
Linköpings universitet
SE–581 83 Linköping

+46 13 28 10 00 , www.liu.se

Linköping University | Department of Management and Engineering
Master thesis, 30 ECTS | Mechanical Engineering

2018 | LIU-IEI-TEK-A--18/03063--SE

Effect of dwell time on stress
intensity factor of ferritic steel
for steam turbine applications

Ahmed Azeez

Supervisor : Robert Eriksson
Examiner : Stefan Lindström

http://www.liu.se


Upphovsrätt

Detta dokument hålls tillgängligt på Internet – eller dess framtida ersättare – under 25 år
från publiceringsdatum under förutsättning att inga extraordinära omständigheter uppstår.
Tillgång till dokumentet innebär tillstånd för var och en att läsa, ladda ner, skriva ut enstaka
kopior för enskilt bruk och att använda det oförändrat för ickekommersiell forskning och för
undervisning. Överföring av upphovsrätten vid en senare tidpunkt kan inte upphäva detta
tillstånd. All annan användning av dokumentet kräver upphovsmannens medgivande. För
att garantera äktheten, säkerheten och tillgängligheten finns lösningar av teknisk och admin-
istrativ art. Upphovsmannens ideella rätt innefattar rätt att bli nämnd som upphovsman i
den omfattning som god sed kräver vid användning av dokumentet på ovan beskrivna sätt
samt skydd mot att dokumentet ändras eller presenteras i sådan form eller i sådant sam-
manhang som är kränkande för upphovsmannens litterära eller konstnärliga anseende eller
egenart. För ytterligare information om Linköping University Electronic Press se förlagets
hemsida http://www.ep.liu.se/.

Copyright

The publishers will keep this document online on the Internet – or its possible replacement
– for a period of 25 years starting from the date of publication barring exceptional circum-
stances. The online availability of the document implies permanent permission for anyone to
read, to download, or to print out single copies for his/hers own use and to use it unchanged
for non-commercial research and educational purpose. Subsequent transfers of copyright
cannot revoke this permission. All other uses of the document are conditional upon the con-
sent of the copyright owner. The publisher has taken technical and administrative measures
to assure authenticity, security and accessibility. According to intellectual property law the
author has the right to be mentioned when his/her work is accessed as described above and
to be protected against infringement. For additional information about the Linköping Uni-
versity Electronic Press and its procedures for publication and for assurance of document
integrity, please refer to its www home page: http://www.ep.liu.se/.

c© Ahmed Azeez

http://www.ep.liu.se/
http://www.ep.liu.se/


Abstract

In the transition from conventional to green energy production resources, steam tur-
bines are used to satisfy the lack of energy during peaks in the demand times and the
limited access of renewable resources. This type of usage for steam turbines makes them
operate on a flexible schedule, which leads to unpredictable issues related to shorter com-
ponent life and faster crack propagation. Thus, the steam turbine components must be
examined to determine their specific life period. This will help set proper maintenance
intervals and prevent unexpected failures. For that, thermo-mechanical fatigue (TMF) test-
ing is used, where a specimen made of the same material as the turbine component is sub-
jected to both temperature and load variation. The specimen is pre-cracked to investigate
the crack propagation behavior, which is the focus of this study.

This thesis work concentrates on simulating the TMF cycle for the steam turbine casing
component. The material is 9%-10%Cr ferritic steel. The aim is to understand the material
behavior during crack propagation and to predict a useful testing parameter. The method
provided in this work discusses two cases, both are out-of-phase (OP) TMF tests with strain
control. The maximum and minimum temperatures for the cycle are 600 �C and 400 �C
respectively, while the maximum and minimum strain levels are 0 and �εc respectively.
The study will investigate different εc, which is the maximum compressive strain level.
Case 1 has a dwell time at the maximum temperature only, while case 2 has dwell times
at both maximum and minimum temperatures. The method utilizes the stress intensity
factor (SIF) to characterize the crack tip conditions. Also, it uses Paris’ law to estimate
the duration of the tests. For simplification, only the elastic behavior of the material is
considered.

The results obtained show no effect of using different pre-crack lengths due to the strain
control condition. Minor effects can be observed by using different dwell times, however
very short dwell times must be avoided to produce reliable results. A recommended dwell
time of 5 minutes could be used, since longer dwell times will make the test prohibitively
time-consuming. The compressive strain levels used in the work shows large effects on
the results. Using low compressive strain values will produce a very long time for the
tests, while very high compressive strains produce large plasticity. Thus, high compressive
strains must be avoided since the SIF describes cracks for only elastic or near elastic cases.
Also, small compressive strain levels in case 2 should not be used since it will lead to results
like case 1. This is due to the small creep effect at the minimum temperature. Finally,
compressive strain levels of 0.6 %, 0.5 % and 0.4 % are recommended for case 1, while only
0.6 % compressive strain level is recommended for case 2.

This thesis contributes to the fields of solid mechanics, fracture mechanics and the use
of TMF testing, where a recommended set of testing parameters are provided.
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1 Introduction

This thesis work is done at the division of Solid Mechanics in Linköping university. The main
field of the study is mechanical engineering with a focus on solid mechanics and fracture
mechanics.

1.1 Motivation

Aiming toward a future with less environmental pollution, it is important to increase the
efficiency of current energy resources and try to shift forward to clean energy sources such as
solar, wind, etc. To achieve this goal, many energy production machines are forced to adapt
to new techniques and regulations that directly influence their life span. Thus, it is essential
to determine the behavior of such machinery subjected to these new conditions to avoid any
undesirable events while achieving maximum outcome.

One of the most used energy production machinery is the steam turbine. Nowadays,
steam turbines are used along renewable energies to support the demand during peak times
or when renewable sources are not accessible. Also, steam turbines are used together with
renewable energies such as in geothermal and solar thermal power plant. This integration
compels steam turbines to be modified for a more flexible operation as compared to how they
were designed before. This implies that start-ups and shut-downs of the turbine are getting
more frequent, thus different issues emerge, for instance, crack growth rates are getting high
and material life is shortened due to fatigue.

Since the turbine components are subjected to both mechanical and thermal loading, creep
and fatigue crack growth dominate. Those are examined using thermo-mechanical fatigue
(TMF) analysis where specimens from the same material as the turbine component are used to
predict the component life. TMF tests are expensive and time consuming, thus it is necessary
to set their parameters correctly to produce reliable results. One important parameter is the
dwell time or hold time, which describes the operation period of the turbine after start-up and
also the inactive period after shut-down. This time has an effect on the results produced from
TMF analysis. It is generally not feasible to set the dwell time to the realistic turbine periods
since it will be extremely expensive. Thus, it is important to understand how dwell times
affect crack propagation to achieve affordable and reliable results.

1



1.2. Aim

1.2 Aim

The aim of this thesis project is to investigate the effect of hold time on the crack propagation
during TMF testing for the material used in steam turbine casings. This project will be a
simulation study for understanding the possible behavior of the material before doing the
actual TMF testing, which will be reported elsewhere. This will help to set the parameters for
the TMF experiments to produce useful results in a reasonable amount of time.

1.3 Research questions

The research question related to this thesis project:

1. What will be the effect of different hold times on the stress intensity factor (SIF)?

2. Will the SIF reach sufficient levels to cause failure in reasonable time?

3. How long will the test take to reach a specimen failure?

4. What is the effect of different crack lengths on the SIF?

5. How will different load levels effects the SIF?

These questions describe the thesis focus. The first question is related to the main goal of
the project where different hold times will be explored to determine their effect on the stresses
around the crack tip which is characterized using the stress intensity factor, SIF. Each start-up
and shut-down is considered as one cycle. The second research question is to monitor the
SIF changes for each cycle in hope for it to reach a sufficient level that would cause specimen
failure in reasonable time. This might help reduce the number of cycles used in TMF testing
which in turn reduces testing time. Leading to the third question, which emphasize on the
length of the test and how long the experiment takes to reach failure. In the fourth research
question, understanding of crack length effect on the SIF is needed to establish a reasonable
value for the pre-crack length in the specimens used in TMF testings. The last question is
necessary since different load levels produce different crack growth values.

1.4 Delimitations

The focus of this study will only be on the casing component of a steam turbine. The material
used for this part is 9%-10%Cr ferritic steel. Material properties are taken from literature
and assumed to be valid for the turbine casing. Only elastic properties of the material are
used, meaning no plasticity is considered except creep. The crack initiation phase is not
considered; the study will look into crack propagation. Linear elastic fracture mechanics
(LEFM) is considered valid for the chosen material, where the stress intensity factor, K, is
used as the essential quantity for characterizing the stresses in front of the crack tip. Crack
growth properties are taken from literature and used to estimate the life of the specimens.
Only fatigue crack growth is analyzed while creep crack growth is not considered. This thesis
work only considers using strain control loading for the tests on the specimens, meaning the
strain level within the specimen will vary between two values in each cycle. Finally, oxidation
and environmental corrosion are not considered in this work.
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2 Background

In this chapter, a brief background is given related to steam turbines and thermo-mechanical
fatigue (TMF), to give an understanding of certain terms and concepts used throughout the
thesis report.

2.1 Steam turbines

A steam turbine is an essential part in power plants and especially in the production of elec-
trical power. It basically converts the thermal energy supplied by the hot pressurized steam
to mechanical power through a rotating shaft. This mechanical work can then be used for
different industrial applications for instance driving electrical generators, pumps, or com-
pressors depending on the requirements. The main principle of this machinery is to expand
the high-temperature, pressured steam inside the turbine in multiple stages. In each stage the
temperature and the pressure drop while the volume of the steam expands creating a high
speed flow. This is done by passing the steam through stationary blades that acts as nozzles,
which are directed on to rotors blades. The steam flow then pushes the blades which in turn
apply a torque on the rotor forcing it to rotate and drive the main shaft (connected to them)
[7, 8, 9].

Steam turbines come in many types and cover a wide range of applications due to their
different capacity ranges. This range mainly depends on the number of stages in the steam
turbine; there can be a single or multiple stages [7]. There are mainly three different types
of stages depending on their inlet temperature and pressure. These are called High Pressure
(HP), Intermediate Pressure (IP) and Low pressure (LP) stages. A single unit can have dif-
ferent stage combinations. Figure 2.1 shows the Boxberg lignite-fired power plant equipped
with the Siemens SST-6000 series steam turbine with the arrangement of HP turbine, IP tur-
bine and three double-flow LP turbines all attached to a single shaft [1].

In Figure 2.2 one can see a cross-sectional view of what the steam turbine looks like. All
the turbine stages are connected to a single shaft that is fixed using axial and radial bearings
[2].

The efficiency of steam turbines depends mainly on the inlet parameters of the steam.
Thus, it is desirable to enhance those parameters. The turbine efficiency has been develop-
ing over the years but its development is most related to the materials used. Long operation
hours with both high pressure and temperature require a material with outstanding mechan-
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2.1. Steam turbines

Figure 2.1: Siemens HIL (High, Intermediate and Low) pressure turbine in a steam power
plant. The photo credits goes to "www.siemens.com/press" [1].

Figure 2.2: Cross-sectional view of the Siemens steam turbine SST-6000 series. The photo
credits goes to Siemens Energy [2].

ical properties particularly in the components with high loads such as rotors, blades, casing,
and valves [10]. Even though those components are made from creep-resistent steel, they
are usually prone to damage and failure of the turbine [11]. Steels are usually used in steam
turbine components due to their being easy to manufacture in large parts and low cost com-
pared to other alloys. At temperatures above 400 �C, creep-resistant steels are used owing to
their excellent properties at high temperature [10]. The current state-of-the-art operation con-
ditions of steam power plants are called ultra-supercritical conditions with a main steam inlet
temperature of 600 �C and a pressure of 300 bar [2]. Thus, investigating the effect of cracks at
components with high loads is important in order to estimate the life of steam turbines and
determine their necessary maintenance intervals.
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2.2. Thermo-mechanical fatigue in steam turbines

2.2 Thermo-mechanical fatigue in steam turbines

An important topic related to the life analysis of turbine applications is thermo-mechanical fa-
tigue (TMF). This aims at determining the damage and failure behavior of certain components
in steam turbines by cycling a specimen made from the same material under similar loading
conditions. Each TMF cycle starts from the turbine start-up until shut-down. Since the com-
ponents in steam turbines do not undergo regular iso-thermal fatigue due to the temperature
cycling, TMF tests have the advantage of considering the influence of simultaneously varying
thermal and mechanical loading, which is more realistic to turbine applications [12].

Looking at the casing component of the steam turbine during operation, the steam tem-
perature flowing inside reaches around 600 �C. While on the outside surface, the tempera-
ture is nearly room temperature (RT). This temperature difference between the inner and the
outer wall of the case creates thermal stresses. Thus, with many start-ups and shut-downs
the material undergoes high thermal stresses that cause cracks to initiate and propagate. This
behavior could be approximated using an out-of-phase (OP) TMF cycle, shown schematically
in Figure 2.3. During the turbine start-up, the casing undergoes compression stresses at high
temperature and during shut-down tensile stresses dominate at low temperature.

Time

Lo
ad

Out-of-Phase TMF Cycle

Temperature
Mechanical Strain

Start-up Shut-down
operation

Steady state

Figure 2.3: Out-of-phase thermo-mechanical fatigue cycle (OP-TMF)

As seen in Figure 2.3, between the start-up and the shut-down, there is a steady-state
condition which is the operation time of the steam turbine. This is usually called the hold
time or dwell time. There can also be a hold time or resting time before the next start-up.

OP-TMF testing can be used to characterize the crack growth for the steam turbine casing.
In this type of testing it is important to understand the effect of different dwell times, which
might return different results. Since TMF testing is expensive and slow, it is impossible to set
the dwell time to the realistic turbine operating conditions. Thus, a suitable hold time must
be estimated to reduce the time spent in the testing while producing reasonable results. One
way is by simulating the test using finite element analysis and fracture mechanics to predict
the effects of different hold times on the crack growth.

5



3 Theory

The theory necessary for this thesis work is explained in this chapter. The concepts given
here are essential to understand certain behavior that the material undergoes such as creep
and fatigue crack growth. Also, the principle of the stress intensity factor is discussed.

3.1 Creep

Creep is a phenomenon that the material exhibits when it is loaded at a temperature above a
certain value, often greater than half the melting temperature (¡ 1

2 Tm). It can be thought of
as a type of inelastic deformation that is time-dependent and thermally activated [13]. The
material may elongate and eventually fail due to streching, even though the stress applied is
below the yield limit. This is because the material experiences a persistent time-dependent
deformation at high temperature under constant load (F) or stress (σ) [14].

When a constant uni-axial load, F, is applied to a metal rod of length L0 at an elevated tem-
perature, the rod will elongate as a function of time, δ = δ(t), until rupture. The elongation,
δ, over time, t, can be schematically viewed in Figure 3.1.

Time

x

I II III

E
lo
n
g
at
io
n

Figure 3.1: Creep curve under constant stress. Describes the creep stages (I, II, and III) with
rupture at point ’x’.
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3.2. Stress intensity factor (SIF)

The creep curve shown in Figure 3.1 can be divided into three stages, primary, I, sec-
ondary, II, and tertiary, III, creep. The slope of this curve, which is called the creep rate, is
distinguishable for each creep stage. In stage I, the creep rate is high. Then, it slowly reduces
until the start of stage II where it becomes constant with time. The secondary creep, stage
II, runs for a long time relative to the other stages. The final stage, III, is where the material
fail due to creep. The creep rate is accelerating with time until rupture (at point ’x’). It is
important to note that creep rate is also dependent on temperature.

In this thesis work, stage II creep is used to simulate the material creep behavior. This is
due to several reasons such as the simplicity of simulating the secondary creep since it has a
constant creep rate, primary creep can be ignored since it develops on a very short time scale
and tertiary creep includes failure due to creep which is not the scope of this thesis. Tertiary
creep behavior can be avoided in simulations by not setting upper limit to the secondary
creep expression.

A Norton creep power law is used to describe the secondary creep [15]

ε̇cr = A σn, (3.1)

where ε̇cr is the creep rate, A and n are the creep law parameters, which are material- and
temperature-dependent, and σ is the stress applied.

On the other hand, if the metal rod is elongated to a certain constant displacement, δε, or
in other words a constant strain level, ε, is applied, the stresses within the rod will decrease
as a function of time, σ = σ(t). In this case, the stress relaxation over time is schematically
shown in Figure 3.2.

Time

st
re

ss Initial stress (σo)

Figure 3.2: Stress relaxation behavior with constant strain

The relaxation of stress will depend, not only on the temperature and time, but also on the
initial stress, σ0, reached when the constant displacement or the constant strain is applied.

3.2 Stress intensity factor (SIF)

In large steel structures, manufacturing defects such as cracks can not be avoided. Thus, one
must take into consideration the existence of small sharp cracks. This helps to set a better
safety criterion to avoid premature failure due to the unnoticed cracks. This is particularly
important in components that undergo fatigue or periodic loading. Also, it gets more com-
plicated when temperature variation is involved, as in a TMF cycle. For these reasons, the
specimens used for determining the material behavior in the TMF cycle will include a sharp
crack. This sharp crack is introduced by fatigue pre-cracking, which involve machining a
notch that serves as a starting position for the pre-crack. Then, the specimen is subjected to

7



3.2. Stress intensity factor (SIF)

fatigue within limited loads, forcing the pre-crack to grow from the initial notch until a cer-
tain length, a0. During the test, the periodic loading on the specimen will force this crack to
open and close. At the maximum and minimum limits of the loading there will be a stress
field in front of the crack tip.

The SIF value is denoted by K. For the elastic case, it defines the stress state at the crack
tip and it is one of the most important parameters in the field of fracture mechanics [16].

In linear elastic materials, the stress field near the crack can be calculated by defining a
polar coordinate system with its origin, O, at the crack tip as shown in Figure 3.3, where r
and θ represent the distance and angle from the crack tip. The presence of a crack makes the
stress field singular near the crack tip by the r�

1
2 term. In reality this is obviously not true.

Thus, K was introduced to quantity how fast the stress approaches infinity near the crack tip,
which represent the amplitude of the singularity [16, 17].

σy

σx σx

σy

τyx
τxy

y

xO

r

θ

Crack

τyx
τxy

Figure 3.3: Stress field, in polar coordinate, in front of a crack tip [3].

Cracks can be loaded by three distinct modes of loading (individually or combined) as
illustrated in Figure 3.4 [17]. Mode-I with load normal to the crack plane, Mode-II sliding of
crack surfaces against each other and Mode-III tearing or out-of-plane shear. In each mode, a
stress field singularity appears near the crack tip but the values of K are different depending
on the mode. Thus, three types of K exist, each with different subscripts referring to the
mode they represent (KI, KII and KIII). For combined modes, the stress for each mode will be
superimposed (σtot = σI + σII + σIII) [16].

Mode-I Mode-II Mode-III

Figure 3.4: Crack loading modes: Mode-I, Mode-II, and Mode-III.
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3.3. Fatigue crack growth

For the model specimen used in this thesis work, the crack will be oriented so that only
Mode-I loading needs to be considered. This will make it less complicated and easier to
calculate. The parameter K is very useful because it has a wide variety of usage in computing
the rate of crack growth and also in determining failure criteria for fracture.

It maybe hard to find an exact solution for the SIF. Thus, different numerical approaches
can be used to evaluate it. There are many methods that could be used, such as the energy
release rate (G), the J-integral (J), the crack tip opening displacement (CTOD), etc., which are
then related to K.

The J-integral is a path-independent line integral used to compute the SIF, K, for pure
Mode-I loading. This is done by taking an arbitrary path around the crack tip (Figure 3.3)
and computed the J-integral as [16]

J =
»

Γ

(
ωdy� Ti

Bui
Bx

ds
)

(3.2)

where Γ is the path around the crack tip, ω is the strain energy density, Ti are the traction
vector components, ui are the components of displacement vector, and ds is the increment
length along the path (Γ).

For linear elastic material, the J-integral is equal to the energy release rate, G. Thus,
a unique relation between J-integral, J, and SIF Mode-I, KI, can be stated as (for plane
stress)[16]

J =
K2

I
E

(3.3)

where E is the Youngs modulus.
In this thesis work, the J-integral calculation is done numerically by the commercial soft-

ware FRANC3D (FAC, USA), which utilizes FE-analysis to compute the stress field around
the crack tip. Then, the closed path-independent line integral (J-integral) around the crack
tip is evaluated. Since the material is assumed to be linear elastic, it is then possible to use the
relation in Eq. 3.3 to computed KI.

3.3 Fatigue crack growth

A loaded component that contains a crack will likely have a plasticlal deformed region in
front of the crack tip. During cyclic loading, this region will experience plasticity alternating
between tension and compression. This drives the crack to grow each cycle or couple of
cycles. This growth could be at the microscopic level and the increment in crack length per
loading cycle is called fatigue crack growth rate and is denoted by da

dN . The growth of the
crack due to this mechanism is usually referred to as fatigue crack propagation or fatigue
crack growth [18].

Fatigue crack growth models utilize a unique parameter that describes the crack tip con-
ditions such as the stress intensity factor, K, to describe how the crack propagates. For cyclic
loading, the maximum and minimum loads applied on the crack can be used to compute
the SIFs, Kmax and Kmin. For a crack with Mode-I SIF loading, there are many factors that
influence the fatigue crack growth such as [18]:

• The maximum value of SIF (KI max)

• The minimum value of SIF (KI min)

• The ratio of minimum SIF to maximum SIF (RK = KI min
KI max

)

• The history of the loading, the variation of cyclic load amplitude.

• External factors such as environmental corrosion, temperature, etc.

9



3.3. Fatigue crack growth

The range of the SIF is defined as the different between the maximum and minimum SIF.
This measure has an important role in the analysis of crack propagation. It is denoted by ∆K
and computed as follow:

∆KI = KI max � KI min if KI min ¡ 0 (3.4a)

∆KI = KI max if KI min ¤ 0 (3.4b)

∆KI = 0 if KI max ¤ 0 (3.4c)

When the minimum SIF (KI min) is zero or negative, the range is considered equal to the
maximum SIF. While, if the maximum SIF (KI max) is zero or negative, the range is then equal
to zero and no crack propagation is taking place. The crack starts to propagate if the SIF
range (∆K) is above a threshold limit ∆Kth that is a material parameter. Eventually, the crack
growth may lead to failure of the component when it reaches the fracture toughness. The
fatigue crack propagation behavior in metals is typically plotted as illustrated schematically
in Figure 3.5 [16, 18].

log(ΔK)

I II III

lo
g
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)

ΔKth
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x

Figure 3.5: Fatigue crack growth in metals

Note that Figure 3.5 is a log-log plot of fatigue crack growth rate ( da
dN ) over the range of

SIF (∆K) where three distinct regions can be observed: phase I (threshold region), phase II
(Paris region) and phase III (unstable region).

The threshold limit (∆Kth) can be seen in phase I; right after it, da
dN is small but accelerates

with a small increment in the SIF range. In phase II, log da
dN increases linearly with log∆K and

form a line with slope m. This linear relationship in a log-log diagram between the fatigue
crack growth rate and the SIF range is described by the Paris-Erdogan law (or Paris’ law)
[19]. In the final region, phase III, a very fast crack propagation is observed and fracture can
be expected after only a few cycles.

The Paris’ law is famously used to predict the crack growth due to its simplicity. From
Figure 3.5, the relation between da

dN and ∆K can be written as:

log
da
dN

= m log∆K + C1 (3.5)

which then gives Paris’ law:
da
dN

= C(∆K)m (3.6)

where, C is the vertical intercept and m is the slope of the line in phase II. These can be though
of as material parameters. The SI-unit of C is m/(N/m3/2)m. This will then give the crack
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3.3. Fatigue crack growth

length, a, in m, since (∆K)m is (Pa m1/2)m while N is dimensionless being the number of
cycles.

Paris’ law can describe phase II very well, but using it in phase I will produce conservative
results. This is because the curve, after the threshold limit in phase I, will lie under the
extended line from phase II with slope m, which then estimates faster crack growth than
observed. A modified Paris’ law can be used to reduce the crack growth rate in this region
[16]. Also, Paris’ law can be conditioned to produce no crack growth if the SIF range is below
the threshold limit, ∆K = 0 if ∆K ¤ ∆Kth. It is also important to mention that using Paris’
law in phase III is unsafe since the crack growth is unstable and thus an upper limit must be
observed.
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4 Method

This chapter describes how the thesis work was carried out and explains the steps followed
to produce the results.

The work mainly concentrates on simulating the OP-TMF cycle described in section 2.2
related to a steam turbine casing. The first step is to model the specimen and apply the correct
boundary conditions.

Figure 4.1: TMF specimen

12



The TMF specimen considered in this research work is shown in Figure 4.1. It is a cylindri-
cal rod with 12 mm diameter and 144 mm length to have a minimum temperature gradient
during testing. The specimen has a rectangular cross-section machined at the middle to in-
troduce the gauge section. This specimen is used for TMF testing, however due to simplicity
during the simulation study only the gauge section is modeled. Figure 4.2 shows the gauge
section cut from the original specimen at surfaces A and B. The gauge section has a gauge
length of 12.5 mm, width of 12 mm and thickness of 3 mm with no notch. Note that the
gauge length is a little smaller (2.5 mm) than the length of the rectangular section.

Width

Thickness

Surface A

Surface B

Figure 4.2: Cross section view of the modeled gauge section

This section is modeled using Abaqus CAE (Dassault Systems, France) as shown in Figure
4.3. The boundary conditions are applied to this model to prevent rigid body motion, and to
be able to apply the necessary loading conditions later. Figure 4.3 also shows the boundary
conditions applied, where surface A is fixed in the Z direction while its upper and right edges
are fixed in the Y direction and the X direction respectively. This type of boundary condition
has the consequence of under constraint in X and Y directions, since in reality surfaces A and
B are attached to the material that makes the contraction or expansion of the section stiffer.
Nevertheless, this boundary condition is good for simulating a uniaxial loading inside the
gauge section. The temperature field condition is also initialized for the model, which is
shown as yellow rectangles around the model. The loading conditions will be applied later
at surface B depending on the type of the load control (displacement or pressure).

Figure 4.3: Isometric view of the model with the boundary conditions

This analysis requires elastic material data, creep law parameters, and fatigue crack
growth parameter (Paris law) values. Those data are taken from the literature for 9%-10%Cr
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steel which is commonly used for steam turbine casing components. It is necessary that the
temperature, T, dependence of the material parameters is taken into account since TMF in the
turbine casing involoves high temperature cycling and the material is temperature-sensitive.
Table 4.1 present the tensile data taken from Reference [4].

Table 4.1: Temperature, T, depended tensile test data for a 9 % Cr steel [4]

T, �C E, GPa σYS, MPa σUTS, MPa
20 214 725 842
300 276 605 706
400 179 594 670
500 167 558 603
620 130 440 575

For the creep analysis, Table 4.2 shows the temperature-dependent power law coefficient,
A, and the stress exponent, n, that are used in Eq. 3.1. Those were taken for a 9 % Cr ferritic
steel from Reference [5].

Table 4.2: Parameters used for the creep law (Eq. 3.1) for a 9 % Cr ferritic steel [5]

T, �C A, 1/(MPan hr) n
550 1.73� 10�35 12.9
575 2.34� 10�34 12.7
600 3.31� 10�32 12.4

For estimating the crack propagation with respect to the number of cycles in the test, Pairs’
law (Eq. 3.6) discussed in section 3.3 is used. The constants C and m are presented in Table 4.3
which are taken from Reference [6]. The crack growth data are for a 10 % Cr martensitic steel
at room temperature, since it was not possible to find crack growth data for high temperature.

Table 4.3: Crack propagation data for Paris law (Eq. 3.6) [6]

∆Kth, MPa
?

m C, m/(MN/m3/2)m m
4.82 3.09� 10�9 3.11

After modeling the section, meshing, implementing the boundary conditions, and setting
the material properties, the loading conditions should be applied. For this, different scenarios
could be investigated depending on the way the OP-TMF experiment conditions are set. This
gives an opportunity for exploring the different conditions and understanding the material
behavior.

Since this thesis study looks only on the casing component of the steam turbine, the OP-
TMF cycle is set to simulate the same conditions of this component. Firstly, the temperature
variation is set between 400 �C and 600 �C, which means that the turbine is not let to cool
down to room temperature before the next cycle. This type of start-up is called hot start.
Then, the loading variation is approximate to be a strain control with an R-ratio

R =
εmin

εmax
(4.1)

Then, in the present method, where the maximum strain is zero, Eq. 4.1 becomes

R = lim
εmaxÑ0

�εc

εmax
= �8 (4.2)

This means that the casing component experiences a strain variation between maximum
strain, εmax = 0, and minimum strain, εmin = �εc, where εc was introduced for the maximum

14



compression strain. Thus, an OP-TMF cycle with strain control testing is used for this simu-
lation. The temperature and the strain are forced to vary within the mentioned limits inside
the gauge section of the specimen. To achieve the required strain within the gauge section, a
prescribed displacement is applied to surface B (Figure 4.3) in the Z direction. The amount of
displacement can be determined using the engineering strain equation

ε =
∆L
Lg

(4.3)

where Lg is the gauge length and ∆L is the required extension applied to achieve the strain
ε. To achieve the maximum strain, εmax = 0, there is no need to apply any extension to the
model. On the other hand, to obtain the maximum compression strain, εc, in the cycle, the
amount of extension required is

∆L = Lg (�εc) (4.4)

Since the minimum strain, εmin, is the maximum compressive or negative strain, (�εc),
the extension is going to be negative. Thus, it is applied in the negative Z direction on the
surface B in Figure 4.3. Different maximum compressive strains, εc, are investigated in this
study, while the normal maximum strain, εmax, is kept zero all the time. Thus, a cycle might
be referred to its minimum strain level which is the maximum compressive strain, εc.

After constructing the cycle properly, the simulation is run using ABAQUS (Dassult Sys-
tems, France) and the residual stress within the gauge section is stored for each cycle after the
unloading step. Furthermore, those residual stresses are extracted using a Python (Python
Software Foundation) script and then mapped onto a re-meshed model which includes a
sharp crack, as shown in Figure 4.4. This sharp crack was inserted into a similar but new
model and re-meshed using FRANC3D (FAC, USA) software.

Width

Thickness

Surface A

Surface B

Crack length

Figure 4.4: Schematic view of the modeled gauge section with a sharp crack

This new model has the same dimensions and boundary conditions as the original model
(Figure 4.2) except that there is no load condition and surface B is fixed in the Z direction.
Also, an initial stress field is defined in this model to map the residual stresses in it.

After mapping the residual stress filed in the new re-meshed model with a pre-crack, FE-
analysis is used to solve for the new stress field. This new stress field forces the crack to
open and create a stress singularity in front of the crack tip. The SIF for this specimen is
mainly a Mode-I, KI, since it is only a crack opening and there is no sliding or tearing. Thus,
KI is calculated by solving the J-integral around the crack tip, as discussed in Section 3.3.
This is done numerically by using FRANC3D (FAC, USA) software. As shown in Figure 4.4,
the sharp crack is inserted as a through-thickness edge crack with an initial crack length, a0.
Different pre-crack lengths are investigated in this study to understand their effect on the SIF.
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4.1. Case 1: Strain control (hold time at maximum strain only)

This research looks into two different study cases, one with hold time only at the maxi-
mum compressive strain, εc, and the other with hold time at both the maximum strain, 0, and
maximum compressive strain, εc.

4.1 Case 1: Strain control (hold time at maximum strain only)

This case is an OP-TMF with strain control and dwell time at the maximum temperature,
600 �C, and maximum compressive strain, εc, only.

In OP-TMF, both temperature and load are varying with time and are out of phase, mean-
ing that at minimum strain level, the temperature is maximum and vice versa; as explained
earlier in Section 2.2. A single cycle of case 1 is shown in Figure 4.5. The strain cycle varies
between 0 to �εc while the temperature cycle changes between 400 �C and 600 �C, as shown
in Figure 4.5 (a) and (b) respectively. To achieve these conditions within the gauge section,
three steps are created for each cycle. The first step (loading step) is gradually loading the
specimen with the strain and temperature, the second step (creep step) is fixing the condi-
tions for a specific dwell time (∆t), and the third step (unloading step) is gradually reducing
the loading applied in the first step, to initial conditions.
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Figure 4.5: Schematic view of OP-TMF cycle of case 1, (a) strain cycle (b) temperature cycle

In the simulation of this case, the loading and the unloading steps are considered to be
static steps, meaning there will be no creep behavior taken into consideration. The creep step
is a viscous step which is where the creep take place. The reason for not including creep in the
first and third steps is to simplify the case and have the benefit of time-independent loading
and unloading.

Figure 4.6 shows the schematic stress versus strain diagram of a single cycle in case 1.
After the unloading step, the strain is set back to zero but the stress does not return to zero
and residual stresses are introduced. This is due to the creep during the dwell time, ∆t. The
loading and unloading lines appear to be linear because the corresponding stresses will only
be calculated at the two different temperature points 400 �C and 600 �C. By running the test
for multiple cycles, the same step are applied for each cycle and the dwell time is fixed for all
cycles to a specific duration, ∆t, as shown in Figure 4.7. It is important to mention that the
creep rate is stress-dependent, which explains why the amount stress relaxation in the creep
step is decreasing every cycle. Figure 4.7 also shows the advantage of time-independent
loading and unloading steps where it is clear that the unloading step of a certain cycle is
exactly the same as the loading step of the following cycle. This special property of case
1 is exploited by replacing the cycles with only one cycle that has a very long creep time,
tc. Then the unloading and loading for different dwell times could be done analytically by
using the slope of the lines. Thus, it would be possible to calculate the residual stresses for
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4.2. Case 2: Strain control (hold time at both maximum and minimum strain)

different creep times and then by spacing it for specific dwell time, ∆t, to get residual stresses
as function of number of cycles, N. This could be done using the following equation

N =
tc

∆t
(4.5)

where N is the number of cycle associated for the creep time, tc, using a specific dwell time,
∆t. Finally, the residual stresses are used to calculate the SIF, KI, as explained earlier.
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Figure 4.6: Schematic view of stress, σ, versus strain, ε, for a single cycle of case 1
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Figure 4.7: Schematic view of stress, σ, versus strain, ε, for a multiple cycles of case 1

4.2 Case 2: Strain control (hold time at both maximum and minimum
strain)

In this case, the conditions are the same as in case 1 except that dwell time is introduced
at both high and low temperature of the OP-TMF cycle. The hold time at low temperature
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4.2. Case 2: Strain control (hold time at both maximum and minimum strain)

represent the resting phase of the steam turbine at shut-down. Thus, case 2 investigates the
effect of this condition on the test specimen and how much it contributes to the life of the
material.

Figure 4.8 (a) and (b) shows a single cycle of OP-TMF for case 2 where the load conditions
are strain control ranging between 0 and εc and the temperature varies between 400 �C and
600 �C. As can be seen, the cycle is divided into 4 steps: Loading, dwell time at compressive
strain, ∆t1, unloading, and dwell time at zero strain, ∆t2. The compressive strain of the
specimen occurs at high temperature while the zero strain is at low temperature.
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Figure 4.8: Schematic view of the OP-TMF cycle for case 2, (a) strain cycle (b) temperature
cycle

In simulations, the loading and unloading steps are static with no creep taken into con-
sideration while both dwell steps are viscous where creep take place. It should be noted that
to simulate the required compressive strain level within the specimen gauge length, a pre-
scribed displacement calculated using Eq. 4.4 is applied similarly to surface B of the model.

A schematic view of stress versus strain for a single cycle of case 2 is shown in Figure
4.9. The cycle is similar to case 1, except that it has a stress relaxation at the low temperature,
400 �C, after unloading. Thus, it is clear that the residual stresses obtained after the unloading
step relaxes during dwell time ∆t2. This create σr,max and σr,min, which are the maximum and
the minimum residual stresses, respectively, in each cycle

600°C

400°C

Creep

Creep

-εc 

σ

ε 

σr,max 

σr,min 

Figure 4.9: Schematic view of stress, σ, versus strain, ε, for a single cycle in case 2
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4.2. Case 2: Strain control (hold time at both maximum and minimum strain)

Figure 4.10 shows a second cycle of case 2 in the stress versus strain diagram. This cycle
shows the points a, b, c, d, and e, at which the stress is calculated during the simulation test.
Between point b and c, the stress is relaxing at the maximum temperature, while between
point d and e, the stress is relaxing at the minimum temperature. Since the creep rate at
600 �C is high compare to lower temperatures and by using an equal duration of dwell time
at both creep steps, the stress at points e and a are not going to be equal. It can also be
observed that the amount of stress relaxation between point b and c is reducing each cycle,
while it is increasing between point d and e. This is due to the stress-dependent of creep rate.
Thus, after some cycles the amount of stress relaxation at both dwell times are going to be the
same, leading to a steady state cycle. This steady state cycle is stable and closed. Meaning
that the stress at point e is going to be equal to stress at point a and the stress at all points will
be same for all cycles that follows.
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Figure 4.10: Schematic view of stress, σ, versus strain, ε, for a multiple cycle in case 2

The material data required for simulating the creep at 400 �C are not available in Table
4.2 instead those data are extrapolated. Knowing that creep is a temperature activated phe-
nomenon, it is logical to use the Arrhenius equation for calculating the parameter A. This is
done by plotting 1

T versus ln(A) for the available points and fitting a line which is found to
be linear. Then, using the Arrhenius equation, the value A at 400�C is calculated from

ln(A) = Av
1
T
+ ln(A0) (4.6)

where Av is the vertical intercept and ln(A0) is the slope of the fitting line. Furthermore, the
value n is extrapolated linearly.

Since ferritic steels used for steam turbine casings usually have high creep resistance,
the stress relaxation at the minimum temperature should be small. To investigate that, an
analytic solution for the relaxation using the creep law is derived. Knowing that the strain
level is fixed during the creep step, one can assume that

ε̇ = ε̇e + ε̇cr = 0 (4.7)

and
ε̇e =

σ̇

E
(4.8)
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4.3. Estimate duration of test for case 1 and case 2

where ε̇e is the elastic strain rate, σ̇ is the stress rate, E is the Young’s modulus and ε̇cr is the
creep strain rate. Substituting the Norton creep law (Eq. 3.1) and Eq. 4.8 into Eq. 4.7. Then,
rearranging to solve for the stress value gives

dσ

σn = �A E dt (4.9)

Integrating both sides and solving for stress after relaxation (σf ) gives

» σf

σ0

dσ

σn = �A E
» tf

t0

dt (4.10)

σf =
[
(n� 1) A E (tf � t0) + σ1�n

0

] 1
1�n (4.11)

where σ0 is the initial stress before relaxation, t0 is the initial time considered for the creep
(usually it is set to zero) and tf is the final time of the creep. The parameter ∆t could be used
instead of (tf � t0) to indicate the duration of the stress relaxation or the dwell time, ∆t, as
used in this study.

Eq. 4.11 is then used to calculate the stress relaxation by substituting the creep law param-
eters, which are temperature sensitive, along with the hold time and the initial stress σ0 from
which the relaxation begin. This will give an understanding of how much relaxation / creep
to expect. Finally, case 2 is run for many cycles to obtain the residual stresses over cycles,
which is then used to calculate the SIF, KI. For that, the maximum residual stresses is used,
since it has the most effect on the crack opening during tension compared to the minimum
residual stress value. The dwell times ∆t1 and ∆t2 in this case study are set to be equal to
each other (∆t=∆t1=∆t2) and different dwell times are investigated.

4.3 Estimate duration of test for case 1 and case 2

The estimated duration of the experiments can be calculated using the fatigue crack growth
concept discussed in Section 3.3. This is done by determining the maximum number of cy-
cles Nf required to make the crack propagate through the width of the specimen to a critical
length. Since the crack propagates a small distance in each cycle, da, an evolution of crack
length, a(N), over cycles, N, can be obtained.

Following Paris’ law from Eq. 3.6 and solving for da gives

da = dN C ∆KI
m (4.12)

where C and m are material constants presented in Table 4.3. ∆KI is the Mode-I SIF range
and is computed from Eq. 3.4, where KI max is the maximum SIF in a cycle when the speci-
men is in tension (forcing the crack to open) and KI min is the minimum SIF in a cycle when
the specimen is in compression (closing the crack mouth). Assuming no crack closure effect
KI min = 0. Integrating both sides of Eq. 4.12 and solving for final crack length, af, gives

» af

a0

da =

» Nf

N0

dN C K(N)I max
m (4.13)

af = C

[» Nf

N0

K(N)I max
m dN

]
� a0 (4.14)

where a0 is the initial crack length (pre-crack), N0 is the initial cycle and Nf is the final cycle
necessary to produce the final crack length af. Since K(N)I max was calculated numerically as
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4.3. Estimate duration of test for case 1 and case 2

a function of N, there is no analytic expression available for it. Thus, the integral is solved
numerically using the trapezoid method. Therefore Eq. 4.14 becomes

a�(N) = C

[
Ņ

i=1

1
2
[
K(Ni)I max

m � K(Ni�1)I max
m] [Ni � Ni�1]

]
� a0 (4.15)

where a�(N) is the numerically calculated crack length as a function of number of cycle, N.
The final crack length af is found by substituting Nf as a�(Nf) and solve the equation.

Finally, the crack length, a, over cycles, N, is calculated and plotted for all cases with
different hold times to investigate the number of cycles required to reach the critical crack
length. The critical crack length is set to be 12 mm, which is the width of the TMF specimen,
Figure 4.2.
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5 Results

This chapter will present the results obtained during this thesis work. The results are divided
according to the method section layout, where two cases are investigated along with their
estimated experiment duration. The analyses were carried out using the concepts of elastic
loading, creep behavior, stress intensity factor and fatigue crack growth discussed in earlier
chapters.

5.1 Case 1: Strain control (hold time at maximum strain only)

As this case was explained in Section 4.1, the analysis are carried out using different com-
pressive strain levels, εc. Figure 5.1 shows a single OP-TMF cycle of case 1 for different strain
levels with a relatively long hold time, ∆t, 100,000 hours. The creep step takes place at the
constant negative strain value while the inclined lines represent the loading and unloading
steps.

Figure 5.1: Stress versus strain for a single cycle of case 1
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5.1. Case 1: Strain control (hold time at maximum strain only)

Since the creep is not linear with time, Figure 5.2 presents the stress relaxation in the creep
step during the hold time, ∆t, which can be referred to as the creep time , tc. Different strain
levels are associated with specific initial stress, σ0, that is, the stress value after instantaneous
loading the specimen and right before the start of creep step. Figure 5.2 (a) is a linear plot
while Figure 5.2 (b) is a semi-log plot that shows more details of the difference between the
lines.

Figure 5.2: Stress relaxation over tc for different εc (a) linear (b) semilogx

To calculate the residual stresses at different creep times, tc, one need to unload the spec-
imen. This is done analytically by using the slope of the unloading lines. Figure 5.3 pro-
vides those slopes for different creep time, tc, while using multiple compressive strain levels.
The data were calculated numerically for a few samples and then interpolated using PCHIP
(Piecewise Cubic Hermite Interpolating Polynomial).

Figure 5.3: Slope of the unloading line over tc for different εc
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5.1. Case 1: Strain control (hold time at maximum strain only)

Using those slope values, the residual stresses over the creep time, tc, are computed and
plotted in Figure 5.4. For clarity, the linear plot along with the semilogx are provided in
Figure 5.4 (a) and (b) respectively.

Figure 5.4: Residual stresses of case 1 over tc for different εc (a) linear (b) semilogx

Furthermore, with the use of Eq. 4.5 in Section 4.1, the residual stresses are calculated for
many cycles assuming a specific dwell time, ∆t, as shown in Figure 5.5. This is done by using
the results from Figure 5.4 which can be interpreted as residual stress over cycles, N, for any
required hold time, ∆t.

Figure 5.5: Residual stresses of case 1 over N for different εc and ∆t (a) linear (b) semilogx
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5.1. Case 1: Strain control (hold time at maximum strain only)

The next step is to determine the SIF as a function of the number of cycles, N. Each cycle
contributes to the crack growth in the specimen, forcing it to open due to the existence of a
residual stress field. By evaluating those stresses as discussed in Section 3.2, it is possible to
compute the SIF. Assuming a compressive strain level, εc, of 0.1 %, three different specimens
with initial crack length, a0, of 3 mm, 6 mm and 9 mm respectively are used to understand
the effect of crack length on the SIF Mode-I, KI, as displayed in Figure 5.6.

Figure 5.6: Mode-I SIF over tc using εc = 0.1% and three different a0

Thereafter, KI is evaluated for multiple compressive strain level as a function of N with
three different hold times, ∆t, as shown in Figure 5.7. The analysis proceeded by taking a0 = 3
mm as the initial crack length.

Figure 5.7: Mode-I SIF of case 1 plotted against N for different εc and ∆t (a) linear (b) semilogx
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5.1. Case 1: Strain control (hold time at maximum strain only)

After understanding the effect of ∆t on KI, the estimate test duration of case 1 is evaluated
in terms of cycles, N, as discussed in Section 4.3. Figure 5.8 presents the crack length, a,
versus N. The vertical line at the start of 1st cycle represent a0, which was set to be 3 mm.
The estimated test duration is measured when the crack length, a, reaches to 12 mm, having
propagated through the width of the specimen. Table 5.1 shows the duration of the test for
case 1 in terms of cycles to failure, Nf.

Figure 5.8: Crack length, a, of case 1 over N for different εc and ∆t

Table 5.1: Test duration of case 1 for different εc and ∆t

εc, % ∆t, min Nf, cycles
0.1 1 >1,000,000
0.1 5 >1,000,000
0.1 20 >1,000,000
0.2 1 291,764
0.2 5 247,183
0.2 20 219,138
0.4 1 20,813
0.4 5 18,939
0.4 20 17,664
0.5 1 9,349
0.5 5 8,635
0.5 20 8,140
0.7 1 2,887
0.7 5 2,714
0.7 20 2,592
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5.2. Case 2: Strain control (hold time at both maximum and minimum strain)

5.2 Case 2: Strain control (hold time at both maximum and minimum
strain)

The results for case 2 are presented following the method explained in Section 4.2. Starting
with the extrapolation of creep law parameters (A and n) at 400 �C, which is the minimum
temperature in the cycle where the second hold time, ∆t2, takes place. Figure 5.9 (a) and (b)
show the data points taken from Table 4.3 with the fitting curve for extrapolation of A and
n respectively. For the parameter A, a natural logarithm of A, ln(A), is plotted against the
reciprocal of temperature, 1/T, which is used to take advantage of Arrhenius equation. For
the n parameter, a normal linear extrapolation is used. The values of A and n for temperature,
T = 400 �C, are found to be 815.75� 10�6 (1/hr GPan) and 14.42 respectively.

Figure 5.9: Extrapolation to T = 400 �C of creep law parameters for case 2 (a) A (b) n

Figure 5.10 gives the stress relaxation over creep time, tc. Different initial stress values, σ0,
are considered due to their dependence on the rate of relaxation. Those σ0 can be though of
as the maximum residual stresses in the specimen before the second hold time, ∆t2, of case 2
takes place.
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5.2. Case 2: Strain control (hold time at both maximum and minimum strain)

Figure 5.10: Stress relaxation over tc at 400 �C for different σ0

Furthermore, both the maximum and the minimum residual stress, σr,max and σr,min, for
case 2 are calculated using numeric (FE-analysis) and analytic (Hooke’s law and Eq. 4.11)
solutions for 0.7 % and 0.5 % compressive strain levels as shown in Figure 5.11 (a) and (b)
respectively. The aim is to understand how close the different solutions (the numeric and the
analytic) are. Thus, they are plotted for only a few cycles.

Figure 5.11: Residual stress for case 2 as a function of N showing the analytic and numeric
solution using εc of (a) 0.7 % (b) 0.5 %
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5.2. Case 2: Strain control (hold time at both maximum and minimum strain)

In Figure 5.12 (a) and (b) the residual stresses are displayed for many cycles for both
compressive strain levels, εc = 0.7% and εc = 0.5%. The dwell time, ∆t, used in case 2 figures
are 20 min and 5 min, where ∆t represent the equal amount of dwell time at both the high
and low temperature of case 2, ∆t = ∆t1 = ∆t2.

Figure 5.12: Residual stresses for case 2 over N using εc of (a) 0.7 % (b) 0.5 %

The maximum residual stresses are then mapped on a specimen with a sharp crack of 3
mm length to compute KI. Figure 5.13 (a) and (b) present the KI value versus the number of
cycles for case 2 with compressive strain levels, εc, of 0.7 % and 0.5 %.

Figure 5.13: Mode-I SIF, KI, for case 2 over N with εc of (a) 0.7 % (b) 0.5 %
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5.2. Case 2: Strain control (hold time at both maximum and minimum strain)

Finally, the crack length, a, over N of case 2 is calculated as discussed in Section 4.3 and
plotted in Figure 5.14. This is used to estimate the duration of the case in terms of cycles,
specifically, when the crack length, a, is equal to 12 mm. Table 5.2 shows the test duration for
case 2 until failure, Nf. The table and the figure shows both εc = 0.7% and εc = 0.5%, for ∆t
of 20 min and 5 min.

Figure 5.14: Crack length, a, of case 2 over N for different εc and ∆t

Table 5.2: Test length for case 2 for different εc and ∆t

εc, % ∆t, min Nf, Cycles
0.5 5 10,318
0.5 20 10,287
0.7 5 3,668
0.7 20 3,518
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6 Discussion

In this chapter, the collected results and the implemented method is discussed, also, the thesis
is briefly put in a wider context at the end.

6.1 Results

This section concentrates on analyzing the data obtained from both the studied cases and
then to compare them to each other in order to understand the material behavior. The results
are given in Chapter 5 while the theory behind it is explained in Chapter 3.

Case 1

Starting with case 1, from Figure 5.1, one can understand that, with higher compressive strain
level, a larger residual stress is obtained after unloading using the same hold time, ∆t. The
stress relaxation is seen to be independent of the compressive strain level where all the lines
in Figure 5.2 collapse to the same value after a short instance for any creep time, tc, used. To
take advantage of the analytic unloading at different tc for a long cycle, a sample data of the
slopes are computed and interpolated as shown in Figure 5.3. The slope method is proposed
specifically to reduce the simulation time of the numerically method. It is found that the
slopes of the unloading lines are not the same for different creep times and compressive
strain levels. Furthermore, the residual stresses plotted against N in Figure 5.5 prove the
large dependence between εc and the residual stress. It can also be observed that ∆t has a
small influence on the residual stress. This is true because the change in residual stresses
over tc provided in Figure 5.4 is not large. Figure 5.6 shows the independence of the SIF, KI,
on the crack length for the same εc, where different crack lengths give more or less the same
results. This is the effect of using strain control testing, where the energy required to open
the crack is the same no matter what the crack length is. It can be noted that the KI data in
Figure 5.7 follows the same pattern as Figure 5.5 for the residual stresses over N. Thus, it can
be concluded that the SIF value is sensitive to the compressive strain level, while the ∆t has
less effect on the SIF. Finally, the test duration of case 1 can be found from Figure 5.8 when
the crack length, a, approaches the width of the specimen, 12 mm. The fatigue crack growth
behavior of case 1 has a strong dependence on the compressive strain level, while a change
in ∆t gives a smaller effect on the crack growth rate, as shown in Table 5.1. It must be noted
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6.1. Results

that even though a test might have the same duration, for the same strain level, in terms of
cycles, N; higher dwell time, ∆t, produces longer experimental time. Thus, for the same N, a
dwell time of 20 min will be 4 times longer than a dwell time of 5 min.

Case 2

The creep law parameter A, produced for 400 �C by extrapolation, has a very low value com-
pared to the upper temperature range (600 �C). This motivated an investigation of whether
the creep behavior at 400 �C can be noticed when running case 2. The stress relaxation at
400 �C in Figure 5.10 shows small to no creep effect when the initial stress, σ0, is below ap-
proximately 600 MPa. This means that in case 2, if the chosen εc produces a residual stress
below 600 MPa, the stress relaxation at 400 �C would be so small that the cycle would look
like case 1. Thus, case 2 considers two compressive strain levels 0.7 % and 0.5 %, where the
residual stresses are above 600 MPa. Before starting the analysis, a MATLAB (MathWorks,
USA) script was developed, which utilizes the analytical expression of stress relaxation (Eq.
4.11) and the slopes for the loading and the unloading steps (Figure 5.3) to produce the case
2 cycle and the related residual stresses. This analytical solution was compared to the nu-
merical one that was produced from ABAQUS (Dassault Systems, France) for a few cycles as
shown in Figure 5.11. The results match and justify the use of this analytical solution since
the numerical simulation is time-consuming. The residual stresses before and after the hold
time, ∆t2, at 400 �C are plotted in Figure 5.12. It can be seen for εc = 0.5%, both σr,max and
σr,min are the same for the same ∆t. This is because the stress relaxation to produce the differ-
ence is small during that hold time. On the other hand, for εc = 0.7% the stresses are higher
(above 970 MPa) and the difference become noticeable and it gets higher with longer ∆t. The
residual stress is seen to reach a stable limit where it becomes constant over cycles, N. This
stable cycle appears due to the effect of stress relaxation at the lower temperature of the cycle
introduced in case 2. The relaxation at the highest temperature increases the residual stress
while it reduces the residual stress at the lowest temperature. Thus, if the rate of increment
matches the rate of reduction a stable cycle is achieved that gives a constant value of residual
stresses. This stable behavior is reached faster at a higher compressive strain level due to the
higher stress relaxation at the lower temperature.

Furthermore, the maximum residual stress, σr,max, obtained from case 2 is used for com-
puting the SIF (Figure 5.13). A similar pattern can be observed between the residual stress
and the SIF over N. Finally, Figure 5.14 shows the specimen crack length, a, over N for case 2
and Table 5.2 shows the maximum number of cycles, Nf, when crack length reaches 12 mm.
Similar observation can be made from case 1, where a longer specimen life is achieved with
lower compressive strain value.

Case 1 & Case 2 comparison

The results from both cases are compared to understand the effect of introducing a hold time
at the minimum temperature in the OP-TMF cycle. The residual stress over N for both cases
are plotted together as shown in Figure 6.1. It is clear that case 2 reaches a stable cycle while
case 1 does not, which is mainly due to the hold time, ∆t2, at the lower temperature. Also, it
can be seen that the residual stresses for the first few cycles seem to be matching for both cases
with a the same ∆t. Those matching cycles increase by lowering the compressive strain level
that gives lower residual stresses and reduces the effect of stress relaxation at the minimum
temperature making case 2 similar to case 1, or at least for some number of cycles. Since the
SIF is directly influenced by the residual stresses, and insensitive to the initial crack length,
similar pattern is seen between Figures 6.1 and 6.2. As mentioned before for case 2, only the
maximum residual stresses, σr,max, are used to compute the SIF since it has the higher effect
on the crack.
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6.1. Results

A comparison of the duration of the test for both cases is presented in Figure 6.3 and Table
6.1. Case 1 has shorter test duration compared to case 2 for the same compressive strain level
and dwell time. The effect of reaching a stable cycle in case 2 prevent the SIF from increasing
as compared to case 1. This makes the crack growth in case 1 higher and shortens the life of
the specimen. Also, dwell time must be chosen carefully because going from 5 min to 20 min
increases the duration of the test 4 times in terms of time (hrs, min, etc.).

Figure 6.1: Residual stresses over N of case 1 and case 2 for different ∆t using εc of (a) 0.7 %
(b) 0.5 %

Figure 6.2: Mode-I SIF, KI, over N of case 1 and case 2 for different ∆t using εc of (a) 0.7 % (b)
0.5 %

33



6.2. Method

Figure 6.3: Crack length, a, over N of case 1 and case 2 for different ∆t using εc of (a) 0.7 % (b)
0.5 %

Table 6.1: Test duration of case 1 and case 2 for different εc and ∆t

Case εc, % ∆t, min Nf, Cycles
1 0.5 5 8,635
1 0.5 20 8,140
1 0.7 5 2,714
1 0.7 20 2,592
2 0.5 5 10,318
2 0.5 20 10,287
2 0.7 5 3,668
2 0.7 20 3,518

6.2 Method

Many simplifications were considered when establishing the method. This helped the thesis
work to successfully produce reliable results in a reasonable amount of time. It is also im-
portant to keep in mind that those simplifications must be understood carefully, especially
during the method replication. The method did not take into consideration the plastic behav-
ior of the material used (9%-10%Cr ferritic steel) and considered only the elastic data. This
is done for multiple reasons. This simplification makes the method a lot easier to implement
since there will only be elastic loading governed by the simple Hooke’s law, ε = σ

E . The K
parameter used to describe the crack tip conditions is only valid for elastic or near elastic
cases. Also, there are not much material data available for 9%-10%Cr ferritic steel, because
it is a rather new material used for steam turbine casing. In addition, the yield limit for
this material is high, Table 4.1, which in some sense justifies neglecting its plasticity. Also,
the compressive strain levels used in the work is between 0.1 % and 0.7 %, which produce
stresses that are not far from the yield limit. The material data taken from [4] in Table 4.1 are
for tension, thus the material is assumed to be isotropic.
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6.2. Method

Furthermore, the creep data in Table 4.2 were only for three different temperatures and
it had to be extrapolated to 400 �C. Normally, creep data are difficult to obtain since their
testing is expensive and takes a long time which makes their availability limited in the lit-
erature. The extrapolation is done using the Arrhenius equation, Eq. 4.6, since creep is a
temperature-activated phenomenon. Also, as discussed in Section 3.1, a Norton creep law
is used to simulate the creep steps. This law is made to predict the secondary creep stage,
Figure 3.1, but care must be taken when it is used, because it does not work very well for
other creep stages (primary and tertiary).

The residual stresses in the specimen are calculated differently for each case study. In case
1, a single cycle was run then the slopes of the unloading line, Figure 5.3, were used to find the
residual stresses at different creep times. This is possible because the unloading line matches
the loading line of the next cycle. In case 2, Hooke’s law along with the analytic expression of
the stress relaxation and the slopes are used to simulate the cycling, which gives faster results
than running the cycling numerically with FE-software. Thus, it must be noted that correct
conditions are applied in order to produce reliable results.

Another point worth mentioning is that an un-cracked specimen is used to collect the
residual stress values in each cycle. Then this stress field is mapped onto a similar specimen
but with a pre-crack used to calculate the SIF. This way is easier than running the cycle on a
cracked specimen. It also provide a clear understanding of the evolution of residual stresses
along the number of cycles, N. In addition, this method can be justified since the tests are for
steam turbine casing and the specimen used does not have a big notch. Thus, there will be no
difference if there is a pre-crack or not when loading, because the loading is in compression
and the crack is forced to close. Assuming there will be no crack closure effect, the loading
will make the crack look more or less the same for each cycle.

All the tests in this thesis work are carried out using strain control, which must be noted
since it produces other effects than a stress-controlled cycle. One important effect of strain
control is that the SIF does not depend significantly on the pre-crack length, a0, as discussed
earlier. In stress control the energy provided to drive the crack is constant and is not re-
duced as compared to strain control. Making stress-controlled tests produces SIF values that
depends on a0.

The SIF data obtained from this study is directly dependent on the stress field mapped
onto the pre-cracked specimen. The crack length results used to estimate the duration of the
tests are calculated by an expression, Eq. 4.15, derived from Paris’ law, Eq. 3.6, discussed
in Sections 4.3 and 3.3. Those were based on the secondary stage of fatigue crack growth
behavior. No creep crack growth is considered for the results of case 2 due to its complexity.
This is not going to effect the results that much because the creep data at 400 �C shows little
creep effect. However, it must be noted that this effect should be taken into account for higher
temperatures.

Taking into consideration all the assumptions used throughout the method, a high degree
of replicability and reliability can be achieved. The method is assumed valid since it follows
the discussed theory and reasonable explanations are achieved. The method provided in
this work was able to produce answers to the research questions proposed at the start of the
work. The degree of validity will depend on the study delimitation and how accurate the
replicability of the method is.

The literature used to gain knowledge related to the theory in this topic is accessible and
found in the fields of solid mechanics and fracture mechanics. However, the data that de-
scribe the material behavior is limited. The work support the planned TMF testing by pro-
viding a suitable understanding of the expected behavior from the test. This reduces the
time wasted on trial and error parameters during TMF testing and helps to produce accurate
results.
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6.3. Recommended testing parameters

6.3 Recommended testing parameters

The TMF cycle requires sufficient time for the loading and unloading steps to avoid any tem-
perature gradient within the specimen when varying the temperature between the minimum
and the maximum values. Experimentally, it has been found that changing the temperature
by 1 degree per second is sufficient. Since the temperature is varying between 400 �C and
600 �C, the change is 200 �C. Thus, at least 200 seconds (3.6 min) is require in the loading and
unloading steps. This leads to the recommendation of using a dwell time, ∆t, greater than
the time spent in the loading and unloading steps. On the other hand, it has been found that
longer dwell times have small effect on the results, but it increases the test duration greatly.
Thus, a recommended dwell time, ∆t, of 5 min could be used for both case 1 and 2.

It has been found that both case 1 and 2 are insensitive to the length of the pre-crack, a0,
due to the strain control testing. But in reality, a very short or very long pre-crack might affect
the results produced. Thus, a recommended pre-crack length, a0, of 3 mm can be used.

Care must be taken when choosing a good compreesive strain level for the tests, since it
substantially effects the test results. Generally, the compressive strain level, εc must be low
to avoid large inelastic behavior. This is important because the SIF, K, characterizes the crack
tip conditions only for elastic or near elastic cases. Thus, compressive strain levels above 0.6
% must not be used. Also, the compressive strain level should not be very low, to avoid large
tests duration. Compressive strain levels of 0.2 % and below must not be used to prevent
unreasonably many cycles to failure, Nf (Table 5.1). Thus, recommended εc for case 1 could
be 0.6 %, 0.5 % and 0.4 %.

In case 2, the results achieved predict that low strain levels lead to less creep effect during
dwell time which makes case 2 like case 1. Thus, it does not make sense to run tests for small
εc in case 2. In Figure 6.2 , a compressive strain level of 0.5 % shows exact values of SIF
between both cases until about N = 100 cycles. Nevertheless, the difference between the both
cases (case 1 and case 2) will still be small after that. On the other hand, a compressive strain
level of 0.7 % shows bigger change between the two cases, but it produces large plasticity.
Figure 6.3 supports this argument, where it takes about 10,000 cycles to see a distinguishable
difference for εc = 0.5 % and 3,000 cycles for εc = 0.7 %. Since running 10,000 cycles takes
a very long time, it can be argued that the recommended compressive strain level for case 2
should be between 0.5 % and 0.7 %.

Table 6.2 sums up all the recommended OP-TMF tests based on the results provided in
this study. The data for εc = 0.6% is not available, but it can be estimated to lay between εc of
0.5 % and 0.7 %. Thus, the results for εc = 0.6% is estimated to take less time than εc = 0.5%.

Table 6.2: Recommended tests parameters for case 1 and 2 to specimen failure

Case εc, % ∆t, min a0, mm af, mm Nf, Cycles tf, days
1 0.4 5 3 12 18,939 153.5
1 0.5 5 3 12 8,635 70
1 0.6 5 3 12 < 8000 < 64.8
2 0.6 5 3 12 < 10,000 < 115.75

For affordability, the tests can be set to run for a few thousands cycles only. This can be
justified since the SIF values for all the recommended tests reaches a stable level at around
2,000 cycles, and running the test more than that will not provide important outputs com-
pared to the time spent, tL. Table 6.3 shows the time spent, tL, when running the test for a
limited number of cycles, NL. It must also be noted that the tests should provide at least 1
mm of crack growth or crack length of aL ¥ 4 mm, to have a proper crack growth rate.
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6.4. The work in a wider context

Table 6.3: Recommended tests parameters for case 1 and 2 to limited cycles, NL

Case εc, % ∆t, min a0, mm aL, mm NL, cycles tL, days
1 0.4 5 3 4.1 2,500 20.3
1 0.5 5 3 4.9 2,000 16.2
1 0.6 5 3 >5 2,000 16.2
2 0.6 5 3 >5 2,000 23.2

6.4 The work in a wider context

This thesis work does not violate any ethical or societal aspects. However, it contributes
to gain more understanding for the thermo-mechanical fatigue testing, which in turn aim
to increase the life of the components used in steam turbine applications. Thus, providing
a stronger support for the integrated renewable energies that aims for a green future. The
research also has an economical implications for producers of turbine power plant. The work
aim to reduce the time required to set a proper OP-TMF testing, which can improve the time
spent in the material developments.
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7 Conclusion

This study provided a method that was able to answer all the research questions. The purpose
of this research was achieved by understanding the effect of different parameters on the TMF
cycle along with providing a recommended test parameter that could be used. To conclude,
the overall effect of different dwell times on the test is not significant. Dwell times of less
than 5 min must be avoided so that the loading and unloading steps time should not be
larger than the dwell time. Also, longer dwell times are not useful since they only makes the
test duration longer. Leading to the use of the recommended 5 min dwell time. On the other
hand, the effect of using different compressive strain levels in the TMF experiments are found
to be very important. Inelastic behavior in the tests must be avoided, since the use of SIF is
limited to elastic or near elastic behavior. Thus, compressive strain levels of higher than 0.6 %
should not be used. Very long tests should also be avoided by using compressive strain levels
higher than 0.2 %. Thus, for case 1, the recommended compressive strain levels are 0.6 %, 0.5
% and 0.4 %. For case 2, it is found that using compressive strain of 0.5 % and below makes
the cycle similar to case 1. Thus, for case 2 it is recommended to use compressive strain level
of 0.6 %.

The data obtained in this research show that the SIF can reach sufficient values to produce
specimen failure. The time takes to reach specimen failure mainly depends on the dwell time
and the compressive strain level. The specimen time to failure can be rather long (around
100 days for the recommended test parameters), due to the fact that the SIF reach a stable
limit. Meaning that the change of SIF values with cycles is not large enough to produce high
acceleration to the crack growth. However, the test could be stopped when the SIF start to
be stable. This is because the test will not provide important results compared to the time
spent. Thus, using the recommended test parameters, it is found that each test could be run
for around 20 days only. It is also found that the SIF is not effected by the different pre-crack
lengths in the specimen, where similar SIF values were achieved using 3 mm, 6 mm, and 9
mm cracks. however, a recommended value of 3 mm pre-crack should be used.

The work presented in this thesis is useful for implementing an OP-TMF testing. It will be
able to provide an overall effect of the SIF during such cycle, putting in mind the delimitation
stated for the method section.
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Future work

Further work within this research area is necessary. Particularly by investigating the tests in
stress control conditions and comparing it to the one this work present, strain control. It is
also interesting to look into the effect the delimitation has on this work especially for higher
strain levels by including the plastic behavior of the metal used. Other type of TMF tests
could also be of interest such as in-phase TMF (IP-TMF).
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