growth of short cracks
is studied.
It is well known that at the initiation stage in the VHCF regime, the
crack is small compared to the outer dimensions of the body. At this
stage, the cracks can have complex geometries involving kinks and
branches. The phenomenon of crack closure can occur due to surface
roughness of the crack surface or during the compression portion of
fatigue load cycle. Modelling these short cracks with complex
geometries to analyse the stress state around them can help to
establish a better understanding of the short crack propagation
mechanisms. Stress intensity factor at the crack tip, the driving force
for crack propagation, can be computed. For this purpose, the
distributed dislocation dipole technique, which makes use of
4

dislocation pairs (dipoles), was adopted in this work due to its
efficiency and accuracy of computation. The dislocation dipoles are
theoretical tools, which induce displacements along the crack lines in
an otherwise uncracked body. This technique is based on the
Bueckner’s principle [32] which states that the opening and sliding of
the crack faces, and hence the stress intensity factors, could be
obtained by analysing the cracked body, without the outer loading,
but with stresses acting on the crack surfaces. These stresses are
opposite to the stresses that prevail along the crack lines in the
equivalent uncracked body subjected to the outer loading in question.
In general, the Bueckner’s principle is valid for open cracks only but
in this thesis it was modified to include crack closure phenomenon.
The main aim of this study was to gain detailed knowledge about the
VHCF properties of some stainless steel grades. For this purpose,
different stainless steel grades with different microstructures and
processing conditions were fatigue tested in the VHCF regime using
ultrasonic fatigue test instrument. Fatigue crack initiation and
propagation mechanisms of the tested grades were investigated. The
mechanisms and causes for the accumulation of plastic slip in the
failed specimens were analysed. Much attention was given to the
influence of microstructure on crack initiation and short crack
propagation. A theoretical model based on the distributed dislocation
dipole technique was developed for the analysis of open and partially
closed crack cases in an elastic medium. The developed model was
compared in accuracy and efficiency to the Finite Element Method
(FEM).

3 Stainless steels
Stainless steels are known for their corrosion resistance and are
usually employed as materials of choice for applications that operate
in hostile environments. In addition to their corrosion resistance, they
possess high strength, toughness and good forming properties. The
importance of stainless steels can be understood by their ubiquitous
presence in our lives. Their applications range from household
cutlery, kitchen sinks to chemical tankers, offshore structures and
space vehicles. Stainless steels consist of at least 11% chromium since
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it forms an adherent, passive chromium oxide layer in benign
environments. However, in order to avoid pitting and corrosion in
other more hostile environments (e.g. offshore applications or paper
production mill) more alloying elements like nickel, molybdenum and
nitrogen are added. In addition to enhancing corrosion resistance the
alloying elements are added to sustain the austenitic or the
martensitic microstructure at the room temperature. For example,
molybdenum enhances pitting resistance. Nickel helps to attain the
austenite microstructure. Based on microstructures, stainless steels
can be mainly categorized into austenitic, ferritic, martensitic or
duplex stainless steels. The duplex stainless steels are available with
ferritic-austenitic and martensitic-ferritic microstructures. However,
the austenitic-ferritic duplex stainless steels are most common whose
mechanical properties are a consequence of the individual properties
of the austenite and ferrite phase. The properties and microstructure
of stainless steels can also be varied by their processing condition. For
example, the cold working of stainless steels introduces finer
microstructure and higher strength compared to the hot worked
material.
3.1 Stainless steel materials in this study
In this study, stainless steels in both hot rolled and cold rolled
conditions were tested in the VHCF regime using ultrasonic fatigue
test instrument. The tested materials were: a cold rolled strip duplex
stainless steel, a cold rolled strip martensitic stainless steel and two
hot rolled duplex stainless steels.
3.1.1 Cold rolled strip stainless steels
The properties of cold rolled strip steels are particular due to the fact
that cold rolling induces texture and a finer microstructure. The strip
stainless steel grades tested in this study are a duplex stainless steel
and a martensitic stainless steel grade; their chemical compositions
are shown in Table I. The martensitic stainless steel contains low
amount of carbon with chromium as the main alloying element. The
duplex stainless steel contains high amount of chromium, nickel and
nitrogen which give it the austenite-ferrite microstructure. The
martensitic stainless steel grade has the martensitic needle like
6

microstructure with a uniform distribution of M23C6 carbides, as
shown in Figure 1a. The duplex stainless steel grade has 60%
austenite and 40% ferrite in its microstructure with grain size of 1-3
µm, as shown in Figure 1b, where the grains are elongated due to cold
rolling of the material. The strip thickness of both grades was ~1 mm,
and the specimens were extracted from the full thickness of the rolled
material. The mechanical properties of the tested grade are presented
in Table II.
Table I. Chemical composition of the studied materials (weight%)

Grade

C

Si

Mn

P

S

Cr

Mo

Ni

N

Martensitic SS

0.32

0.2

0.3

0.025

0.010

13.7

-

-

-

Duplex SS

0.010

0.31

0.76

0.016

0.0009

25

3.81

7

0.27

Table II. Properties of the studied materials

Grade

0.2%

Tensile

Elongation Hardness

Density

Elastic

Proof

strength

A50

(0.25 N)

(MPa)

(MPa)

(%)

(HV)

(kg/m3)

(GPa)

Martensitic SS

1300

1620

-

528±14

7800

210

Duplex SS

1030

1150

10

397±14

7800

200

Modulus

strength

7

2 µm
(a)

α

γ
γ

α

α
γ

α

α

γ

2 µm
(b)

Figure 1. Scanning electron microscope images of the microstructure of the cross-section
of fatigue specimens of cold rolled steels perpendicular to the load direction, (a)
martensitic microstructure with uniform distribution of iron-chromium carbides and a
stringer type aluminium-silicon oxide inclusion, (b) austenitic-ferritic microstructure
with grain size of 1-3 µm.

3.1.2 Hot rolled plate duplex stainless steel
In Papers II and III, the studied materials are the two duplex stainless
steel grades 2304 SRG and LDX 2101. The chemical composition of
both steel grades is shown in Table III.
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Table III. Chemical composition (weight %) of 2304 SRG and LDX 2101 grades

Grade

C

Si

Mn

P

S

2304 SRG

0.02 0.8

1.45

0.02

LDX 2101

0.03 0.7

5.00

-

Cr

0.02 22.7
-

21.5

Ni

Mo

N

Cu

4.65

0.3

0.09

0.2

1.50

0.3

0.22

0.2

The main alloying elements of the two tested grades are chromium,
nickel and manganese. Chromium is a ferrite stabilizer while nickel
and manganese are added to give a phase balance with 49% ferrite
and 51% austenite microstructure to both steel grades. The lean
duplex stainless steel LDX 2101 has lower content of nickel, but
manganese is added in order to obtain the phase balance. Both grades
were hot rolled to a thickness of 40-84 mm. The specimens were
extracted from the Short Transverse (ST) compared to the rolling
direction of the plates. The 2304 SRG grade was annealed at
temperature of 1020 °C followed by cooling in air. The LDX 2101
grade was annealed at 1050 °C followed by cooling in air.
Furthermore, the 2304 SRG grade has undergone a special melt shop
treatment that controls the amount, size and distribution of nonmetallic inclusions, primarily oxides and sulphides, in order to
enhance machinability. The LDX 2101 grade has good machinability
and, hence, does not require this treatment. The microstructure of the
two tested grades is shown in Figure 2 in which the grains of the two
distinct phases are elongated along the rolling direction of the grades.
The mechanical properties of the two grades are shown in Table IV.
Table IV. Properties of 2304 SRG and LDX 2101 grades

Grade

2304 SRG
LDX 2101

Proof
strength
Rp0.2

Ultimate
tensile
strength

Elongation
As

(MPa)
450
460

(MPa)
670
675

(%)
35
33
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MicroVickers
hardness
(25g)
Austenite Ferrite
(HV)
302±20
310±20

(HV)
293±15
233±15

Ferrite

[V%]
49
49

100 µm
(a)

100
µm
100 μm
(b)
Figure 2. Optical microscope images showing the duplex microstructure of the crosssection of fatigue specimen perpendicular to the load direction of (a) 2304 SRG (b) LDX
2101 grades

4 Ultrasonic fatigue testing
Ultrasonic fatigue testing is a technique which involves cyclic
stressing of the material typically at a frequency of about 20 kHz. As
described earlier in section 2, fatigue testing at such a high frequency
reduces the time and the cost needed to evaluate the fatigue strength
and the near threshold crack growth rate data in the VHCF range. A
10

variety of materials can be tested by this technique including metals,
plastics, ceramics, and composites. Detailed reviews of the ultrasonic
fatigue test systems have been given by different researchers [33-35].
Ultrasonic fatigue testing is predicated on the theory of vibrations in
materials. Ultrasonic waves are sound waves having frequency above
20,000 Hz (above the audible range). The ultrasonic fatigue testing
involves setting up a high amplitude displacement ultrasonic standing
wave in a resonant specimen. This is in contrast to conventional
fatigue machines where the frequency of test is that of the external
load system of the machine which is different from the natural
frequencies of the specimen. This means that in ultrasonic fatigue
testing the specimen experiences free vibration.
The basic theory for calculating the resonance length of the ultrasonic
fatigue load train including the ultrasonic fatigue specimen has been
explained by Bathias et al. [5]. The Finite Element Method (FEM) is
also commonly used for this purpose. For axial fatigue testing, the
ultrasonic fatigue test specimen is designed to possess a natural
frequency of about 20 kHz. Only the first mode of vibration is selected
in which the displacements at the ends of the specimen are maximum
while a displacement node (zero displacement) is present at the half
length. Meanwhile, the strain decreases from maximum at the half
length to zero at the specimen ends. The maximum strain, and thus
stresses, at the half length of the specimen ensure that the fatigue
damage and crack initiation are more likely to be confined to a small
volume in the middle of the specimen.
4.1 Basic components of ultrasonic fatigue test equipment
The basic concept of ultrasonic fatigue testing machines is similar, but
the details of the design and operation may vary among different
laboratories across the world. A schematic drawing of an ultrasonic
fatigue test system is shown in Figure 3. The main components of an
ultrasonic fatigue testing machine are:
 A power generator that amplifies a 50 to 60 Hz voltage signal in
to a 20 kHz electrical signal.
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 A piezoelectric transducer which converts the 20 kHz electrical
signal into 20 kHz mechanical vibrations. This conversion is
carried out by using a piece of piezoelectric material.
 An acoustic horn which amplifies the mechanical vibrations
received from the transducer and transfers them to the
specimen. The specimen is attached to the other end of the
ultrasonic horn. The amplification horn, and the specimen, is
designed to possess the natural frequency of about 20 kHz.
Acoustic horns are cylindrical bars of varying cross-section. If a
simplified stepped horn is considered, the displacement is
amplified by the ratio of cross-sectional areas of the horn:

𝐴0 =

𝐴𝑟𝑒𝑎𝑖𝑛𝑝𝑢𝑡
𝐴𝑟𝑒𝑎𝑜𝑢𝑡𝑝𝑢𝑡

𝐴𝑖

(1)

Ai = displacement amplitude at the input end
A0 = displacement amplitude at the output end
The ratio of displacement amplitude at the input end to the
displacement amplitude at the output end is referred to as the
amplification ratio.
The piezoelectric transducer, the amplification horn and the
ultrasonic fatigue specimen constitute the load train that is in
resonance at about 20 kHz. As shown in Figure 4, there are four stress
nodes (zero stresses) and three displacement nodes (zero
displacement) in the load train. The stresses are highest in the middle
of the specimen (B) while the displacement is highest at the two
specimen ends (A, C), see Figure 4. The recording system of the
instrument includes the control software consisting of cycle counter
and displacement amplitude control functions. In order to measure
the applied displacement amplitude at the end of the amplification
horn or the specimen end a displacement sensor can be used. An
oscilloscope can also be added to the system to record the
displacement amplitude or the operating frequency. Some other
components which can be added to the equipment are discussed by
Willertz [33].
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Electronic controls
Data recording
Converter
Power supply
Amplitude controls
Acoustic
horn

Frequency meter
Cycle counter
Input voltage control

Specimen
Displacement or
strain conditioner

Displacement
amplitude
probe

Mean load pressure

Figure 3. Schematic illustration of an ultrasonic fatigue test system.

G
Converter
F

E

D
Ultrasonic
horn
C
Specimen

Displacement
Stress

B
A

Figure 4: Schematic representation of the main components of ultrasonic fatigue testing
equipment along with the displacement and stress variation within the different
components.
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4.2 Specimen geometries used in this study
Ultrasonic fatigue test specimens must be designed to resonate at
about 20 kHz frequency. The designing of an ultrasonic test specimen
requires density, dynamic modulus of elasticity and poisson’s ratio of
material. With these input parameters, the Finite Element (FEM)
modelling can be used to perform eigenfrequency analysis to
determine the design of test specimen with natural frequency of 20
kHz. Subsequently, a dynamic stress analysis is conducted on the
designed specimens by applying a pulsating displacement with 20
kHz frequency at the end of specimens. The applied displacement
excites the natural mode of the specimen and a simulation of few
cycles can be done in order to determine the stress distribution in the
designed test specimen. Different types of specimens can be tested
using an ultrasonic fatigue test system such as stress-life specimen,
notched bar specimen and fatigue crack growth rate specimen. In this
study, only the stress-life fatigue specimens were designed for
different stainless steel grades. For the hot rolled plate materials
cylindrical bar hourglass shaped specimens were designed. For the
cold rolled strip materials thin sheet specimens of 1 mm thickness
were designed together with grips to attach to an ultrasonic horn.
The ultrasonic fatigue testing of the hot rolled plate duplex stainless
steel grades 2304 SRG and LDX 2101 is presented in Papers II and
III. The geometry of the designed specimens used for testing in this
study is shown in Figure 5. The cylindrical bar specimens were
gripped by a single threaded stud in the specimen’s head connecting it
intimately to the ultrasonic horn. The ultrasonic fatigue testing
technique is well established for the case of cylindrical bar specimens
as examples of previous studies can be found in the literature [1, 5].

Figure 5. The design of hourglass shaped cylindrical specimens used in Papers II and III.
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Ultrasonic fatigue testing of stainless steel materials poses difficulties
due to heating of the specimens by internal material friction or plastic
deformation. To avoid heating of specimens the highly stressed
volume in the middle section of the specimen was reduced.
Furthermore, the problem of heating was solved by using water
cooling during testing. Some other researchers have used the pulsepause mode of operation of ultrasonic fatigue test system to avoid
heating of the duplex stainless steel grades [26, 36].
Ultrasonic fatigue testing of thin strip specimens is problematic due
to gripping issues. However, for the high strength materials it gets
even more complicated due to high displacement amplitudes that are
required to reach their fatigue strength levels. Gripping thin sheet
specimens using glue joint is not sufficient at the required
displacement amplitudes. Hence, fatigue test data of high strength
thin sheet materials in the VHCF regime are scarce [37-39]. In this
study, several gripping concepts were developed and tested. However,
finally, among the tried concepts the fixture with horseshoe shape, see
Figure 6, was found to be the best concept in terms of workability.
The complete load train was designed to operate in resonance at 20
kHz under fully reversed tension-compression loading (load ratio R=1). The load train comprised the ultrasonic horn, the horseshoe fixture
and the specimen. The main idea of fixturing concept was that a
design of amplification horn with a natural frequency of
approximately 20 kHz was selected. The specimen, along with the
horseshoe fixtures, was designed as one unit separately with a natural
frequency of 20 kHz. Therefore, when the two units were put together
the whole assembly also possessed a natural frequency of
approximately 20 kHz. Papers I and IV are based on the ultrasonic
fatigue testing results of 1 mm thick sheet specimens, shown in Figure
6a. A detailed view of the specimen and the fixtures assembly
mounted at the end of an amplification horn is shown in Figure 6a. In
Figure 6b, the design of the horseshoe fixture made of titanium
Ti6Al4V grade is presented. Full description of the designing
procedure of the load train is described in Paper I.
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37
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14

(a)
(b)
(c)
Figure 6. (a) Design of the ultrasonic fatigue specimen of the cold rolled strip martensitic
stainless steel, (b) A model of the horseshoe fixture and specimen connected to the lower
end of an amplification horn, (c) detailed view of the horseshoe fixture.

The ultrasonic fatigue testing of strip specimens was conducted, using
the above explained assembly, under fully reversed tensioncompression loading mode, R=-1. Compressed air cooling was used to
maintain the temperature of the specimens near room temperature.
4.3 Calibration of ultrasonic fatigue test equipment
The accuracy of determining specimen strain/stress depends to a
large extent on the accuracy of the measurement of the displacement
at the end of the specimen. In the literature, the simplest method
reported is to observe the trajectory of a feature on the specimen
surface with a dark optical microscope [40]. However visual
observations of displacement amplitudes cannot be recorded. There
are other amplitude detection devices which lend themselves to data
acquisition. Examples of such devices are eddy current probes,
capacitance gauges, a microphone pickup, a photodiode arrangement
[33, 40].
In this thesis, a non-contacting capacitance gauge (FOGALE nanotech
sensor type MCC10– precision 0.2 nm) was used to measure the
displacement amplitude of the ultrasonic horn. The sensor was
positioned below the horn at a certain distance where the change in
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displacement of the lower end of horn could be detected. The signal
from the sensor was recorded by DC voltage readings on a voltmeter
which then were multiplied by a factor of 10 to get the displacement
amplitude of the horn. The displacement amplitude at the horn’s
lower end (specimen’s head) is plotted against the input voltage to the
ultrasonic test equipment in Figure 7a, which shows a linear
relationship. The dynamic stress analysis was conducted using the
FEM to compute the maximum stress amplitude at the centre of the
fatigue test specimen for an applied value of displacement amplitude
at the specimen head, as shown in Figure 7b for 2304 SRG specimens
tested in this thesis. Since, the stresses are in the elastic regime, their
relationship with the input displacement amplitude remains linear.
This plot was then used to calculate the ratio of stress amplitude in
test specimen to input displacement amplitude. The calculated ratio
was then used to determine the fatigue stress levels in the test
specimens for the applied displacement amplitudes which, in turn,
were controlled by the input voltage levels shown in Figure 7a.
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Figure 7. a) Calibration plot of amplification horn – measured displacement amplitude
plotted against input voltage, b) FEM stress plotted against displacement amplitude.

Strain in the cylindrical hourglass shaped test specimens was
measured by using glue (Vishay Measurement Group M-Bond 200) to
attach a strain gauge (Vishay Measurement Group EA-06-062AQ350LE) to the middle of specimen and recording the strain in the
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specimen by the voltage signal on an oscilloscope, as shown by the
pictures of the specimen and the recorded signal in Figure 8.

a)

b)

Figure 8. Strain gauge measurements on the cylindrical hourglass shaped specimen of
2304 SRG grade, a) strain gauge mounted on the surface in the middle of the 2304 SRG
specimen, b) recorded voltage signal on the oscilloscope gives the strain in the specimen.

The stresses in the specimen were obtained from the measured strains
by Hooke’s law. The stresses obtained by the strain gauges mounted
on three different 2304 SRG specimens and those computed by the
FEM are plotted against the applied displacement amplitude, as
shown in Figure 9. The strain gauge measurements at lower
displacement amplitude showed an error in the range of 4-10% only
which is acceptable considering other errors such as noise in the
signal measured by the oscilloscope, discrepancy between the values
of dynamic elastic modulus and the static modulus used for the FEM
computations. However, there is a clear change in the slope at
displacement amplitude of about 4.2 μm as the error between the
computed FEM stresses and the measured stresses becomes
increasingly larger at higher displacement amplitudes, see Figure 9.
The exact reasons for this change in the slope are unclear. It might
possibly be due to the effects of heat generation in the specimens
caused by increased plastic deformation and internal material friction
at higher displacement amplitudes. The generated heat could have
possibly modified the properties of the glue used to mount the strain
gauges on the specimens. It is also possible that the material damping
plays a role in reducing the stresses in the specimens at higher
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displacement amplitudes. The influence of material damping on the
ultrasonic fatigue stresses has been discussed by Kazymyrovych et al.
[41]. However, in this thesis the ultrasonic fatigue stresses, computed
using the FEM with negligible damping, were used to generate the
stress-life (SN) data presented in the later sections and the appended
research papers.
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Figure 9. Measured (strain gauge) and computed (FEM) stresses plotted against the
applied displacement amplitude.

5 Fatigue strength
Stainless steels are used in structural applications where they are
required to have higher fatigue strength as well as long service life.
Structural components of the offshore industry, the pulp and paper
industry and petrochemical industry, the nuclear industry or the
heavy-duty automobiles are subjected to billions of load cycles during
their service life. Therefore, in order to ensure safety of these critical
components investigation of their fatigue properties in the VHCF
regime is essential. In past, it was assumed that the fatigue SN curve
above 106 cycles is a horizontal asymptote. However, the ultrasonic
fatigue testing, conducted in this study, in the VHCF regime for
different stainless steels showed continuously decreasing fatigue
strength at higher number of loading cycles. It is important to take
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this decrease in the fatigue strength into account in the design of
components.
Ultrasonic fatigue testing of different cold rolled (martensitic stainless
steel, duplex stainless steel) and hot rolled duplex stainless steel
(2304 SRG, LDX 2101) grades was carried out in this study, as shown
in Figure 10. The difference in the fatigue stress levels for the tested
stainless steel grades is in correlation with their static mechanical
strengths shown in Table II. For instance, the highest fatigue stress
levels were reported for the cold rolled martensitic stainless steel
grade which is in agreement with its highest static proof strength
compared to other tested materials in this study. The fatigue test data
was generated in the HCF and the VHCF regime i.e. above 107 load
cycles. For the cold rolled martensitic stainless steel and two duplex
stainless steel grades, 2304 SRG and LDX 2101, continuously
decreasing fatigue strength levels were obtained in the VHCF regime.
For instance, the fatigue strength of the LDX 2101 grade was
estimated to be 307 MPa, 293 MPa and 279 MPA at 107, 108 and 109
load cycles, respectively. In contrast, an almost horizontal asymptote
in the tested fatigue life range was obtained for the cold rolled strip
duplex stainless steel grade. This type of fatigue test data can be
rationalized by the fatigue crack initiations due to numerous different
sized surface defects left over by the cold rolling process of this grade.
The adopted surface preparation procedure (polishing) did not
remove all the cold rolling defects without excessive thinning of the
fatigue specimens and the corners were not adequately rounded. In
the literature, there is not enough fatigue test data reported for
ultrasonic fatigue testing of thin sheet flat specimens of high strength
steels in the VHCF range. Ourabi et al. [42] reported the ultrasonic
fatigue testing at the load ratio R=-1 of 1.2 mm thick flat sheet
specimens of ferritic-martensitic steel in the VHCF range. Their
reported fatigue test data showed large scatter in fatigue life and few
run-out specimens after 1x109 load cycles which is similar to the
fatigue test data of the cold rolled strip duplex stainless steel.
Moreover, Ourabi et al. [42] also observed the fatigue crack initiations
at surface due to cold rolling defects and at corners. Mayer et al. [43],
on the other hand, reported ultrasonic fatigue testing of 0.3 mm thin
sheet specimens of 18Ni maraging steel sheet specimens with nitrided
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surfaces. They reported continuously decreasing fatigue strength
levels with failures up to the VHCF range. Moreover, in their
investigations of fracture surfaces of the failed specimens, fatigue
crack initiations occurred at subsurface non-metallic inclusions with a
fisheye feature around them. This comparison of ultrasonic fatigue
testing of thin sheet materials with the results reported in the
literature shows that surface preparation of thin sheet specimens is a
critical factor in determining their fatigue strength and the fatigue
crack initiation mechanisms. Removal of surface defects and
rounding of corners of thin sheet specimens may shift the crack
initiation sites in the VHCF regime to subsurface material defects.
This might also change the horizontal asymptote in the fatigue test
data observed in this study to continuously decreasing stress levels
with increasing fatigue lives. This was evident by the continuously
decreasing fatigue strength levels at higher load cycles for the cold
rolled strip martensitic stainless steel grade tested in this study.
Martensitic SS cold rolled
Duplex SS cold rolled
Duplex SS cold rolled, run outs
LDX 2101 hot rolled plate
2304 SRG hot rolled plate
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Figure 10. Ultrasonic fatigue test data (R =-1) of the cold rolled and hot rolled stainless
steel grades in the VHCF range.
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6 Fatigue crack initiation and early propagation
As explained in the section 2 of this thesis, fatigue crack initiation
stage constitutes more than 90% of the fatigue life in the VHCF
regime. Therefore, the qualitative and quantitative analyses of the
physical mechanisms responsible for stress concentration, plastic
deformation and, ultimately, the crack initiation and propagation of
short crack is needed. The definition of crack initiation depends on
the length scale that is being considered. On the fundamental scale,
fatigue crack initiation can be defined as the local decohesion of
interatomic layers and the creation of new surfaces due to fatigue
loading. The scientific definition of fatigue crack initiation would be
the number of cycle required to nucleate the smallest crack that is
detectable by any means.
The scope of this thesis is the accumulation of irreversible plastic slip
due to fatigue loading in the VHCF regime that lead to the formation
of short crack and the early stage of the propagation of initiated crack.
At the early stage of crack propagation the crack is of the length scale
of grain size and the role of microstructural features like grain size,
grain and phase boundaries are significant. When the size of crack
becomes much larger than the size of these microstructural features
the prediction of crack propagation rates can be made according to
Paris’ law of long fatigue crack propagation.
According to Mughrabi [10, 11], fatigue crack initiation in Type I
materials in the VHCF regime occurs due to gradual increase of
surface roughening and, eventually, the formation of PSBs. Formation
of PSBs was observed on the external surface of the fatigue specimens
of pure copper and the austenitic-ferritic duplex stainless steels tested
in the VHCF regime [16, 18, 26, 36]. The reason for the formation of
PSBs at the surface is the phenomenon of slip irreversibility. Reversal
of plastic deformation, e.g. from tension to compression, is only
partially reversible. Therefore, a small amount of plastic slip damage
is accumulated with each loading cycle. It is understood that
adsorption of oxygen on the fresh metal surface of the emerging slip
bands results in cyclic slip irreversibility. In addition to the oxygen
adsorption, cyclic slip irreversibility occurs due to mutual interaction
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between dislocations. Under fatigue loading, the dynamic equilibrium
between dislocation multiplication and annihilation of screw and edge
dislocations results in the generation of vacancies or interstitials.
Eventually, the extrusions on the external surface are formed due to
the volume newly created by the vacancies and the intrusions due to
the interstitials, thereby, creating the slip steps. Local decohesion
along the flank of slip steps results in crack initiation sites.
In the VHCF regime, the fatigue crack initiation site changes from the
surface to the bulk in the Type II materials. This type of failures has
been predominantly observed to occur at subsurface non-metallic
inclusions in the high strength steels. An example of this type of
failure in a high strength martensitic steel specimen is presented in
Figure 11 where the fatigue crack initiated from subsurface inclusion.
As explained earlier in the section 2, formation of the FGA around
subsurface inclusions on the fracture surfaces of the specimens failed
in the VHCF regime consumes more than 90% of the fatigue life.
Therefore, understanding the mechanisms controlling this stage of
VHCF fracture is essential. It has been reported that formation of the
FGA occurs around subsurface inclusions with the stress intensity
range below the threshold value for the long crack growth regime
(Paris’ law regime) [2, 13, 29]. The crack initiation and the early
growth within the FGA occurs until the threshold value for the long
crack growth regime is reached.

Final failure

FGA

Fish eye

Initiation with FGA

10 µm

100 µm

a)
b)
Figure 11. Example of fish-eye type of failure around subsurface inclusion, a) overview of
the fracture surface, b) Fine Granular Area (FGA) around the crack initiating inclusion
that has dropped off [44].
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Several different theories have been proposed to explain the crack
initiation and propagation mechanisms that lead to the formation of
the FGA. One of the most cited theories was presented by Sakai et al.
[4] according to which formation of the FGA is a gradual process of
polygonization around the stress concentration sites like subsurface
inclusions under cyclic fatigue loading. Debonding of the surfaces
occur due to cracks that initiate along the interface of the polygonized
area and the bulk material. Grad et al. [29] suggested a continuous
grain refinement due to the stress concentration capability of
subsurface inclusions and crack growth until the stress intensity range
becomes higher than the global threshold value required for long
crack growth. Shiozawa et al. [28] suggested a mechanism of carbide
decohesion due to fatigue loading that leads to multiple cracks
initiating at the carbide-matrix interface. The eventual coalescence of
the initiated cracks leads to formation of the FGA. Murakami et al.
[12, 13] have proposed a theory that suggested the synergistic effect of
hydrogen around subsurface inclusions and the cyclic fatigue loading
assisting a very slow crack initiation and growth mechanism
consuming billions of load cycles.
However, since the FGA formation occurs beneath the surface,
therefore, all the observations in support of the different theories
were made by analysing the fracture surfaces after the failure had
occurred.
6.1 Cold rolled strip stainless steels
6.1.1 Crack initiating defects
Fatigue crack initiation sites in the failed specimens of the tested cold
rolled duplex stainless steel grade were found to be mainly due to the
surface and the corner defects, as reported in Paper I and IV of this
thesis. Two examples of these types of defects are shown in Figure 12.
As mentioned earlier, these defects were the result of the cold rolling
process of this grade. The depth of the crack initiating defects from
the outer surface was found to be in the range of 5-30 µm, as
measured by SEM on the fracture surfaces of the failed specimens.
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d)
Figure 12. Surface crack initiation sites in the failed duplex stainless steel specimens, a)
surface defect induced failure of the specimen tested at 430 MPa and failed after 4.55x10 7
load cycles, b) view of the external surface and the defect caused by the cold rolling
process, c) corner defect induced failure of the specimen tested at 490 MPa and failed
after 3.07x106 load cycles, d) view of the corner defect and the external surface.

In the cold rolled martensitic stainless steel, in some specimens
fatigue crack initiations were observed at the rolling defects on the
surface and the corners but in others at the inclusions located also at
the surface, as shown in Figure 13. An example of the failure induced
by the aluminium-silicon oxide inclusion of the stringer type that was
crushed by the cold rolling process is shown in Figure 13a, b. This type
of inclusion seems to be loose in the cavity and therefore can be
considered as a notch.
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20 µm

10 µm

a)
b)
Figure 13. Fatigue crack initiation due to Al, Si oxide inclusion in the martensitic stainless
steel specimen tested at 700 MPa and failed after 7.54x107 load cycles, a) corner inclusion
induced initiation, b) closer view of the inclusion.

A closer investigation of the fracture surfaces in the close vicinity of
the crack initiating surface defects revealed the presence of the FGA,
as shown in Figure 14. The fracture surface inside the FGA seems to
be composed of nano-sized spherical grains, as shown by the detailed
images presented in Figures 14b, d. In the literature, to the author’s
knowledge, there is no study that reported the presence of the FGA
around the surface defects that induced failure. The FGA has been
mainly reported to be a characteristic feature of the failures in the
VHCF regime in the high strength steels that is found around the
subsurface crack initiation sites [2, 4, 9, 13, 29, 45-47]. Spriestersbach
et al. [47] reported the study of high strength steel in which the
presence of the FGA was detected around the artificially created
surface defects but only under vacuum condition. However, the
underlying mechanism for the significance of vacuum to the
formation of the FGA is still unclear. The size of the artificial surface
defects in Spriestersbach’s work was similar to the size of the surface
defect that induced the fatigue crack initiations in the cold rolled
materials tested in this thesis.
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Surface defect

2 µm

300 nm
a)

b)

Corner inclusion

1 µm
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c)
d)
Figure 14. a) FGA around the crack initiating surface defect in the cold rolled duplex
stainless steel specimen tested at 470 MPa and failed after 8.78x10 6 load cycles, b)
detailed view of FGA, c) FGA in close vicinity of the corner inclusion in martensitic
stainless steel specimen tested at 700 MPa and failed after 7.54x107 load cycles, d)
detailed view of the nano-sized grains in the FGA.

6.1.2 Stress intensity range at surface defect and FGA
The stress intensity factor range computed at the surface defects that
resulted in fatigue crack initiations and at the border of the FGA of
the failed duplex stainless steel specimens was calculated in Paper I.
The dimensions (depth “a”, width “c”) of the semi-elliptical surface
defects and the FGA were measured on the fracture surfaces using
SEM. The stress intensity range, plotted in Figure 15, was estimated
by the local stress state at the location of the defect, using the FE
model, and the measured defect dimensions using the formula in the
T. L. Anderson’s book [48]. The estimated stress intensity at the crack
initiating defects was in the range of 1-3 MPa√m which seems to be
below the threshold value for steels [13, 29, 47]. The stress intensity at
the border of the FGA was in the range of 3-5 MPa√m which is much
closer to the threshold value. Therefore, it seems plausible that the
FGA represents the transition length after which the crack growth
behaviour may be predicted by the Paris’ law of crack propagation.
27

Stress intensity, KI MPa m^1/2

10
9

KI-FGA

8

KI-surface defect

7

6
5
4
Crack growth
inside FGA

3
2
1

0
1E+06

1E+07

1E+08

1E+09

Number of cycles to failure
Figure 15. Stress intensity factors at the crack initiating surface defects and at the border
of the FGA of the failed cold rolled duplex stainless steel specimens.

6.1.3 FIB-TEM study of the FGA
In order to find evidence for the FGA, lamellas were extracted from
the area on the fracture surfaces close to the crack initiation sites
using Focussed Ion Beam (FIB) milling. For this purpose, a platinum
layer was deposited at the area of interest on the fracture surface and
the surrounding material was dug out before the longitudinal lamella
was extracted. The extracted lamella was thinned out and polished
using gallium ions to make it electron transparent for TEM
investigation.
TEM investigation of the lamella of the duplex stainless steel
specimen tested at 430 MPa and failed after 4.55x107 load cycles
showed the presence of thin fine grained layer at the fracture surface,
as shown in Figure 16. The structure, and the appearance, of this layer
found at the fracture surface were different from that of the deposited
platinum layer and the bulk material of the specimen. The layer seems
to be composed of nano-sized grains of diameter ranging from 5 nm
to 20 nm. Thickness of this layer varied between 100 nm to 350 nm at
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different positions. This is comparable to thickness of the FGA
observed in similar studies by other researchers [4, 29, 46, 47].
Crack propagation direction

Crack propagation direction

Platinum layer

Load direction

Platinum layer

10 nm

Bulk material

10 nm

Bulk material

a)
b)
Figure 16. Bright field TEM images of the extracted lamella of the duplex stainless steel
specimen fatigue tested at 430 MPa and failed after 4.55x10 7 load cycles showing fine
grained layer present between the deposited platinum layer and the bulk material.

Similarly, examining the lamella extracted from the martensitic
stainless steel specimen, fatigue tested at 670 MPa and failed after
6.05x106 load cycles, showed the presence of a fine grained layer
between the platinum layer and the bulk material, as shown in Figure
17. However, thickness of this layer is only around 10-20 nm that is
almost ten times smaller than that observed in the duplex stainless
steel specimen.
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a)
b)
Figure 17. Bright field TEM images of the lamella extracted from the FGA of the
martensitic stainless steel specimen fatigue tested at 670 MPa and failed after 6.05x10 6
load cycles, a) thin fine grained layer sandwiched between the deposited platinum layer
and the bulk material, b) magnified view of the fine grained layer.

Our experimental observations clearly showed the presence of the
FGA in both grades as the SEM observations of the fracture surfaces
and the TEM analysis of the extracted lamellas correlated with each
other. However, the mechanisms for formation of the FGA are still not
clear. In authors’ opinion the mechanisms for the FGA formation
could be explained by one of the models proposed by Grad et al. [29]
or Hong et al. [46]. Grad et al. proposed that formation of the FGA
around the defect occurs due to localized plastic deformation caused
by its stress concentration effect [29]. Grain refinement occurs due to
dislocation arrangement into dislocation cells with low angle grain
boundaries which, in turn, are converted into small grains with
different crystallographic orientations and high angle grain
boundaries under continued fatigue loading. Crack initiates and
grows in the fine grained zone due to lowering of the local threshold
stress intensity level at the defect. Formation of crack further
increases the stress concentration and the process of grain refinement
ahead of the crack tip ensues again. This process of grain refinement
and crack propagation in the FGA continues until the global threshold
level for crack propagation is reached [29]. Our TEM observations of
the fine grained layer in the extracted lamellas see Figure 16 and 17,
showed that it is composed of nano-sized grains with different
crystallographic orientations as evidenced by the different directions
of the diffraction fringes in separates grains in this layer.

30

According to the Numerous Cycle Pressing (NCP) model proposed by
Hong et al. a small sized crack initiates from the defect due to fatigue
loading [46]. The grain refinement occurs in the wake of the crack tip
by repeated pressing of the crack surfaces under fatigue loading. In
the present study, closure of the crack surfaces and pressing is
expected since the fatigue testing was conducted under fully reversed
tension-compression load (load ratio R=-1). Moreover, the smaller
thickness of the FGA at the fracture surface of the martensitic
stainless steel grade specimen, see Figure 17, might be explained by
the lesser number of cycles of the crack surfaces pressing against each
other.
6.2 Hot rolled plate duplex stainless steels
6.2.1 Crack initiation
Fatigue crack initiation in the tested hot rolled plate duplex stainless
steel grades, LDX 2101 and 2304 SRG, was observed to be at the
external surface irrespective of the fatigue life of the failed specimens.
The crack initiation and the early growth area, referred to as the
Crystallographic Growth Region (CGR), on the fracture surfaces of the
failed LDX 2101 and the 2304 SRG specimen is shown in Figure 18a
and 18b, respectively. The crack initiation seems to have occurred in
the grains at the external surface or at the phase boundaries between
two grains. However, there was no evidence of fatigue crack initiation
from inclusions or machining defects in any of the failed specimens of
the tested grades.

20 µm

20 µm

a)
b)
Figure 18. Crystallographic Growth Region (CGR) around the surface initiation sites of a)
LDX 2101 specimen tested at 290 MPa and failed after 3.42x10 7 load cycles, b) 2304 SRG
specimen tested at 280 MPa and failed after 7.97x108 load cycles.
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6.2.2 Plastic fatigue damage accumulation on the external
surface
Fatigue crack initiation at the external surfaces of the failed duplex
stainless steel specimens occurred due to accumulation of plastic slip
at the external surface due to fatigue loading. It was shown in Paper II
that the accumulation of plastic slip was dependent on the number of
fatigue loading cycles that the specimen had undergone. Moreover,
the slip accumulation occurred in the highest stressed smallest crosssection of the fatigue specimens in the area close to the crack
initiation site. Further away from the crack initiation site along the
axial direction of the specimen the amount of accumulated plastic slip
decreased progressively.
In the failed specimens of the LDX 2101 grade, the accumulation of
plastic slip in the form of Persistent Slip Bands (PSBs) in the ferrite
grains was observed at the external surface, as shown in Figure 19.
The PSBs in the ferrite grains were directed almost perpendicularly or
at a small angle to the loading direction. In contrast to the ferrite
grains, the austenite grains seemed to be free of plastic slip with the
exception of single slip lines in some grains. The inhomogeneity of
plastic strain accumulation between the two phases is evident on the
external surfaces. Based on these observations it was assumed that
the fatigue crack initiation occurred along the PSBs in the ferrite
grains in the failed LDX 2101 specimens.
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Figure 19. Accumulated plastic slip in the ferrite grains at the external surface of the LDX
2101 specimen fatigue tested at 270 MPa and failed after 2.47x10 9 load cycles, a) PSBs in
the ferrite grains and single slip lines in the austenite grain, b) detailed view of the PSBs
aligned horizontally in the image.
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Analysis of the external surfaces of the 2304 SRG specimens
subjected to fatigue loading in the VHCF regime showed the
accumulation of plastic slip in the form of extrusions at the austeniteferrite phase boundaries or as slip lines in the austenite grains, as
shown in Figure 20. Fatigue crack initiation in the 2304 SRG fatigue
specimens is assumed to occur along the austenite-ferrite phase
boundaries at the external surface.
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Figure 20. a) Plastic fatigue damage accumulation at the external surface of the 2304
SRG fatigue specimen tested at 290 MPa, failed after 5.76x10 8 cycles, a) extrusions at
austenite-ferrite phase boundaries, and b) detailed view of an extrusion at a phase
boundary.

The inhomogeneous accumulation of plastic slip observed at the
external surface of the fatigue specimens of the tested hot rolled
duplex stainless steels may be influenced by the amount of nitrogen in
their chemical composition. The higher amount of nitrogen in the
LDX 2101 grade strengthens the austenite phase compared to the
ferrite phase, as shown by the micro Vickers hardness values in Table
II. Furthermore, it was shown in Paper II that the austenite phase in
the LDX 2101 grade tends to strain harden under cyclic fatigue
loading. Therefore, the accumulation of plastic slip occurred majorly
in the softer ferrite phase. In contrast, the lower amount of nitrogen
in the 2304 SRG grade resulted in almost equal strength of the
austenite and the ferrite phase, as shown in Table II. Thus,
accumulation of plastic slip in the form of extrusions occurred along
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the austenite-ferrite phase boundaries and as slip lines in the
austenite grains.
6.2.3 ECCI/EBSD observation of PSBs in LDX 2101
In Paper III, the ECCI/EBSD analysis of the fatigue specimen of the
LDX 2101 grade was conducted to find evidence for the plastic
deformation that was observed near the external surface and the crack
initiation point by SEM fractography shown in Figure 19. For this
purpose, the failed fatigue specimen was cut along the axial direction
through the crack initiation area and the cut surface was analysed.
The ECCI/EBSD analysis of the ferrite grains very close to the
external surface and the crack initiation point showed the existence of
PSBs in the ferrite grains, as shown in Figure 21. The PSBs are
oriented at approximately 45 degrees with respect to the load
direction and perpendicular to each other. Moreover, most of the
PSBs seemed to stop at the austenite-ferrite phase boundary.
However, few PSBs seemed to have penetrated into the neighbouring
austenite grain. The hindrance to the PSB growth in the neighbouring
austenite grain might be a result of crystallographic misorientation as
well as the higher strength of the austenite phase. Furthermore, the
presence of low angle boundaries (white lines) in the grains at the
external surface indicates accumulation of plastic strain. Thus, the
ECCI/EBSD analysis of the cut surface correlates with the SEM
observations of the external surface of the fatigue specimens of LDX
2101 grade.
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b)
Figure 21. Cut cross-section of LDX 2101 specimen fatigue tested at 270 MPa and failed
after 2.47x109 load cycles a) ECCI image showing PSBs in the ferrite grains near the
initiation point (top left) and the external surface (left side), b) EBSD map of the grains in
(a) (black lines: high angle grain/twin boundaries, white lines: low angle grain
boundaries, green lines: zero solutions).

A similar ECCI/EBSD analysis was also conducted for the failed 2304
SRG fatigue specimen, however, no evidence of PSBs in any grains
near the external surface and the crack initiation point was found. It
also correlated with the observation that the plastic slip was
accumulated mainly at the austenite-ferrite phase boundaries on the
external surface of the fatigue specimens and not inside the grains.

7 Fatigue crack propagation
7.1 Different stages of crack development
Analysis of the fracture surface of the failed thin sheet specimens of
cold rolled stainless steels and the cylindrical hot rolled plate duplex
stainless steels revealed different features in different regions. Based
on the fracture surface morphology, shown in Figure 22, and the crack
growth rate, determined by fatigue striation spacing measurement,
the fracture surface could be divided into four different regions as
follows.
Region 1 –Crack initiation and early growth
In the tested cold rolled stainless steel specimens, the fatigue crack
initiated from defects (rolling defects, inclusions) located at the
external surface. Crack initiation occurred due to stress concentration
of defects and slow crack growth within the FGA followed, as
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discussed earlier. It was shown in Paper I that more than 90% of
fatigue life is spent at this stage.
In the hot rolled duplex stainless steel specimens, the fatigue crack
initiation occurred due to accumulation of plastic slip at the external
surface. Fatigue crack propagation within the CGR is strongly
dependent on the microstructure of the material, as discussed in
Paper IV. Deceleration of crack growth rate might occur in this region
due to barrier effect of the austenite-ferrite phase boundaries, as
studied by different researchers [20, 36, 49].
Region 2
In Region 2, crack growth does not seem to be influenced as strongly
by the microstructure of the material. In the failed hot rolled duplex
stainless steels specimens, the crack growth took place almost
perpendicular to the load direction.
Region 3
The crack growth rate becomes steeper as indicated by the wider
spacing of fatigue striations on the fracture surfaces.
Region 4 – final failure
The final fracture region has ductile failure morphology and occurred
due to fatigue overload.
Region 1
Region 2

Region 3

Region 4

20µm
µm
20

200 µm

a)
b)
Figure 22. Fracture surface of the 2304 SRG grade with a fatigue life of 3.65x107 load
cycles and 280 MPa stress amplitude, a) Distinct crack growth regions, b) detailed view
of the crystallographic crack growth region.
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7.2 Role of grain/phase boundaries against short crack growth
The role of grain/phase boundaries against the short crack growth in
the CGR has been discussed in earlier sections. Here, the path of a
secondary crack at the axially cut surface of the LDX 2101 specimen
fatigue tested at 270 MPa and failed after 2.47x109 load cycles is
shown in Figure 23. Careful observation of the crack growth path
shows that it is influenced by the grain/phase boundaries of the
austenite-ferrite duplex microstructure of the material. The locations
marked by the digits 1-5 show that whenever the crack met a
grain/phase boundary its path was visibly kinked or branched.
Several researchers have reported the significance of phase
boundaries, specifically, as the barriers that act to retard the crack
growth rate [20, 23, 36]. Crack kinking and branching at these
barriers gives an indication that the crack growth is hindered there
and requires enough plasticity to develop in the neighbouring grains
before it can propagate along the most favourable crystal slip plane. It
can also be seen in the ECCI/EBSD images that the crack propagation
occurred both transgranularly and intergranularly at different
locations. Strubbia et al. [23] argued that the crack propagation
occurs along ferrite-austenite phase boundaries easier than
transgranularly through the harder austenite grains of the LDX 2101
grade.
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Figure 23. Cut cross-section of LDX 2101 specimen fatigue tested at 270 MPa and failed
after 2.47x109 load cycles a) ECCI image showing fracture surface (image top) with
secondary cracks and external surface (image left), b) detailed view of secondary crack
branching, c) EBSD map of the area in (a) with fracture surface (top) and external
surface (left).

7.3 Stress intensity at CGR border
The stress intensity range at the border of the CGR was estimated by
the local stress state and the depth of the CGR measured on the
fracture surfaces of the failed specimens. The stress intensity is
plotted against the number of cycles to failure for each failed
specimen of both the LDX 2101 and 2304 SRG grades in Figure 24. It
is clear that the stress intensity at the CGR border is above the
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threshold value for steels (3-4 MPa√m). This indicates that outside
the CGR the cracks entered the long crack regime and followed the
Paris’ law of crack propagation. The stress intensity at the CGR border
can be compared to the stress intensity at the FGA border observed on
the failed specimens of the cold rolled stainless steels.

ΔK at CGR boarder, MPa√m

10

5

0
1E+06

1E+07

1E+08

1E+09

1E+10

Number of cycles to failure
Figure 24. Stress intensity range at the CGR border of the failed specimens of the LDX
2101 and 2304 SRG grades.

7.4 Crack growth rate
For the cold rolled strip duplex stainless steel grade, the fatigue crack
growth rate was estimated by measuring the striation spacing on
three specimens running up to 35, 46 and 214 million cycles to failure.
It was possible to detect the striations as close as around 20 µm away
from the crack initiation site. The crack growth rate is plotted in
Figure 25 against the distance from the crack initiation point. One can
observe that the lowest crack growth rate estimated was around 15-60
nm/cycle. The growth rate stayed almost constant over a certain
distance before it started to rise considerably and resulted in final
failure.
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Figure 25: Crack growth rate estimated from the striation spacing measurements plotted
against distance from the crack initiation site for the tested cold rolled duplex stainless
steel grade.

For the hot rolled steel grades 2304 SRG and LDX 2101, the crack
growth rate was again estimated from measurements of striation
spacing at the fracture surface using SEM. Two specimens were
chosen from each grade to represent the typical cases of short fatigue
life and gigacycle fatigue life. The estimated crack growth rate was
plotted against the distance from the fatigue crack initiation site, as
shown in Figure 26. The results showed a similar trend for all four
specimens, where, initially the growth rate was low around 10–
40nm/cycle and stayed constant over a certain distance on the
fracture surface. After a certain distance, which varied for each
specimen, the crack growth rate started to rise considerably before
reaching the final failure. However, one can notice a similarity in the
crack growth rate trend for the cold rolled strip duplex stainless steel
grade and the hot rolled grades.
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Figure 26: Crack growth rate plotted against the distance from crack initiation site for
the hot rolled duplex stainless steels 2304 SRG and LDX 2101. Crack growth rate was
estimated from the fatigue striation spacing measurements on the fracture surfaces using
SEM.

8 Theoretical modelling of cracks
The experimental work presented earlier in this thesis has shown us
the significance of understanding the mechanisms and the influence
of microstructural parameters on the growth of short cracks. In the
VHCF regime, the crack initiation and the early growth of short cracks
constitutes the major portion of total fatigue life. At this stage, the size
of a crack can be considered infinitesimal compared to the outer
dimensions of the body. For instance, the TEM observations of the
secondary cracks in the FGA showed that the cracks were of the order
of tens of nanometers only, as shown in Figure 16. In comparison the
total length of the tested specimens was 36 mm and the width of the
minimum cross-section was 3 mm, as shown in Figure 6a.
In the hot rolled duplex stainless steel cylindrical specimens that
failed in the VHCF regime, the early growth of short fatigue cracks
was observed to be influenced by the microstructure of the material.
One example of a crack at this stage is shown in Figure 27 which is
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only a few grains long. Since the applied stress levels in the VHCF are
lower than the yield strength of the material the crack growth seemed
to occur along the most favourable crystallographic planes in each
grain. The kinking and branching of the crack seemed to occur
frequently as the nature of crack growth changed from transgranular
to intergranular and vice versa at multiple locations.

Branching

Kinking
20 µm

Figure 27. ECCI image showing the kinked and branched crack found on the cut crosssection of the 2304 SRG specimen fatigue tested at 260 MPa and failed after 1.23x10 9 load
cycles.

Theoretical modelling of stress state around the short crack cases is
required to judge their growth potential. The most commonly adopted
method for the analysis of cracks is the Finite Element Method
(FEM). However, FEM is not suitable for the analysis of short cracks
where only the stress state in the small neighbourhood around the
cracks is important while elsewhere in the domain is of less interest.
Since the load levels in the VHCF regime are in the elastic regime the
behaviour of the entire domain can be assumed to be elastic.
Depending on the type of material, the crack initiation can take place
at the outer surface or sub-surface. Therefore, the domain can be
assumed to be an infinite half-plane. This kind of problems, where the
outer shape of the domain is of less interest and is treated as an elastic
infinite half-plane, is more efficiently treated by the Boundary
Element Method (BEM) compared to the more established techniques
like FEM. With the BEM techniques developed for the analysis of
cracks, only the cracks need to be modelled. This leads to a huge
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improvement in the efficiency of the computation compared to FEM
as the number of degrees of freedoms is greatly reduced.
BEMs are numerical methods in continuum mechanics. The difficulty
in applying traditional BEM for the analysis of cracks is that two
nodes on the opposite sides of a crack have equal coordinates, thereby
yielding identical equations. One method to avoid this difficulty is to
divide the domain into subdomains, so that the crack surfaces are in
different domains [50]. Another approach is the so called single
domain Dual Boundary Element Method (DBEM) where one crack
surface is modelled using the Displacement Boundary Integral
Equation (BIE) and the other surface using the Traction BIE [51].
Another BIE method that is developed for crack analyses is called the
Displacement Discontinuity Method (DDM). This method is based on
the stresses and displacements that result from introducing finite line
segments with displacement discontinuities in the body [52, 53].
Another alternative that is widely reported in the literature is the
Dislocation Density Technique (DDT) where the derivative of the
relative opening and sliding displacements of the crack surfaces are
represented by distributions of dislocations [54-56].
In this thesis, the Dislocation Dipole Density Technique (DDDT) was
adopted to analyse complex crack cases, similar to the example shown
in Figure 27, in an elastic half-plane under static loading. In this
technique the relative opening and sliding displacements of the crack
surfaces are represented by distribution of dislocation dipoles. This
technique offers computation time saving compared to FEM and the
DDT. Hills et al. [55, 57] compared the DDDT and the DDT for the
analysis of straight edge and interior cracks in an elastic half plane.
The results showed that the DDDT requires fewer degrees of freedom
to obtain the same accuracy. Moreover, this technique has been less
explored compared to all the above discussed techniques. In this
thesis, this technique was applied to treat complex geometries of both
fully open, and partially closed, crack cases involving kinks and
branches. The technique was implemented to compute the stress state
around the crack and the stress intensity factors of non-propagating
cracks. The long term aim of the development of this technique is to
analyse short cracks subjected to cyclic fatigue loading. The efficiency
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of this technique may pay off considerably in terms of the reduction of
computation time to analyse the short cracks in the HCF or VHCF
regime. Additional parameters influencing the crack growth such as
the crack surface friction, crystallographic orientation effect and the
microstructural barrier effect may also be investigated. In this thesis,
the DDDT has been applied to purely elastic crack problems; however,
the technique also has the potential to be developed to treat the
plastic zone ahead of the crack tips by using dislocation dipoles. For
instance, the sister Distributed Dislocation Technique (DDT) was first
developed to treat the yield strip or plastic zone ahead of a crack tip
developed by Bilby, Cottrell and Swinden, commonly referred to as
the BCS model [54]. The crack and the associated plastic zones were
modelled by continuously distributed dislocations. The distribution of
elastic-plastic strain in the yielded region was represented by an
inverted pile-up of dislocations.
8.1 Dislocation dipole
In the DDDT, the dislocation dipoles act as strain nuclei which are
distributed along the crack lines in an otherwise perfect body. An
infinitesimal dipole consists of a pair of dislocations of opposite signs
separated by an infinitesimal distance from each other. It should be
clarified that, although the dislocation dipoles, employed in this
technique, are composed of pairs of edge dislocations existing as
lattice defects; the presence of lattice defects is not implied. The
dislocation dipoles are only the mathematical tools to introduce a
controlled, self-consistent state of stress in the body.
In Figure 28, an example of two dislocation dipoles, b11 and b21, is
shown which correspond to opening and sliding across the x2 axis.
The subscripts in the notation bij indicate whether the dipole
corresponds to opening or sliding displacement. The first subscript i
indicates the direction of burgers vector whereas the second subscript
j indicates the direction normal to the distance between the
dislocation pair.
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a) b22
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Figure 27. Dislocation dipoles corresponding to opening (a) and sliding displacement (b)
across x2 axis [58]

The dislocation dipoles can be interpreted as sources of strain within
the body. Therefore, stresses due to an arbitrary infinitesimal
dislocation dipole are proportional to the displacement induced by it,
as expressed by the following equation [55]:
2𝜇

𝑑𝜎𝑖𝑗 = 𝜋(𝜅+1) 𝑑𝑏𝑘𝑙 𝐿𝑘𝑙
𝑖𝑗

(2)

where µ is the shear modulus and 𝜅 = 3 − 4𝜈 for plane strain or
𝜅 = (3 − 𝜈)/(1 + 𝜈) for plane stress. The factors 𝐿𝑘𝑙
𝑖𝑗 are dipole influence
functions, depending on the geometry of the body, which can be
found in Hills et. al. [55].
8.2 Bueckner’s principle
Bueckner’s principle, illustrated by a schematic drawing in Figure 29,
forms the basis of the DDDT. Figure 29a shows a cracked body
subjected to far-field loading in which the stress intensity factor at the
tips of cracks 1 and 2 needs to be computed. This problem is
equivalent to superposition of the solution obtained by solving for the
(𝑖)

(𝑖)

stress state 𝜎22 , 𝜎12 at the imaginary crack lines in the similar
externally loaded, but uncracked, body in Figure 29b and applying the
(𝑖)

(𝑖)

equal, but opposite stresses, −𝜎22 , −𝜎12 at the crack faces in the
similar cracked body not subjected to external loads in Figure 29c.
The superscript i=1, 2 denotes the crack segment. In response to the
applied stresses the crack faces will exhibit opening and sliding
displacements. In the DDDT, dislocation dipole densities represent
the displacement of the crack faces and are the unknowns of the
analysis.
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Figure 29. An illustration of Bueckner’s principle for a plane body containing two cracks
(1 and 2) (a) externally loaded cracked body (b) externally loaded uncracked body (c)
equivalent stresses acting at the crack lines in externally unloaded body.

In some crack cases, however, overlapping of the crack surfaces may
occur. To avoid this from happening contact pressure at the contact
locations on the crack surfaces develops. Therefore, the Bueckner’s
principle was reformulated to analyse closure of crack surfaces, as
schematically shown in Figure 30. Suppose the crack 2 experiences
overlapping of the crack surfaces near the edge of the body. The
original problem can be solved as a superposition of the uncracked
domain subjected to external load, cracked body with equivalent, but
opposite, stresses on the crack surfaces and the cracked body with
contact pressure at the locations where the crack surface overlapping
occurs.
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Figure 30. Schematic illustration of the modified form of the Bueckner’s principle to
account for contact between the crack surfaces of the crack 2.

8.3 Method
The problem is reduced to the determination of unknown dislocation
dipole densities in an uncracked body, which generate equal and
opposite stresses to those generated by the far-field stress. This makes
the crack faces to be traction-free. Once the dislocation dipole
densities (opening and sliding displacements) are determined the
stress intensity factors, and the stress state at any point in the body,
can be computed. In Paper V, this technique has been used for the
analysis of different geometries of fully open cracks in an elastic half
plane.
For the analysis of closed crack cases, the first step is to determine the
opening and sliding displacements at all the collocation points. If the
opening is found be negative at a collocation point the opening, and
the slope of the opening, are constrained to be zero. The
corresponding contact pressure at that collocation point is added as
an additional unknown. The overdeterminate system is solved again
for the opening and sliding displacements. The latest solution is
checked again for negative opening displacements, and if found, new
constraint equations for openings and the slope of the openings are
added together with the additional contact pressures at the
corresponding collocation points. Moreover, the contact pressures
from the previous iteration are checked. If negative contact pressures
at any collocation point are found then the corresponding constraint
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equations are removed. This procedure is repeated until the difference
between successive solutions falls below a predefined small value. The
final solution for the dipole densities (opening and sliding
displacements) is used to compute the stress intensity factors at the
crack tips and the stress state at any position in the body.
The numerical implementation of the DDDT method, presented in
Papers V and VI, is done in MATLAB. For the purpose of comparison
of the solutions, the crack cases were also analysed using the multipurpose FEM software ABAQUS.
8.4 Analysis of open cracks
In Paper V, a distributed dislocation dipole technique for the analysis
of multiple straight, kinked and branched cracks in an elastic half
plane was developed. The main goal of this work was the evaluation of
stress intensity factors at each crack tip. Furthermore, the evaluation
of the stress state at an arbitrary position in the body was also
described. Contact between the crack faces was ignored and the
developed method applies only for fully open cracks.
The numerical procedure was based on the Bueckner’s theorem [32],
described already in section 8.2. The opening and sliding
displacements of the crack surfaces, in reaction to the applied
stresses, were represented by unknown distributions of dislocation
dipole densities along each crack segment. A brief description of a
dislocation dipole, and the stresses induced by it, has already been
presented in section 8.1.
The dipole density distribution was expressed by aid of a weight
(𝑞)

function 𝑤 (𝑞) (𝑠) multiplied by a regular function 𝜑𝑚2 (𝑠). The weight
(𝑞)

(𝑞)

function 𝑤 (𝑞) (𝑠) = (1 − 𝑠)𝛾+ (1 + 𝑠)𝛾− captured the singularity at the
(𝑞)

𝑁𝑝

(𝑞)

(𝑞)

crack ends and the regular function 𝜑𝑚2 (𝑠) = ∑𝑛=0 𝑐𝑚2,𝑛 𝑃𝑛 (𝑠) was
expressed

as

a

series

of

Np+1

Jacobi

polynomials

(𝑞)

with

coefficients 𝑐𝑚2,𝑛 , where n=0,1,….Np and m=1, 2. The expression for
the dipole density distribution is given by equation (3):
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𝐵𝑚2(𝑞) (𝑠) =
(𝑞)

(𝑞)

𝑁

(𝑞)
(𝑞)
(𝑞)
(𝑞)
𝑝
(1 − 𝑠)𝛾+ (1 + 𝑠)𝛾− ∑𝑛=0
𝑐𝑚2,𝑛 𝑃𝑛 (𝑠) + 𝐵𝑚2,+1 ∆(𝛾+ )
(𝑞)

𝐵𝑚2,−1 ∆(𝛾−(𝑞) )

(𝑞)

1
(𝑞)
2𝛾+

(1 − 𝑠)𝛾+

1
(𝑞)
2 𝛾−

(𝑞)

(1 + 𝑠)𝛾− +
(3)

The first and second factors of the weight function correspond to the
behaviour of the dipole density at the positive (s=+1) and the negative
(s=-1) endpoints, respectively. The second and third terms are
conditional terms that represent the opening and sliding
displacements at the crack segment endpoints joined to a kink or a
branch. Williams [59] gave an expression for the stress state in the
vicinity of corner in an elastic body. For a corner in which the elastic
material occupies an angle Δθ>π the stresses become infinite as the
distance r from the tip of corner approaches zero. The singularity
associated with the symmetric part of the stress state is stronger than
the singularity associated with the asymmetric part. Therefore, in this
paper, the asymptotic behaviour of the stresses at crack kinking or
branching was assumed to behave according to the most singular
(1)

(1)

part, i.e. 𝜎𝑖𝑗 ~𝑟 𝜆1 −1 . Here, the term 𝜆1 is the leading term of the
series of eigenvalues of the symmetric part in the Williams’ series
expansion.
The stress conditions were enforced at collocation points along each
crack segment, which resulted in two coupled integral equations for
each component of stress at each collocation point. The integral
equation was obtained by inserting the expression for the dipole
density distribution into the equation for the stresses due to a
dislocation dipole equation (2), and integrating it over the crack
length of each crack segment q. This resulted in the following integral
equation.

49

−

𝜋(𝜅+1)
2𝜇

(𝑝)
𝜎2𝑔 (𝑡 ) =
𝑁𝑝

𝑁
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(𝑞)

(𝑞)

(𝑞)
(𝑞)
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+
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(𝑞)
(𝑞)
𝑚2(𝑞)
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𝑎𝑝
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(𝑝)

(𝑝)
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(𝑝)

(𝑝)

(𝑝)
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∫
𝑑𝑠
(𝑠 − 𝑡 )2
−1

1

1

∫ (1 − 𝑠 )

(𝑝)
𝛾+

(1 + 𝑠 )

−1

(𝑝)
𝛾−

+

(𝑝)
𝑚2(𝑝)
𝑃𝑛 (𝑠)𝐿̅𝑔2(𝑝) (𝑡, 𝑠)𝑑𝑠

}

(𝑝)

1
𝐵𝑚2,+1 ∆(𝛾+ ) 𝛿𝑚𝑔 1 (1 + 𝑠)𝛾−
(𝑝)
𝛾− ̅𝑚2(𝑝) (
(
)
{
∫
∫
𝑑𝑠
+
𝑎
1
+
𝑠
𝐿𝑔2(𝑝) 𝑡, 𝑠)𝑑𝑠}
𝑝
(𝑝)
2
(
)
𝛾
𝑎
𝑠
−
𝑡
−
𝑝
−1
−1
2
(𝑝)

(𝑝)

1
𝐵𝑚2,−1 ∆(𝛾−(𝑝) ) 𝛿𝑚𝑔 1 (1 − 𝑠)𝛾+
(𝑝)
𝛾+ ̅𝑚2(𝑝) (
(
)
{
∫
∫
+
𝑑𝑠
+
𝑎
1
−
𝑠
𝐿2𝑔(𝑝) 𝑡, 𝑠)𝑑𝑠}
𝑝
(𝑝)
2
(
)
𝛾+
𝑎
𝑠
−
𝑡
𝑝
−1
−1
2

𝑝 = 1, … 𝑁, 𝑔 = 1,2

(4)

In equation (4), for the case when q=p, i.e. when the collocation point
is at the same crack segment as where the dipole is located,
hypersingular integrals are obtained. These hypersingular integrals
are inherent to the procedure. When s→t the terms 1/(s-t)2 in the
integral equation (4) approach infinity in a quadratic manner which
means a stronger singularity. In order to deal with this singularity of
the solution the hypersingular integrals in equation (4) were solved in
their Hadamard principal value sense, which was further obtained by
differentiating the Cauchy principal value [60]. The regular integrals
in the integral equation (4) were solved by the Gauss-Jacobi
quadrature rule. The equation (4) was repeatedly applied at each
collocation point, and for each of the two stress components, resulting
in a linear equation system.
In addition to the integral equation (4), there are certain continuity
constraints that need to be enforced at crack kinking and/or
branching. At crack kinking and/or branching the net opening and
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sliding displacements (i.e. the dislocation dipole densities) should
cancel out. This condition could be expressed as:
(
)
∑𝑞∈𝑄𝑖 ±𝛼(𝑞)
𝑚𝑘 𝐵𝑘2(𝑞) 𝑠 → ±1 = 0

(5)

where αmk is the transformation matrix and Qi represents the set of all
the cracks joined at the node i. Taking the derivative of equation (5)
ensures compatible rotations of crack segment end points. This
condition, which serves to preserve the continuity of the dipole
density at crack kinking or branching, is given by:
(𝑞) 1 𝑑𝐵𝑘2(𝑞1 )

𝛼𝑚𝑘

𝑎𝑞 1

𝑑𝑠

(𝑞2 )
(𝑠 → ±1) = 𝛼𝑚𝑘

1 𝑑𝐵𝑘2(𝑞2 )
𝑎𝑞 2

𝑑𝑠

(𝑠 → ±1) = 0

(6)

where q1 and q2 are the crack segments that show weakly singular
behaviour at the kink/branch. The linear equation system, obtained
by enforcing the stress condition at each collocation point and the
continuity conditions, is solved by means of the Gaussian elimination
method for the unknown coefficients of the dipole density
distribution. Once the coefficients of the dipole density distribution
are obtained, the stress intensity factors can be evaluated by the
following relations:
(𝑞)
𝐾𝐼 (𝑡 = ±1) = lim𝑡→±1 (

2𝜇

(𝑞)
𝐾𝐼𝐼 (𝑡 = ±1) = lim𝑡→±1 (

2𝜇

𝜋

𝐵
(𝑡)
√
𝛫+1) 2𝑎𝑞 (1∓𝑡) 22(𝑞)

𝛫+1)

𝜋

√2𝑎𝑞 (1∓𝑡) 𝐵12(𝑞) (𝑡)

(7a)

(7b)

Using the above explained numerical procedure, different cases of
multiple straight, kinked and branched cracks were treated in order to
assure that the theory and implementation worked. The solutions
were compared with the multi-purpose Finite Element Method (FEM)
software Abaqus. The results indicated that Jacobi polynomial
expansions of order Np=6 gave an accuracy to within 1% and that
higher order polynomials improved the accuracy. The present
procedure was compared to a simplified procedure suggested in the
literature which ignores the stress singularities associated with
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corners at kinking/branching in the dipole density representation.
From this comparison, the workability of both methods was proved;
however, the present method achieved the same accuracy using much
lower order polynomial expansions.
8.4.1 Example problem
Different example problems of fully open crack cases were analysed
using the above presented DDDT and Abaqus in order to verify the
accuracy and workability of the implementation. One such example of
an internal branched crack subjected to far-field static tensile loading
is shown in Figure 31.
 yy
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Figure 31. Subsurface branched crack subjected to far-field static loading a) crack case to
be modelled by the DDDT, b) deformation plot of the example problem obtained by the
Abaqus analysis.

Evaluation of the stress intensity factors by the DDDT and using
Abaqus gave a maximum error of 0.14% for Jacobi polynomials of
order 5, see Table V. For most scientific purposes an accuracy of less
than 1% is considered sufficient. Moreover, the reduction in the
number of degrees of freedom obtained by using the DDDT compared
to the Abaqus analysis is almost two orders of magnitude.
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Table V. Stress intensity factors evaluated using the DDDT and Abaqus analysis

Tip

Abaqus results

1

KIabq
KIIabq
KIabq
KIIabq
KIabq
KIIabq

2
3

97.785
274.63
129.06
-272.74
212.81
11.804

Np
M
KIabq
KIIabq
KIabq
KIIabq
KIabq
KIIabq
dmax

5
180
97.493
274.96
129.09
-272.47
212.52
11.810
1.4x10-3

16
48
500
1400
97.782
97.776
274.67
274.63
129.03
129.06
-272.77 -272.75
212.64
212.81
11.954
11.821
8.2x10-4 7.7x10-5

8.5 Analysis of closed cracks
Closure of the crack surfaces even under fully tensile far-field loading
acts to reduce the crack growth ‘driving force’ and, consequently,
retards the crack growth rate. Different sources responsible for the
crack closure include plasticity-induced crack closure [61, 62], due to
plasticity in the wake of crack tip, or due to the formation of oxides on
the crack surfaces [63], or due to the crack surface roughness [64, 65].
To analyse the closure of cracks using the DDDT, the Bueckner’s
principle was modified to introduce the contact pressure at the
contact areas of the crack surfaces, as already explained in the section
8.2. The first step to analyse the contact between the crack surfaces
was to determine the dislocation dipole densities (opening and sliding
displacements) at each collocation point of all the cracks. In order to
do this, the determinate linear equation system formed by applying
the stress integral equations (4) at each collocation point and the
continuity equations (5), (6) at crack kinking and branching was
solved. If the obtained openings at the collocation points were found
to be negative then two constraint equations were added to the
equation system. The first constraint equation constrains the
displacement at the corresponding collocation point to be zero. Using
equation (3), the first constraint equation for the collocation point ti
and crack q, where the overclosure was detected, is given by:
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𝑁𝑝

𝐵𝑚2(𝑞) (𝑠) = (1 − 𝑡𝑖 )

(𝑞)
𝛾+

(1 + 𝑡𝑖 )

(𝑞)

(𝑞)
𝛾−

1

(𝑞)

+ 𝐵𝑚2,+1 ∆(𝛾+ )

2
2

(𝑞)

𝑛=0
(𝑞)

(1 + 𝑡𝑖 )𝛾−

(𝑞)
𝛾−

(𝑞)

+ 𝐵𝑚2,−1 ∆(𝛾−(𝑞) )

(𝑞)

∑ 𝑐𝑚2,𝑛 𝑃𝑛 (𝑠)

1

(𝑞)

(1 − 𝑡𝑖 )𝛾+ = 0

(𝑞)
𝛾+

(8)
The second constraint equation constrains the derivative of the
displacement at the colocation point ti and the crack q to be zero, as
shown below:
𝑁𝑝

𝑑𝐵𝑚2(𝑞)
(𝑞)
(𝑞)
(𝑞)
(𝑞)
(𝑡𝑖 ) = −𝛾+(𝑞) (1 − 𝑡𝑖 )𝛾+ −1 (1 + 𝑡𝑖 )𝛾− ∑ 𝑐𝑚2,𝑛
𝑃𝑛 (𝑡𝑖 )
𝑑𝑠
𝑛=0
𝑁𝑝

(𝑞)

(𝑞)

+ 𝛾−(𝑞) (1 − 𝑡𝑖 )𝛾+ (1 + 𝑡𝑖 )𝛾−

−1

(𝑞)
(𝑞)
∑ 𝑐𝑚2,𝑛 (𝑡𝑖 )𝑃𝑛 (𝑡𝑖 )
𝑛=0

𝑁𝑝

+ (1 − 𝑡𝑖
(𝑞)

(𝑞)

)𝛾+

(1 + 𝑡𝑖

(𝑞)

+ 𝐵𝑚2,+1 ∆(𝛾+ )
(𝑞)

+ 𝐵𝑚2,−1 ∆(𝛾−(𝑞) )

𝛾−(𝑞)
(𝑞)
𝛾−

2
(𝑞)
𝛾+
2

(𝑞)

)𝛾−

(𝑞)
𝛾+

(𝑞)
∑ 𝑐𝑚2,𝑛
𝑛=0
(𝑞)

(1 + 𝑡𝑖 )𝛾−

(𝑞)

(1 − 𝑡𝑖 )𝛾+

(𝑞)

𝑑𝑃𝑛
(𝑡𝑖 )
𝑑𝑠

−1

−1

=0
(9)

For every collocation point where the opening was found to be
negative the constraint equations (8), (9) were added to the
previously determinate equation system. Moreover, the contact
pressures at the corresponding collocation points were also
introduced as additional unknown of the analysis. The resulting
equation system was solved iteratively following the method already
described in the section 8.3 to obtain the final values of opening and
sliding displacements at the collocation points. The obtained values of
opening and sliding displacements were used to determine the stress
intensity factors at the crack tips using the equations (7a), (7b).
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8.5.1 Example problem
Using the above explained procedure, the DDDT was applied to
evaluate the stress intensity factors for the subsurface branched crack
subjected to far-field static tensile loading. The deformations of the
crack, magnified 100 times, modelled by Abaqus and the DDDT are
shown in Figure 32a and 32b, respectively. It can be seen that the
contact areas of the crack segment experiencing closure are the same
as modelled by both the techniques. However, slight interpenetration
of the crack surfaces of the partially closed crack segment occurred in
the Abaqus model. On the other hand, the DDDT modelled the
contact constraint with greater precision.

2

3

1

a)

b)

Figure 32. Example problem of subsurface branched crack experiencing partial closure of
one crack segment, a) treated by Abaqus, b) treated by the DDDT. The deformations are
magnified 100 times in both pictures.

The stress intensity factor evaluation at the crack tips of the above
presented case showed a minimum error of 1.3% between the Abaqus
and the DDDT analysis, see Table VI. This difference might be
attributed to the overclosure of the partially closed crack segment
modelled by Abaqus which lead to a higher value of the stress
intensity factor KI at the neighbouring crack segment tip (tip 3). A
better modelling of the crack surface closure in the Abaqus model
would have reduced the error.
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Table VI. Stress intensity factor results obtained using Abaqus and DDDT

Tip
1
2
3

Abaqus results
KIabq
KIIabq
KIabq
KIIabq
KIabq
KIIabq

36.16
140.3
330.6
-74.83
163.6
121.4

Np
M
KI
KII
KI
KII
KI
KII
dmax

6
24
240
850
37.81
36.34
140.7
140.5
329.8
329.9
-75.49
-75.57
159.6
160.4
121.4
122.1
2.0x10-2 1.6x10-2
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48
1700
37.80
140.8
330.4
-75.32
160.9
120.4
1.3x10-2

9 Summary
There were two aspects of this thesis work: the experimental work
focussing on investigating the VHCF properties of different stainless
steel grades, and the theoretical modelling of cracks using the DDDT.
These two aspects were combined in a bid to develop a better and
more accurate understanding of the VHCF crack initiation and short
crack growth mechanisms. However, the DDDT still needs to be
developed further to incorporate various phenomena that affect the
growth of short fatigue cracks.
In the experimental portion of this work, ultrasonic fatigue testing of
two forms of stainless steels was carried i.e. the cold rolled strip and
the hot rolled plate forms. Ultrasonic fatigue testing of both forms of
stainless steels presented separate problems. Thin sheet specimens
(thickness=1 mm) of cold rolled strip grades involved gripping
problems that was solved by developing the so-called horseshoe
fixture. On the other hand, the cylindrical hourglass shaped
specimens of hot rolled stainless steel grades posed problems of
specimen heating during the high frequency testing at about 20 kHz.
The problem of heating was solved by cooling the specimens during
ultrasonic fatigue testing with water.
The development of horseshoe fixture allowed successful ultrasonic
fatigue testing of cold rolled strip stainless steel grades, the austeniticferritic duplex stainless steel and the martensitic stainless steel, in the
VHCF regime. Fatigue test data for both the tested grades was
generated in the VHCF regime. For the duplex stainless steel, large
scatter in the fatigue life was observed. In contrast, low scatter in
fatigue life was observed for the martensitic stainless steel and
continuously decreasing fatigue strength levels with increasing fatigue
life were observed. The scatter in fatigue lives of the tested strip
grades was correlated to the surface condition of the tested specimen
series. The presence of surface defects left over by the cold rolling
process of the duplex stainless steel resulted in large scatter in fatigue
life. In the duplex stainless steel, surface and corner defects were
responsible for fatigue crack initiation as the dimensions of the
surface defects were larger or comparable to the dimension of
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material defects like inclusions. In the martensitic stainless steel,
fatigue crack initiations occurred not only at the surface and corner
defects from the rolling and cutting process of the strip specimens,
but some failures also occurred due to aluminium-silicon oxide
inclusions located at the surface. Fractographic analysis of the
fracture surfaces of the failed specimens of both grades revealed the
presence of the feature with nano-sized grains. Further investigation
of the FGA was done by extracting the lamellas from the fracture
surface around the crack initiating surface defects using the FIB
technique. TEM analysis of the extracted lamella showed the evidence
for a thin fine grained layer at the fracture surface that was distinct in
appearance and structure from the bulk material. The FGA observed
in the drawn lamellas was found to be composed of nano-sized grains
which correlated with the fracture surface observations.
Two different hot rolled plate austenitic-ferritic stainless steel grades,
LDX 2101 and 2304 SRG, were fatigue tested in the VHCF regime.
Fatigue test data of these two grades showed continuously decreasing
fatigue strength levels up to 1010 load cycles. Surface initiated fatigue
failures were observed by fractographic analysis of the fracture
surface of the failed specimens of both grades. Analysis of the external
surface of the failed specimens of LDX 2101 grade showed that fatigue
crack initiation occurred due to accumulation of plastic fatigue
damage in the ferrite grains while the austenite grains remained
virtually damage free. In contrast, the plastic fatigue damage
accumulated in the form of extrusions at the austenite-ferrite
boundaries resulting in fatigue crack initiations. The inhomogeneous
damage accumulation in the LDX 2101 grade was correlated to the
relatively higher nitrogen content which acts to strengthen the
austenite phase; hence, the damage accumulation occurred in the
softer ferrite phase. In 2304 SRG, relatively lower nitrogen content
means almost equal hardness of the austenite and the ferrite phase,
therefore, the damage was accumulated at the phase boundaries.
ECCI and EBSD techniques were used in combination to analyse the
cut surfaces of the failed specimens of LDX 2101 and 2304 SRG
grades. This analysis further reinforced our observations of the
presence of PSBs in the ferrite grains at the external surface near the
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crack initiation site of the failed specimens of LDX 2101. However, no
PSBs were observed in the austenite or the ferrite grains at the
external surface near the crack initiation site in the 2304 SRG grade
failed specimens. Furthermore, the significance of role of the grain
and phase boundaries against the short crack propagation and the
crystallographic nature of crack growth in the tested duplex stainless
steels was detected.
Theoretical modelling of complex crack cases involving kinking and
branching, similar to the cracks observed in the experimental
investigations, were analysed using the DDDT. Special attention was
given to defining the continuity of displacements and the derivative of
displacements at kinks and branches. Moreover, the asymptotic
behaviour of the displacements at the kinks and branches was defined
according to the strongest singularity associated with the symmetric
part of the William’s solution for the displacement field at acute
elastic corners. Correct treatment of the displacement field not only
increased the accuracy of the solution but also the efficiency of the
developed technique. In this thesis, both cases of fully open and
partially closed cracks were analysed. For the analysis of crack closure
the Bueckner’s principle was reformulated by introducing the
constraint equations and the contact pressure as unknown of the
analysis at the corresponding closure points. The technique was
implemented for two dimensional crack problems only and the inplane stress intensity factors were evaluated. Stress intensity factors
were determined to an accuracy of less than 2% for both open and
closed crack problems using the Jacobi polynomial of sixth order. The
accuracy of the solution improved further by increasing the order of
Jacobi polynomials.
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10 Conclusions
Based on the experimental results and the analysis, the following
conclusions were drawn:
1. Fatigue test data generated in the VHCF regime for the tested
stainless steel grades showed finite fatigue lives. The fatigue
strength levels of the tested cold rolled strip stainless steel
grades were higher than the hot rolled plate grades which
correlated with their static strength levels.
2. In LDX 2101 grade, fatigue crack initiation was assumed to
occur due to accumulation of plastic fatigue damage in the
softer ferrite grains. Plastic fatigue damage accumulation in the
softer ferrite phase of LDX 2101 was in correlation to the higher
nitrogen content which meant harder austenite phase. In 2304
SRG grade, fatigue cracks were assumed to initiate due to
plastic fatigue damage accumulated at the austenite-ferrite
phase boundaries. Lower content of nitrogen in 2304 SRG
meant that the austenite and ferrite phase were almost equally
hard, therefore, damage accumulation occurred mainly at the
phase boundaries.
3. Fatigue cracks initiated due to defects located at the external
surface in the cold rolled strip grades. The presence of the FGA
feature with nano-sized grains was observed at the fracture
surface near crack initiation sites using SEM. TEM
investigations of the extracted lamellas from the fracture
surfaces also showed distinct fracture surface layer composed of
nano-sized grains.
Based on the different cases of fully open and closed crack problems
analysed by the DDDT developed in this thesis work, the following
conclusions were drawn:
4. The DDDT attained an accuracy of less than 2% error using the
sixth order Jacobi polynomials when compared with the results
from the FEM software Abaqus. The accuracy can be further
improved by increasing the order of Jacobi polynomials.
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5. Applying the more accurate representation of the singular
displacement behaviour at crack kinks and branches allowed
faster convergence to the solution.
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Initiation and early crack growth in VHCF
of stainless steels
Very High Cycle Fatigue (VHCF) is considered as the domain of fatigue life
greater than 10 million load cycles. Structural components that have service life
in the VHCF regime include wheels and axles of high speed trains, gas turbine
disks, and components of paper production machinery. Safe and reliable design,
and the longevity, of these components depends on the knowledge of their
VHCF properties. The overall aim of the experimental portion of this thesis was
to gain in-depth knowledge of the VHCF properties of stainless steels. Fatigue
test data in the VHCF regime was generated for different stainless steel grades
using ultrasonic fatigue testing. The mechanisms for fatigue crack initiation and
short crack growth were investigated using electron microscopes.
Theoretical modelling of complex crack geometries involving kinks and branches
was carried out by using the Distributed Dislocation Dipole Technique (DDDT).
The main aim of this development was to compute the stress intensity factors
and to analyse the stress state around the cracks. The results showed that accuracy
of 2% was attainable compared to the solutions obtained by Finite Element
Method (FEM).
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