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Abstract 
At cyclic operation of gas turbines, components are subjected to thermo-mechanical 
fatigue (TMF) due to the high temperature gradients that arises. In this thesis life 
assessment of welds in combustion chambers are at focus. Siemens Industrial 
Turbomachinery AB uses a method they call the HQ-method to estimate the TMF life of 
components, but how well this estimation work with welds have not been investigated 
before and is therefore unclear. Because of this unclearness, an additional reduction 
factor is used take this into account. 
 
The goal of this thesis is to conduct a study of welds in the combustion chambers to get 
an overview of welds that are present, and to identify eventual problems with those. 
Furthermore, an analysis of a selected weld is performed and the results are evaluated by 
using the HQ-method. 
 
For this analysis, a TIG weld on a test specimen of Hastelloy X is selected as both the 
weld method and the material are commonly used in combustion chambers. The 
specimen is chosen due to the possibility to verify the results using a test rig designed for 
TMF-tests. 
 
The results show that the HQ-method, with the assumptions made today, yields a life of 
welds considered very low compared with the base metal. Also the location of the most 
severely loaded point is questionable. Further investigations also show that residual 
stresses in the weld relax quickly and the creep rate of the weld does not make any 
particular difference to expected life. 
 
To verify the results and clarify some questions it is therefore suggested that the 
commenced investigation continues with real tests on the weld. As the results show that 
the creep rate is unimportant to the fatigue life, the parameter should be ruled out from 
the investigation and the objective should instead be to find the accurate yield strength of 
the weld, and study if failure occurs in or outside the weld. 
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Sammanfattning 
Vid cyklisk drift av gasturbiner utsätts komponenterna för termomekanisk utmattning 
(TMF) på grund av de höga temperaturgradienter som uppkommer. I detta arbete är 
livslängdsbedömningen av svetsar i brännkammare i fokus. Siemens Industrial 
Turbomachinery AB använder en metod som de kallar för HQ-metoden för att bedöma 
livslängden av komponenter utsatta för TMF men hur väl denna bedömning stämmer på 
svetsar är oklart. På grund av denna oklarhet används en extra reduceringsfaktor för att ta 
hänsyn till detta.  
 
Målet med detta arbete är att göra en undersökning av svetsar i brännkammare för att få 
en överblick av vilka svetsar som finns samt att identifiera eventuella problem med dessa. 
Vidare ska en analys på en utvald svets utföras och resultaten ska utvärderas med HQ-
metoden. 
 
Till denna analys väljs en TIG-svets på en provstav av Hastelloy X då både svetsmetoden 
och materialet är vanligt förekommande i brännkammare. Provstaven valdes eftersom 
den ger en möjlighet att verifiera resultaten i en provrigg avsedd för TMF-prov.  
 
Resultaten visar att HQ-metoden, med de antaganden som görs idag, ger en livslängd på 
svetsar som är väldigt låg i förhållande till grundmaterialet. Också placeringen av den 
mest påkända punkten kan ifrågasättas. Vidare visar även undersökningen att 
restspänningar i svetsen relaxerar snabbt och att kryphastigheten i svetsen inte gör någon 
speciell skillnad på den förväntade livslängden. 
 
För att verifiera resultaten samt klargöra vissa frågetecken föreslås därför att den 
påbörjade undersökningen fortsätter med riktiga tester på svetsar. Eftersom resultaten 
visar att kryphastigheten endast är av ringa betydelse ska den parametern uteslutas ur 
undersökningen och målet ska istället vara att finna den korrekta sträckgränsen i svetsen 
samt studera om brott uppkommer i eller utanför svetsen.  
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1 Introduction 
This project is provided by Siemens Industrial Turbomachinery AB as a part of a pre-
study to a bigger project where the goal is to increase the knowledge about weld analysis 
in combustion chambers. The reason is that combustion chambers are made up from 
welded sheet metal pressings and the welds are a crucial design element with material 
properties that differ from the base metal. In particular the properties and behavior of 
welds subjected to low cycle fatigue (LCF) and TMF are of interest in this thesis. Welds 
in nickel based super alloys subjected to TMF load conditions are a very specific area and 
either have not many investigations been made or the few companies which are dealing 
with this seem to keep the information internal since specific reports regarding this 
subject are extremely rare. 
 

1.1 The company 

Siemens Industrial Turbomachinery AB, or SIT AB in short, is part of the world wide 
company Siemens AG with it’s headquarter in Germany. Siemens AG has around 405 
000 employees in 190 countries around the world and is divided into three sectors: 
Industry, Energy and Healthcare. SIT AB, or Siemens as the company will be called from 
here on, represents a part of the energy sector and has approximately 2,800 employees in 
Finspång who develop, design and manufacture gas turbines in the power range of 15-
50MW and steam turbines in the power range of 60-250MW. With these turbines and 
products from the industry sector Siemens are able to offer complete heat-and-power 
plants to their customers. It is their ambition to offer products with high efficiency and 
reliability, low service costs and low imprints on the environment.  
 

 

Figure 1.1: Siemens castle in Finspång 
Source: Siemens  
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1.2 Background 

Due to high service temperatures the materials in gas turbines are subjected to high loads 
during cyclic operation. This effect is caused by different thermal expansion coefficients 
in the materials and the fact that the structure heats up and cools down at different rates. 
There is also a possibility that a part of the structure is subjected to high loads due to high 
temperature differences during steady-state operation. This puts high demands on the 
welds in the structure as they are one of the basic fastening elements used. To minimize 
the risk of failure of a weld, there are high demands on both the mechanical integrity 
calculations made on the different welds and on the quality of the welds themselves. The 
later demand is met by using high quality welding procedures and thorough inspections 
of all welds in the structure.  
 
For safety, welds are preferably placed at areas with low loads but in some cases is this 
not possible. In those situations the welds are analyzed using a weld analysis guideline 
produced by Siemens in order to make the analyses procedure standardized. In rare cases, 
when the weld analysis guidelines are not applicable to a specific weld the analysis is 
proceeded with guidance from a group of engineers and specialists that discuss and 
decide how to best deal with the weld in question. This procedure is more time-
consuming than analyses covered by the guidance. Conclusions are that the weld analysis 
guidelines have to be updated to cover all cases in order to guarantee fast and effective 
simulations.  
 
Even if detailed finite element calculations are made there is no guarantee that a 
component will not be subjected to damage. If damage of a weld on a component occurs, 
it might lead to costly repairs, secondary damages or, in extreme cases, redesigns of the 
affected component. This is why it is a big interest of Siemens to assure the quality of 
their weld analysis methods by updating the guideline regularly and by making sure that 
the guideline covers all situations encountered.  
 
The current life evaluation method used by Siemens gives a good idea of which areas of a 
structure that is subjected to the shortest lives. The method is developed to be used on 
homogenous material and the life estimation of welds is therefore uncertain since a weld 
can be seen as an own component in the structure. The intention of this thesis is therefore 
to evaluate the method regarding its usefulness on welds. 
 

1.2.1 Gas turbine 

A gas turbine is basically a stationary jet engine and because it is stationary, weight is not 
of great importance as for a conventional jet turbine where lower weight means less fuel 
consumption. It has a compressor that is mechanically connected to a turbine with a 
combustor in between. Compressed air from the compressor is mixed with fuel (e.g. 
natural gas or oil) in the combustion chamber and ignited. The resulting hot gas is 
directed through the turbine stage that converts the gas flow in a rotating movement so 
that the power in the gas flow can be extracted. In a jet turbine, this power is used to 
drive the compressor and the remaining power in the gas flow is used to generate thrust 
by leading the gas through a nozzle that accelerates the hot gases by expansion back to 
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atmospheric pressure. A gas turbine also draws power to run the compressor but as it is 
not in need of any thrust the power can be used to drive a shaft which in turn can be 
connected to a generator, pump or the propeller of a ship.  
 
The temperature in gas turbines is very high, sometimes higher than the melting 
temperature of the materials. In order to assure stability of the material and prevent it 
from melting some form of component protection is needed. This protection may consist 
of a protecting layer and/or cooling of the component. In case of using protection layer a 
thermal barrier coating made of ceramic material is sprayed on the hot surface of the 
exposed components. The components can also be cooled by air taken from the 
compressor stages. This air is cooling the outer side of the chamber before it is injected 
into the chamber to form a protective layer of air between the liner and the hot gases. The 
downside with this method is that the efficiency of the gas turbine is lowered due to 
higher flow losses. It is therefore always a desire to minimize the amount of cooling air 
used while still being able to assure sufficient cooling of the components.  
 

 
Figure 1.2: SGT-700 gas-turbine 
Source: Siemens 

1.2.2 Combustion chamber 

A combustion chamber is composed of welded pressings of sheet metal. The construction 
of a combustion chamber is a balancing act between getting the structure stiff enough to 
avoid vibrations and buckling situations while remaining flexible to avoid excessive 
stresses due to thermal loads. A combustion chamber can be of either annular design with 
one or more circumferential chambers per engine, each containing a number of burners, 
or of can design with multiple chambers per engine distributed on the circumference, 
each containing one or more burners. The first category includes SGT-600/700/800 and 
the second category includes SGT-500/750. There are several reasons why the effective 
chamber design from SGT-800 was not used in the development of the new SGT-750. 
One was the wish to facilitate the test procedure of the flow as the size of a full can is 
manageable. There are no need to introduce boundaries and all influencing factors are 
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included in the flow tests resulting in more accurate knowledge about the flow in the 
combustion chamber. Another factor why the annular design was not used is because the 
can design also brings possibilities to exchange a faulty can with a new one without 
having to take the whole machine down. This is positive in a maintenance point of view. 
The downside with the can design is a somewhat more complex design compared to the 
annular design.  
 
Due to the high temperature gradients induced by combustion of fuel the exposed 
materials are subjected to considerable strains. In order to reduce the effects of high 
temperatures the combustion chambers are in some cases coated with a thin layer of 
ceramic material which insulates the base metal from the high temperatures. The 
technique is called thermal barrier coating or TBC in short. Air from the compressor is 
fed along the outside of the combustion chamber, cooling the walls, and then directed 
into the burner where it mixes with fuel and ignites. Some of the compressor air is also 
directed into the chamber before entering the burner through small holes. This is done in 
order to improve cooling of the walls by impingement cooling or creating a cooling film 
of air between the hot gases and the walls of the combustion chamber.  
 

 
Figure 1.3: SGT-800 combustor 
Source: Siemens  

1.3 Objectives 

The aim of the specifications from Siemens is to categorize the current welds in the 
combustion chambers in order to make them easier to grasp and to identify potential 
problems and possibilities with them. They also want finite element calculations to be 
prepared and performed on a chosen weld. This will hopefully results in directives on 
how to design and life estimate welds and suggestions to future tests of welded parts to 
verify the results from the finite element calculations.  
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The objectives are to: 
 

• Study existing welds 
• Analyze how the weld properties affect the fatigue life 
• Conclude if the current life evaluation method is capable to evaluate the life of 

welds and propose improvements if needed 
 
Besides from these objectives is the approach free, which means that the way to meet 
these requirements is determined as the work is developed. In order to limit the task, the 
burners are chosen not to be considered.  
 

1.4 Procedure 

A characterization of the existing welds in the combustion chambers is made with the 
intention to identify problems regarding welds in the structure. This is done by talking to 
different design engineers with knowledge of specific combustion chambers. Before each 
meeting specific questions are formulated and a drawing of the specific combustion 
chamber in question is brought in order to better understand which welds the designer 
refers to. 
 
With the acquired knowledge a study of the basic knowledge regarding the theoretical 
background is conducted with the aim to deepen the knowledge needed to complete the 
task. With this knowledge a specific weld is chosen in order to perform an analysis with 
the intension to better understand the influence of a weld in the structure. The chosen 
weld is meshed in Hypermesh and finite element calculations are performed in the FEA 
program Abaqus. With the data and experience gained from the simulations the results 
are concluded and discussed. 
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2 Theoretical background  
This chapter feature the theoretical background of the information obtained from the 
survey and is needed in order to understand the basics of the theory affected in this thesis. 
Unfortunately there are limited data regarding TMF in welds, especially in nickel-alloy 
base material, in contrast to the great amount of research related to steel and aluminum.  
 
The chapter is divided into three sections where the first one deals with the different 
welding methods used in the combustion chamber. Section two describes what happens 
with the base metal when exposed to excessive heating. The last section includes 
explanation of two fatigue phenomenon of interest in this thesis and information of the 
HQ-method used by Siemens to determine the fatigue life of components. 
 

2.1 Welding methods 

There are two main categories of welding methods, pressure welding and melt welding, 
both including a number of methods and sub-methods as shown in figure 2.1. The three 
welding methods used to produce the welds that are of interest in the survey are seam-, 
tungsten inert gas- and laser welding. These methods are presented and described. In 
addition two other methods are also presented: Manual metal arc, because this method is 
what most people think of first when thinking of weld methods, and spot welding because 
of its similarities with the seam welding method. The information about the different 
methods is gained from Karlebo Svetshandbok [1]. 
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Figure 2.1: Overview of different welding methods 
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2.1.1 Laser welding 

Light Amplification by Stimulated Emission of Radiation, or for short laser, emits a 
concentrated beam of high energy density to melt the material in the joint, shown in 
figure 2.2. This means that there is no need to use filler material but it also leads to high 
tolerance requirements on the joining surfaces as the lenses of the laser head focuses the 
beam to only a few tenths of a mm in diameter. The method can also be used for cutting 
operations by using a very high power-focused beam that vaporizes the material in the 
cut, or it can be used for engraving operations using a lower power. The power of the 
laser determines how quickly and how thick material the laser can cut and weld. When 
welding, a portion of the material is vaporized and a shielding gas, usually helium or 
argon, is needed to protect the lens from the steam and spray. The shielding gas also 
protects the material from oxidation. Laser welding produce a small heat affected zone 
(HAZ) because of the low total heat input into the material. 
 

 

Figure 2.2: Laser beam penetration 
Source: Karlebo Svetshandbok [1] 
 
Table 2.1: Translation to figure 2.2 

Laserstråle Laser beam 
Plasma Plasma 
Smälta Melt 
Stelnat material Solidified material 
Svetsriktning Welding direction 
Nyckelhål Keyhole 
 
There are several different types of lasers in which the most common ones are the CO2- 
and Nd:YAG laser. The CO2 laser normally has a power of 3-12kW and can be used to 
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weld thicknesses up to 26mm. Its light is generated in a pipe containing CO2 and has a 
wavelength of 10.6mm. This wavelength cannot be passed through a fiber optic cable 
which make this laser inflexible and cannot be used by a welding robot. The wavelength 
is also partially reflected by some materials which makes, for example, aluminum and 
magnesium alloys hard to weld.  
 
The ND:YAG laser has a maximum power of only 4 kW, which is considerably less than 
CO2 laser and can therefore only be used to weld thicknesses up to 6mm. However, the 
light has a wavelength of 1.06µm which can be passed through a fiber optic cable and 
focused through usual lenses. This means that the laser is flexible and can be used with a 
welding robot, which is a great practical advantage. 

2.1.2 Manual Metal Arc welding 

This method uses consumable electrodes that are melted by an electric arc between the 
work piece and the electrode. The principle of manual metal arc (MMA) is shown in 
figure 2.3. The base metal melts slightly and is mixed with the electrode during the 
intense heat. The electrodes are coated with a covering layer of flux which has the 
following functions: 
 
• It protects the droplets and melted weld metal from oxidation by forming a covering 
slag and gases during the welding process  
• It improves the arc stability  
• It controls the shape of the weld surface and improves the slag discharge  
• It should supply alloy elements and improve the penetration of base metal  
 
The coated electrodes can, depending on the chemical composition, be divided into 
acidic, alkaline and rutile electrodes. The acidic electrodes are coated with a flux 
containing iron and manganese oxides. They provide smooth, shiny weld strings and 
good productivity. Welds made by acidic electrodes can withstand a higher elongation 
than the other electrode types, but have in return a lower yield- and tensile strength. The 
flux that covers the alkaline electrodes contains calcium fluoride which makes the slag 
alkaline. This produces low sulfur and oxygen concentrations in the weld metal and gives 
the best weld quality of the different electrode types. The alkaline electrodes are sensitive 
to moisture and must be kept dry. Rutile electrodes have about 25-45% of the mineral 
rutile in the coating. This makes the electrode easy to weld with and produces good weld 
strings. However, the high hydrogen content in the weld makes it sensitive to hydrogen 
cracking. 
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Figure 2.3: Manual metal arc welding 

Source: Karlebo Svetshandbok [1] 
 
Table 2.2: Translation to figure 2.3 

Elektrodhållare Electrode holder 
Svetskabel Welding cable 
Återledare Back-leader 
Likström eller växelström Direct- or alternating current 
 

2.1.3 Spot welding 

Spot welding is a form of resistance welding in which two plates are pressed together 
firmly by two electrodes while a high current passes through them. This produces a local 
melt between the plates. Spot welding is a fast method since the heating time of the work 
piece is low and only a very small amount of the induced heat energy has time to be led 
away during the welding operation. Because of this the method is also very effective 
from an energy perspective. Other advantages include that no filler material is needed and 
that the risk of deformation of the work piece is minimal because the heat energy is 
concentrated at one small area. 
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Figure 2.4: Principle of spot welding 
Source: Karlebo Svetshandbok [1] 
 

2.1.4 Seam welding 

The principle of the seam welding is shown in figure 2.5 in which two rollers push 
together two plates while a current passes through the rollers. Welding can be done with 
either a continuously or selectively current flow. The rolls also feed the welded plate 
forward and this method can therefore be used as a fast version of spot welding because 
the rollers do not need to be lifted between each point-weld. The special method when the 
weld spots are placed in certain distances is called roll spot welding. 

 
Figure 2.5: Principle of seam welding 
Source: Karlebo Svetshandbok [1] 
 

2.1.5 Tungsten inert gas welding 

This method uses a non-melting electrode mostly made of tungsten to form an electric arc 
between the electrode and the work piece. The method is often referred to as TIG and can 
be used both with and without filler material. It is possible to butt weld materials up to 3-
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4mm thickness without using filler material, but with larger thicknesses, a chamfering of 
the joining surfaces must be made and additive material is needed to complete the joint. 
The additive material is added by hand or mechanically by moving the material into melt 
and arc. Typically, a material with similar properties as the substrate is used. In order to 
protect the melt and the electrode an inert gas, usually argon is used which is fed through 
the torch handle. 
 
TIG welding is best suited for thin material (0.5-3mm) and is most commonly used to 
weld aluminum, stainless steel, magnesium alloys and copper. All metals, except for lead 
and zinc, are possible to weld with TIG. 

 
Figure 2.6: Principle of TIG welding 
Source: Karlebo Svetshandbok [1] 
 
Table 2.3: Translation to figure 2.6 

Volframelektrod Tungsten electrode 
Argon Argon 
Likström eller växelström Direct- or alternating current 
 

2.2 Base metal 

A common property that all weld methods share is that they all induce excessive heating 
of the base metal. The heat changes the microstructure and therefore also the properties in 
the HAZ and this bring complications to the analysis of the weld. Figure 2.7 shows the 
different zones caused by the weld according to C. Olsson [2]. The high heat input is 
necessary in order to keep the weld melted during the welding procedure since the high 
heat diffusivity of metals rapidly cools the melt. The heat diffusivity of the base metal 
plays a major role on the size of the HAZ. High heat diffusivity causes rapid cooling of 
the metal and the HAZ becomes small while low heat diffusivity causes slow cooling of 
the material and the HAZ become large.  
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Figure 2.7: Heat affected area, for translation see table 2.1 
Source: Konstruktionshandbok för svetsade produkter [2] 
 
Table 2.4: Translation to figure 2.7 

Ursprunglig fogyta Initial joint surface 
Smältgräns Melting border 
Omvandlingsgräns Transformation boundary 
Strukturändringsgräns Structural change border 
Grundmaterial Base material 
Svetsgods Weld material 
Svetspåverkat material Weld affected material 
 
The residual stresses arise when the melted metal shrinks during cooling and the 
surrounding material tries to prevent this. The stress can, if it is large, cause deformation 
of the material or cause the weld to crack if the deformation is restrained. The stresses are 
strongly affected by the heat input and joint design since both these factors affect the size 
of the melt. A higher heat input does not normally cause higher stresses but the stress 
profile changes according to figure 2.8 where the profile gets more stretched with higher 
total amount of stresses. According to [1] it is necessary to include residual stresses when 
designing against fatigue. The residual stresses can be of great importance if a crack is 
present. If they are tensile, the crack growth rate is increased due to the fact that the crack 
is kept open and crack closure is prevented. Or if they are compressive, the crack growth 
rate is decreased due to crack closure. How the residual stresses affect the crack initiation 
is, on the other hand, not as intuitive.  
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Figure 2.8: Longitudinal residual stresses at a butt weld 
Source: Konstruktionshandbok för svetsade produkter [2] 
 
Table 2.5: Translation to figure 2.8 

Drag Tensile 
Tryck Pressure 
Liten värmetillförsel Small heat input 
Stor värmetillförsel Large heat input 
 

2.3 Fatigue life analysis methods  

All structures that are exposed to cyclic loads may fail due to fatigue. There are many 
forms and variations of fatigue depending on what kind of loads the structure is subjected 
to. Fatigue can be divided in three different stages: Crack initiation, crack propagation 
and failure. The first stage ranges from a structure free from defects until cracks are 
initiated and the second stage from the crack initiation phase to a critical crack length. 
The first two stages can be combined in order to obtain the total life as seen in figure 2.9. 
 
J.Wåle [3] states that a weld completely free from defects is not possible to obtain. This 
statement is valid for both internal and external defects and brings problems when the life 
of welds is to be evaluated. This is because the crack initiation stage could be thought of 
as passed and the weld should then be placed in the crack propagation stage of fatigue 
mechanics. The HQ-method as well as other methods for LCF and TMF evaluations is 
used to determine the expected life in crack initiation phase while, for instance, linear 
elastic fracture mechanics are used to evaluate the fatigue life during crack propagation. 
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Figure 2.9: σ-N fatigue curve 
Source: Damage mechanisms and life assessment of high-temperature components [4] 
 

2.3.1 Low cycle fatigue 

LCF is applicable to structures that are subjected to stresses exceeding the yield limit of 
the material and causing plastic deformation. R.Viswanathan [4] states that most of the 
life in high cycle fatigue (HCF) is spent in the crack initiation stage, whereas this stage 
only represents 3-10% of the component life in LCF. LCF tests are conducted using a 
constant strain range where the stress is allowed to vary in contrary to HCF tests which 
are conducted using a constant stress ratio and a varying strain. Because of this LCF tests 
are evaluated using strain-life diagrams which are similar to the stress-life diagrams used 
for HCF. The plastic deformation, due to stresses above the yield limit, means that the 
material is damaged after fewer cycles compared to HCF which are subjected to inelastic 
strains. To evaluate the life of a structure a strain to life (ε-N) diagram is used in which 
the expected life is plotted against different strains.  
  
According to B.Farahmand [5] creep should be taken into account in the LCF load cases 
for components exposed to a high temperature as it gives an extra component to the total 
strain. Creep is a time-dependent deformation in which material properties vary non-
linearly with the temperature and stress. This means, for instance, that the creep effect at 
low temperatures is small while it can contribute to large deformations at high 
temperatures. 
 
LCF is an isothermal process which means that the temperature is constant during the 
process. The method therefore has its limitations regarding components subjected to large 
temperature variations. In those cases is it better to use TMF in order to get a better 
estimation of the life.  
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The cyclic stress and strain relationship is often displayed using a hysteresis loop as 
shown in figure 2.10. The first cycle originates from O and displays a linear elastic 
behavior up to A. From A to B the material is experiencing plastic deformation due to 
tensional load. Between B and C the load is reversed and the material shows elastic 
behavior and from C to the bottom tip plastic deformation is once again induced in the 
material, but this time due to compressive loads. From this loop the total elongation as 
well as the elastic- and the plastic elongation, respectively, can be derived. In the same 
manner the stress can also be derived. The shape of the hysteresis loop can change due to 
plastic behavior of the material, creep, temperature or cyclic hardening/softening just to 
mention a few factors.  
 

 
Figure 2.10: Hysteresis loop 
Source: Damage mechanisms and life assessment of high-temperature components [4] 
 

2.3.2 Thermo-mechanical fatigue 

Materials subjected to cyclic temperature simultaneously with cyclic stress are subjected 
to TMF. Different fatigue damage mechanisms tend to make these conditions very 
complex. Simplifications are therefore introduced in order to predict the fatigue life of 
materials.  
 
The mechanical strain is the sum of all strains contributing to mechanical work. Both the 
elastic and inelastic strains (time-dependent as well as time independent) are included. 
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The thermal strain (i.e. thermal expansion) is treated separate. The sum of the mechanical 
strain and the thermal strain is the total strain. 
 

thmechtot εεε +=  
 
Where εtot is the total strain, εmech the mechanical strain and εth the thermal strain. 
 
Two common load cases are often used when testing TMF. The first is called TMF in-
phase, or TMF IP for short, and is for instance represented by a cold spot which is loaded 
in tension at high temperatures and compression at low temperatures. The other one is 
TMF out-of-phase, or TMF OP for short, and is for instance represented by a hot spot, 
which is loaded in compression at high temperatures and tension at low temperatures. 
This behavior is caused by the restriction of thermal expansion in the material. At testing, 
both phases are usually loaded proportionally with temperature and mechanical strain. In 
TMF IP, figure 2.11, the maximum temperature coincides with the maximum mechanical 
strain. In TMF OP, figure 2.12, the maximum temperature coincides with the minimum 
mechanical strain.  

 
Figure 2.11: Two cycles in TMF IP 
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Figure 2.12: Two cycles in TMF OP 
 
A value on the stress ratio, called R, is often used to describe the loading in a cyclic test 
with constant amplitude. R describes the mean stress and is defined as: 
 

max

min

σ

σ
=R  

 
This means that a specimen subjected to only tensile loads will be described by R=0, only 
compressive loads by R= -∞ and an equal amount of tensile and compressive load (i.e. 
zero mean stress) by R=-1.  
 
The stress-strain behavior of the two phases can be displayed as hysteresis loops shown 
in figure 2.13 and figure 2.14. The TMF IP, figure 2.13, is subjected to tension at high 
temperatures and compression at low temperatures. The reverse behavior applies to TMF 
OP in figure 2.14 which is subjected to compression at maximum temperature and 
tension at minimum temperature. These figures are however very simplified or 
alternatively only showing the first cycle since loops often change a little bit for each 
cycle before stabilizing. High stresses can however cause the loop to wander, i.e. the 
mechanical strain will never stabilize.  
 



 

22 

 
Figure 2.13: In-Phase TMF 
Source: [11] 
 

 
Figure 2.14: Out-of-Phase TMF 
Source: [11] 
 

2.3.3 Siemens evaluation method 

To evaluate the life of components subjected to TMF Siemens are currently using an in-
house developed method they refer to as the HQ-method. This method is based on a 
doctoral thesis made by M.Hasselqvist [12] and can be described by a combination of 
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three parts, namely constitutive material data, simulation procedure and life evaluation. 
That the material data is constitutive means that it uses the material properties, in contrast 
to other methods that are developed based on how the material behaves at different 
situations, to predict the behavior of the material. Mechanical basic parameters include 
Young’s modulus, Poisson’s ratio and thermal expansion coefficient, whereas thermal 
basic properties might include conductivity and the specific heat. Besides these common 
basic material properties more advanced properties such as ideally-plastic yield stresses 
and creep data are also used. The creep model used is of Norton type. See the equation 
below. 
 

n

Mvcreep k 







⋅=

0

.

σ

σ
ε  

 
Where εcreep is the creep rate, σv.M is the current von Mises stress, σ0 is a pre-determined 
stress, k and n are temperature dependent constants.  
 
The method also includes a quite advanced yield strength model which is defined by the 
service temperature, present temperature and state of aging as seen in figure 2.15. The 
relative flat curve show a typical yield strength of virgin material while the other curve 
show a typical yield strength of aged material where both age hardening and softening at 
different temperatures are observed. 

 
Figure 2.15: Virgin and aged yields strength of a typical material 
Source: Siemens 
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The maximum service temperature in each node is identified during the first simulation 
cycle. These temperatures are used during the following cycles to determine the yield 
strength pending on the current temperature in the nodes.  
 
The simulation procedure describes how the simulation is to be conducted. The analysis 
is performed as a visco-analysis by using the FEA code ABAQUS and the analysed 
component is to be exposed to a cyclic load where each cycle is divided into three 
sequences: Start, dwell and stop. The temperature is applied by boundary conditions 
received from transient-heat transfer analyses. The start- and stop-sequence should be 
long enough to assure that the analyzed structure reach steady state conditions. The 
temperature should be kept constant for 500h during the dwell sequence. A minimum of 
four cycles is used where the two initial cycles uses virgin material data and the three 
following cycles uses aged material data. More cycles can be used in order to receive a 
stabilized inelastic strain range. The switch from virgin to aged material data is made 
before the third cycle.  
 
To predict the cyclic life of the most severely loaded point of the structure the inelastic 
strain range for the stabilized cycles is compared to TMF life data. This data is obtained 
from tests conducted and is concluded to give best results between 300 and 3000 cycles. 
The inelastic strain range in percent is derived using the following formula: 
 

100
2

.

⋅=∆

inacc
in ε

ε  

 
There ∆εin is the inelastic strain range and εacc.in

 is the accumulated inelastic strain for the 
stabilized cycle.  
 
The resulting life presented is the crack initiation life of the component and is called the 
average life. To receive the minimum life the average life is reduced by different 
reductions factors pending on knowledge of the materials involved. The reduction factor 
used for weld are however higher than for other materials.  
 
The data used to develop the method are obtained by case specific studies of the nickel-
alloys Haynes 230 and Hastelloy X which are common materials in combustion 
chambers. To evaluate welds the same material properties as hot-rolled Hastelloy X are 
used except that the yield stress is reduced for all temperatures.  
 
The strength of the HQ-method is its ability to include the ageing effect of the material as 
this opens the possibility of a better life prediction compared to more frequently used 
methods. The drawback is that the method requires precise material properties at different 
temperatures and degree of ageing in order to give accurate results. An accurate 
prediction does not in this case refer to the number of cycles until failure but more to the 
number of cycles to crack initiation and where the shortest life can be expected. 
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3 Procedure and method 
This chapter features the conclusions drawn from the introductory survey of the welds. 
These conclusions together with the theoretical background are used to choose a weld for 
further analysis and to decide which properties are of interest to analyze. The properties 
and implementation of the analysis is discussed and a literature study is conducted with 
the aim to deepen the knowledge of the chosen weld properties.  
 
Table 3.1: Summation of the welds in the survey 
Chamber Placement Material Procedure 

SGT-600 Position_1 Hastelloy X TIG / Seam weld 
SGT-600 Position_2 Hastelloy X TIG / Seam weld 
SGT-800 Position_1 Haynes 230 Laser 
SGT-800 Position_2 Haynes 230 TIG 
SGT-800 Position_3 Hastelloy X TIG 
SGT-800 Position_4 Hastelloy X TIG 
SGT-800 Position_5 Haynes 230 TIG 
SGT-800 Position_6 Steel TIG 

 

3.1 Conclusions drawn  

One conclusion drawn from the study is that there is no special type of weld where 
problems often occur. If a problem exists, it rather depends on where the weld is located 
and what forces and temperatures it is exposed to, than on the method used to produce it. 
The weld influences the material properties in the weld zone due to massive heat input 
during welding and induces residual stresses that arise from the weld shrinkage during 
cooling down.  
 
If an additive material is used, it brings possibilities to perform a sensitivity analysis in 
which various characteristics of the additive can be selected in order to study how they 
affect the behavior of the weld. This is a method that M. Hasselqvist [10], employed by 
Siemens, made use of when selecting a additive material to an add-on surface weld on the 
tip of a turbine blade. By this method it was found that the creep properties, which 
typically are very important for turbine blades, had no effect on the crack initiation in the 
weld. The effect of this was that the number of possible additives increased dramatically 
and a better material in terms of crack initiation resistance could be selected when the 
creep properties could be ignored.  
 
An analysis of a specific case found in a combustion chamber would be very limited 
since the results from the analysis only would be applicable to the specific case analyzed. 
The analysis is then considered to deviate from the main task of this thesis which is to be 
a pre-study to a larger Siemens project. Instead of focusing on a specific weld, this thesis 
focuses on a specific type of joint since this will be more general and applicable to more 
cases. It also gives an opportunity to experiment with different weld parameters since 
they are not locked to a specific case. 
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To the selection, the most common weld types from the various combustion chambers are 
chosen. These are the TIG-, seam- and laser welding. Table 3.2 shows a summation of 
properties of the different methods.  
 
Table 3.2: Summation of three weld methods 

 TIG Seam weld Laser 

HAZ Big Small Small 
Additive material Yes/No No No 

Modeling Easy Hard Easy 
Quantity Common Rather common Not so common 

 
Neither seam- nor laser welding adds any material to the weld as they melt the base metal 
using a very concentrated heat input. The result from this is that the methods require 
careful preparations as a good contact between the joining surfaces is required. The 
concentrated heat induced in the material result in a relative small heat affected area and 
small residual stresses. TIG, on the other hand, uses additive material and the 
preparations are therefore not very comprehensive regarding the tolerances of the surface. 
The additive material does however require a lot of heat in order to combine the additive 
metal properly with the base metal which makes the HAZ and residual stresses bigger 
compared to the two other methods. TIG might therefore give results that are easier to 
analyze. 
 
When it comes to modeling a weld TIG and laser are the easier choices. A seam weld 
would give raise to uncertainties in form of contact conditions between the sheets not 
bounded by the weld as illustrated by the red color in figure 3.1. One example is the 
value of the heat transfer coefficient in this zone, which might influence the results. The 
weld produced by TIG is a lot bigger compared to the other methods and it can be 
adapted to different situations by choosing different additive materials. This makes an 
analysis of this type of welding very broad and must thus be limited in order not to 
become overwhelming. 
 

 

Figure 3.1: Contact conditions in a spot weld 
 

3.2 Choice of weld and geometry  

The analysis is chosen to be conducted on a TIG weld. This opens the possibility to work 
with the weld metal properties and investigate what impact different materials have on 
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the behavior of the joint. The life is evaluated using Siemens internal HQ-method. An 
intuitive result by using this method is that a weld metal with higher yield strength will be 
subjected to lower inelastic strain and therefore a longer life and a weld metal with lower 
yield strength will get a shorter life. The analysis might however give some idea on how 
the inelastic strain distribution is altered in the area of the weld and if the method can be 
used to predict the life of welds.  
 
A choice have to be made regarding on what geometry the weld is to be modeled. The 
first suggestion is to choose an existing geometry of a combustion chamber and use 
existing calculated loads and the second suggestion is to model the weld on a simple 
geometry, for example a test specimen. The simple geometry with a simple load case is 
chosen for further investigation as it is believed to provide a better opportunity to 
evaluate the computational analyses with real test results.  
 
The results obtained from the analysis can then be compared to the results received from 
real tests to see if the conclusions drawn from the analysis are deemed accurate. A test 
specimen used to test TMF life, shown in Figure 3.1, is chosen. This specimen has 
previously been used by Siemens, but with a notch in the middle, to evaluate the crack 
growth rate in Inconel 718, a very hard nickel alloy used in the turbine. The weld is 
placed in the middle of the test piece perpendicular to its strain direction. One difference 
with the applied load is that the inelastic strain is normally located in a small spot in 
combustion chambers while whole cross-sections of the test specimen might be subjected 
to inelastic strain. But this difference from a normal case are not considered important 
since the main purpose of the analysis is to provide a better understanding of the effect of 
welds in the material and whether the HQ-method gives reliable results for welds. A 
consequence of the chosen test specimen with a machined weld is that the geometry of 
the weld not influences the results since weld shrinkage and buckling are eliminated. A 
drawback with the chosen test specimen is that it cannot be used, without modifications, 
for LCF tests because the LCF test rig at Siemens uses a threaded mounting.  
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Figure 3.2: Test specimen 
Source: Siemens drawing 2700778, original notched TMF specimen 
 
Siemens are currently managing several projects regarding Hastelloy X where different 
manufacturing methods are examined since they give different properties to the material. 
There are tests conducted on a test specimen made for instance of wrought Hastelloy X. 
These tests are focused on LCF life of the material and the test specimen used is a plain 
cylindrical rod with a larger diameter than the test specimen shown in figure 3.2. But the 
specimen chosen in this thesis is nevertheless considered interesting as the next step after 
LCF tests hopefully is to conduct TMF tests. It is then likely that the test specimen in 
figure 3.2 or a similar specimen will be used. Because of the possible future TMF tests on 
Hastelloy X and interesting possibilities, Hastelloy X is chosen as base metal in this 
project. A real test of the specimen used in this thesis would provide material data that 
can be compared to the properties of wrought Hastelloy X.  
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3.3 Test setup  

The specimen is positioned as shown in figure 3.3 using three clamps that are pressed on 
the outer 27.5mm at each end of the specimen. The clamps are cooled by water and the 
area pressed by the clamps can therefore be considered to be at room temperature. The 
arms of the extensometer are pressed on the specimen with a distance of 12mm between 
the two measuring points and the extensometer therefore measures the total elongation 
between the arms. From this the strain is calculated. Since there are no marks at the tip of 
the extensometer arms, the results are not influenced by the extensometer. The specimen 
is heated with an induction coil that is designed so that most of the heat is induced in the 
thick section outside the flat part. A small amount of heat is also induced in the flat part 
but most of the heat is transferred from the thick area. The temperature is measured in the 
middle of the specimen using a thermo couple with a reduced tip of 1mm. The specimen 
is cooled using compressed air from two nozzles. This air is of room temperature and the 
cooling capacity is therefore lowered as the temperature of the specimen approaches 
room temperature. The specimen is cycled until a crack is initiated. The results are 
evaluated using a curve where the number of cycles is plotted against the mechanical 
strain.  
 

 
Figure 3.3: TMF test machine 
Source: Siemens 
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Since the extensometer only measures the total strain and not the mechanical strain, the 
test procedure is divided into several steps. The total strain is a function of the 
mechanical strain and the strain induced by the temperature, in other words thermal 
expansion. 
 

tempmechtot εεε +=  

 
The first cycle is conducted using only temperature as load with unrestrained attachment 
of the specimen (i.e. the specimen is allowed to expand freely). This gives the strain as a 
function of the temperature. In the following cycles, the mechanical strain is received by 
subtracting the thermal strain from the total strain. The difference between the maximum 
and minimum mechanical strain is determined as well as the strain rate and an internal 
computer calculates the force that needs to be applied to the clamps in order to get the 
specified mechanical strain.  
 
The tests conducted on turbine material uses a temperature gradient of 1°C/s during the 
start- and stop sequences and a dwell time of 24h in the first cycle. In the following 
cycles the same temperature gradient is used but with a dwell time of only five minutes. 
The temperature distribution using this ramp is investigated using an IR-camera. The 
results at 380°C are shown in figure 3.4 where the temperature difference in the flat 
gauge section is found to be about 15°C. 
 

 
Figure 3.4: Temperature distribution in a notched TMF specimen at 380 °C during 
heating with 1°C/s 
Source: Siemens 
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3.3.1 Production of test specimen 

The specimen used for TMF test has very high requirements on the dimensions, 
alignment and surface in order to get results where the geometry is not affecting the 
results. A faulty alignment could introduce bending moments in the specimen and a 
rough surface could cause stress concentrations and the initiation of cracks. The problem 
is that the shrinkage of a weld influences all these properties. The idea on how to produce 
the specimen is to cut it in the middle of the flat part and then weld the two halves 
together. The alignment requirements are especially hard to live up to since the weld will 
induce bending forces in the specimen. To overcome this problem a slightly bigger 
specimen could be used. The distortions caused by the weld could then be removed by 
machining the specimen down to its final size.  
 
Another problem is the start and stop of the weld since these will affect the material in a 
way different from the continuous weld. In order to diminish this influence, small plates 
could be point-welded to each side of the specimen. The method is illustrated to the right 
in figure 3.5. The start and stop are then moved to these plates and only a small transition 
zone between the plates and the specimen arise due to the small gap. This method is 
currently used by Siemens but might not be optimal for this specimen since the point 
welds could locally influence the material properties. This might be minimized by 
placing the point welds on the circular part of the specimen away from the flat part. An 
alternative solution to this problem could be to leave two lips on each side of the 
specimen as seen to the left in figure 3.5. The start and stop will be located in these lips 
and the transition zone is neglected since there is no gap for the weld to cross over. The 
drawback with this method is that the machining of the specimen is further advanced and 
the original blank has to be even bigger.  
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Figure 3.5: Two proposed methods to move the start and stop outside the specimen 

3.4 Choice of properties to the analysis  

As mentioned, the idea of the analyses is to test how different weld metals affect the 
behavior and life of the joint. Two properties, namely the yield strength and the creep rate 
are considered interesting to analyze as they are included in the HQ-method and can be 
altered using different filler metals. A third property not included by the HQ-method but 
deemed interesting is the residual stresses that are formed during production of the weld.  
 
The size of the weld is determined with use of welding procedure quality requirement 
(WPQR) documents provided by Siemens welding workshop in Trollhättan. These 
documents contain information about tests conducted on different welds in order to 
secure the quality of the welding methods used. Two of these documents contain welds in 
Hastelloy X made by TIG. Figure 3.6 shows a weld made by two strings in a 5.3mm thick 
sheet, and figure 3.7 shows a weld made by a single string in a 2mm thick sheet.  
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Figure 3.6: TIG weld in a 5.3mm thick Hastelloy X sheet  
Source: Siemens  
 

 
Figure 3.7: TIG weld in a 2mm thick Hastelloy X sheet  
Source: Siemens  
 
The test specimen chosen for this analysis in this thesis is 3mm thick after machining, but 
as described in the previous section the weld will probably have to be made in thicker 
material in order to fulfil the alignment requirements. This means that the weld has to be 
made using two weld strings and the weld shown in figure 3.6 are therefore used to 
predict the size of the weld on the test specimen. The result after simplification is shown 
in figure 3.8. The HAZ is considered to resemble the light area just outside the weld in 
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figure 3.6. This volume will have properties based on the mean properties of the weld 
metal and base metal, i.e. if the weld is 20% harder than the base metal, the HAZ will be 
10% harder than the base metal.  
 

 
Figure 3.8: Size of weld and HAZ in the model 
 
The temperature is applied as a given temperature on all nodes of the specimen. This 
differs from the test machine that induces heat just below the surface and cools the 
specimen by forced convection on the surface. Tests conducted by the material 
department at Siemens show that the temperature gradient trough the thickness of the flat 
part of the specimen is negligible. The temperature variations caused by the induced heat 
in the flat part and cooling of the clamps is not important since they does not affect the 
temperature in the flat part. Because the temperature of each node is given a specified 
value, every node is going to have the same yield strength, provided that the material is 
the same in all nodes.  
 
The temperature intervals used during the analysis is chosen to 50-600°C and 50-800°C 
with a temperature gradient of 2°C/s in both cases. Aging at 600°C results in a much 
higher yield strength of the aged material compared to 800°C where only a small 
difference between virgin and aged material is observed as seen in table 3.3. The 
temperatures also induce different creep rates since the creep is temperature dependent. 
The minimum temperature of 50°C is limited by the ability of the test rig to cool the 
specimen since room temperature air is used to cool the specimen. Lower temperatures 
can be used but the temperature rate of 2°C/s might then not be possible to fulfil.  
 
Table 3.3: Relative yield strength of Hastelloy X 

Hastelloy X – Relative Yield strength 
Temperature [°C] Virgin Aged 

600 1.0 1.46 
800 1.0 1.03 
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A dwell time of 500h is chosen since it is the standard time when using the HQ-method. 
The temperature gradient of 2°C/s means that 50-600°C/s will have a start and stop time 
of 275s and 50-800°C/s a time of 375s. This differs from the typical simulation procedure 
but is nevertheless used as a shorter time is more similar to tests conducted in the test rig.  
 
The specimen will be subjected to both TMF IP and TMF OP load conditions. The TMF 
IP load case starts with zero strain and a temperature of 50°C. Both temperature and 
strain are then increased to their maximum values as shown in figure 3.9. The TMF OP 
load case has the same start conditions but when the cycle starts, the temperature is 
increased while the strain is decreased to its minimum value, shown in figure 3.10. The 
dwell time is not shown in the figures but occur at the maximum temperature in both load 
cases.  
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Figure 3.9: The load case of TMF IP using a temperature range of 50-600°C  
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Figure 3.10: The load case of TMF OP using a temperature range of 50-600°C  
 
To evaluate the life of the test specimen, TMF life data produced for Hastelloy X are 
used. This is because data regarding the TMF life of welds do not, in the time of writing, 
exist.  

3.5 Literature survey  

This survey aims at specific areas regarding the chosen properties of interest. There is a 
need of more information regarding the distribution of residual stresses in thin plates in 
order to determine the size and shape of the stresses that are to be used in the analysis. 
There is also a need of more information regarding the behavior and properties of the 
weld metal and knowledge on what happens in the base metal when subjected to the 
intense heat during welding. 
 
The survey is conducted with the aim to get answers to the following questions: 
 

• How is the base material affected by welding? 
• How are the residual stresses distributed? 
• What happens to the weld properties during aging? 
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3.5.1 Material properties 

T.Weerasooriya [6] examines the crack growth properties of welds made by TIG in 
Hastelloy X sheets. The welds are also made of Hastelloy X metal and are tested in their 
as-welded state without any post-heat treatment. It is seen in figure 3.11 that the 
microstructure of the base metal is much coarser than of the weld metal. One of the 
conclusions from the document is that the crack growth rate in the base metal is higher 
than in the weld metal at 538°C and 649°C and at a loading frequency of 1Hz. 
 

 
Figure 3.11: Microstructure of a) Base metal. b) Weld fusion zone. c) Weld metal  
Source: [6] 
 
King et al. [7] evaluate yield strength and creep in the weld and base metal, both as-
welded and after aging. Both the base metal and the weld metal are of Hastelloy X which 
makes the report of big interest for this thesis. The test specimen is sheet metal of two 
thicknesses, 9.7mm and 12.7mm, which are welded by MMA and TIG. It is found that 
the weld metal made by TIG is more affected by aging than the base metal as seen in 
figure 3.12 and figure 3.13. The original yield strength of the weld metal is about 
460MPa and increases to about 700MPa after 2000h aging at 649°C while it decreases to 
about 400MPa at 871°C. The yield strength of the base metal is about 370MPa before 
aging and then increases to about 500MPa after 2500h aging at 700°C but remains almost 
unaffected at 593°C and 871°C. An interesting observation is that the base metal retains 
its original yield strength after 10000h aging time while the weld metal decreases to 
about 600MPa at 649°C and remain unaffected at 593°C and 871°C. All tests were 
conducted in room temperature. The creep rate of the weld metal is concluded to be 
similar to the base metal. There is however results indicating that the creep rate in the 
weld metal is much lower at high temperatures.  
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Figure 3.12: Mechanical properties of base metal Hastelloy X before and after aging 
Source: [7] 
 

 
Figure 3.13: Mechanical properties of weld metal before and after aging 
Source: [7] 
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3.5.2 Residual stresses in thin plates 

There are many sources that give examples on what residual stresses in thin plates may 
look like. These are all approximations of the residual stresses, and might have a general 
distribution as shown in figure 3.14. The figure displays residual stresses along and 
perpendicular to the weld.  
 

 
Figure 3.14: Residual stress distribution 
Source: [8] 
 
Z.Barsoum [9] addresses subjects like residual stresses and fatigue in welded structures in 
his doctoral thesis. The thesis is exclusively focused on steel structures but might prove 
useful to understand the general behavior of residual stresses. The thesis refers to a report 
written by Bogren and Martinez that measures residual stresses in an as-welded test 
specimen not carrying any load. It is concluded that the residual stresses are close to the 
yield strength of the material and that they relax rapidly. After only 8% of the total life of 
the specimen at least half of the initial stresses are relaxed. There is no information 
regarding the test procedure used and no theory about the rapid relaxation found in the 
doctoral theses. A guess would be that the test piece is subjected to inelastic deformation 
that alters and redistributes the stresses in the material.  
 

3.5.3 Conclusions  

With the knowledge acquired from the literature study, more specific decisions regarding 
the parameters can be made. It is found that the weld metal of Hastelloy X has higher 
yield strength than the base metal, both in virgin and in aged state. The material 
properties differ after aging where the peak of the yield strength curve is located about 
50°C below the peak of the base metal. The peak of the weld metal is also about 40% 
higher compared to the peak of the base metal. M.Hasselqvist [10] has concluded that the 
aging effect depends on the amount of carbides located in the grain boundaries. These are 
formed when the metal is subjected to temperatures over 800°C. The yield strength peak 
movement of the weld metal might be caused by the high temperature during the weld 
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process. Small carbides are formed which give the weld metal an advantage over the base 
metal since the aging process begin earlier.  
 
The yield strength of the weld will be altered using the results from King et al. [7] and 
Siemens own suggestions of the yield strength as guidance. When comparing the unaged 
yield strength of Hastelloy X it can be concluded that yield strength is at its maximum 
value after an aging time of 2500h and then decreases down to its original value after 
10000h. This drop in yield strength will however not be considered. When the virgin 
yield strengths of welded and unwelded Hastelloy X in figure 3.12 and figure 3.13 are 
compared it can be concluded that the yield strength of the weld is about 40% higher than 
the base metal in virgin state. Because of this difference a yield strength of ±40% in the 
weld is going to be used in the analyses. It can also be concluded that the yield strength 
of aged weld is about 50% higher compared to the virgin weld. Siemens on the other 
hand lowers the yield strength when dealing with cast Hastelloy X in order to take the 
brittle behavior of the material into account.  
 
The creep rate is, according to King et al. [7], similar in both the base metal and the weld 
metal except at high temperatures where the creep rate in the weld metal is extremely 
low. This makes the creep rate an interesting parameter to investigate as it is a part of the 
HQ-method. If the creep rate is concluded to have a big influence on the life, more 
detailed studies have to be conducted in order to get a more accurate value of the creep 
rate. The creep rate is chosen to be increased and decreased by 40% in order to 
understand how the creep rate influences the expected life and inelastic strain 
distribution. 
 
The residual stresses will be applied as a linear, decreasing stress in the longitudinal 
direction originating from the middle of the weld as seen in figure 3.15. The 
approximated distribution assumption is based on figure 3.14. The precise magnitude and 
distribution of the residual stresses is not considered important since the wanted results 
just are to see if they make any difference in the fatigue life or if they fade quickly. The 
stresses are assumed to have a maximum value near the yield strength of the material. 
They will also decrease linearly in the transverse direction of the weld so that all stresses 
are zero 6mm from the middle of the weld.  
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Figure 3.15: Applied residual stresses at the weld using symmetry in the xy- and yz-
plane 
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4 Implementation 
The analysis is conducted using Hypermesh 10.0 and Abaqus 6.10. The geometry is 
imported to Hypermesh from NX where it is originally made. Here the model is reduced 
using symmetry planes and divided into several zones in order to reduce the analysis time 
and to make the evaluation simpler as specific groups can be examined more easily. The 
model is meshed using parabolic hex elements before it is exported to Abaqus. User 
subroutines are used to define the material properties, the model and the loads in the 
analysis. Script files are then used to gather all necessary files and call the Abaqus solver 
which solves the specified analysis. The results are evaluated graphically using Abaqus 
viewer and Excel 2003. 
 
There is no user subroutine in Abaqus able to calculate the applied force necessary to 
give a pre-described displacement to simulate how the force is applied by the test rig. In 
order to receive results from the analysis that can easily be compared to tests conducted 
in the test machine the thermal expansion in the material is set to zero. The expansion 
does not inflict on the results and gives the opportunity to apply a pre-described 
mechanical strain, thus neglecting the thermal strain from the equation.  
 

mechtempmechtot εεεε =+=  

 
Due to confidentially policy of the company all estimated cycles to failure are normalized 
so that the test case using homogenous material subjected to TMF IP load case and 50-
600°C will get a life of 1.00 cycles. 
 

4.1 The test specimen 

Due to the difficulties to specify a displacement at the extensometer a test is conducted in 
order to receive the displacement distribution at the flat part of the specimen. This test 
shows if the displacement can be approximated as a uniform displacement at the back 
edge of the flat part. If this is deemed true, only the flat part needs to be analyzed and the 
analysis times become much shorter. It also makes the comparison between the analyses 
and real tests easier because a strain gradient can be implemented the same way as in the 
test rig. The model used to conduct the tests, shown in figure 4.1, is divided into several 
zones in order to get a fine mesh at the weld zone and a coarse mesh away from the weld. 
The figure also shows the nodes where boundary conditions are applied. The test is 
conducted using one symmetry plane in the xy-plane over the weld and Hastelloy X as 
material in all zones.  
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Figure 4.1: Model used to test the displacement distribution 
 
The analysis is viscoplastic. All nodes on the surface, from the back edge to 27.5mm 
from the edge, are given a defined displacement of 0.4mm in negative z-direction. These 
nodes are also locked in the x- and y-direction in order to simulate the grip of the test rig. 
The symmetry plane is locked in z-direction. The resulting displacement distribution is 
shown in figure 4.2  

a) b)  
Figure 4.2: a) Magnitude of the displacement and b) displacement in z-direction to the 
right 
 
As seen in the figure the displacement distribution in the z-direction are not very uniform. 
The sides of the flat part experiences a higher displacement compared to the middle. This 



 

45 

could be a geometrical effect where the sides of the un-cut material outside the flat part 
are stiffer than the cut radius and therefore the stress at the sides of the flat part is higher, 
thus resulting in the higher displacement. The displacement distribution is believed to be 
further affected with different weld properties as the weld volume varies linearly trough 
the thickness 
 
This means that the displacement cannot be approximated as uniform and the whole 
model therefore has to be used in the analysis. A new specimen is modeled using 
symmetry in the xy-plane and yz-plane, as shown in figure 4.3, and the model is by this 
reduced to a quarter of the original geometry. The figure also shows the placement of 
node 3907 which will be used later to present results. The weld and the HAZ are modeled 
the same way as before but with a slightly coarser mesh in order to reduce the analysis 
time. Half of the radius outside the flat part and backwards are modeled with an even 
coarser mesh.  
 
All elements are of type 20-node quadratic brick. After investigation, see below, it is 
decided to use reduced elements (C3D20R in term of Abaqus). Reduced elements use 8 
integration points compared to full elements that use 27 integration points. This means 
that the analysis time is further reduced. 
 

 
Figure 4.3: The modeled test specimen and placement of node 3907 
 
In order to test what difference the reduced elements will do, two analyses are conducted. 
One analysis is conducted with the same load conditions as the previously test, reduced 
elements in the green and grey area and non-reduced elements in the rest of the model. 
Another analysis is conducted with the same conditions but with reduced elements in the 
whole model. The results from the two analyses are shown in figure 4.4 and figure 4.5. 
By comparing the two results is it concluded that the displacement is the same in both 
cases while the accumulated strain during the last cycle is about 3% higher in the case 
using only reduced elements. The difference is small and since the worst spot is still 
located at the same place, the model with only reduced elements is used from now on in 
order to reduce the analysis time. 
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Figure 4.4: Displacement distribution using full elements in the flat part 
 

 
Figure 4.5: Displacement distribution using reduced elements in the flat part 
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The drawback with this model is that the strain at the tip of the extensometer will not get 
a smooth linear gradient as used in the test rig. There are however possibilities for the test 
rig to use the same displacement achieved from the analyses by deriving the node 
displacement at the back of the flat part from the analyses and then programming the test 
rig to impose this displacement.  
 
A test case using homogenous material, TMF IP load case, a temperature range of 50-
600°C and a displacement of 0.1mm at the clamped nodes results in an inelastic strain 
range of 0.13% during the last cycle. The inelastic strain range is calculated from the 
accumulated inelastic strain in the last cycle. Another way to acquire the inelastic strain 
range would be to calculate it from the elongation at the extensometer tips. The first 
method is chosen in this thesis as it is the method normally used in the HQ-method but 
the other method could be of interest when comparing the analyses with results from the 
test rig. This results in a life of 1.00 normalized cycles which is deemed a good basis to 
proceed from when testing other material properties in the weld. Using the same 
displacement in all cases facilitates the comparison between them. The displacement of 
0.1mm is, however, found to be too big for the 50-800°C case as the higher temperature 
decreases the yield strength and increases the creep rate. Instead is a displacement of 
0.05mm used which gives an inelastic strain range of 0.11% and an expected life of 0.36 
normalized cycles.  
 

4.2 Residual stresses 

To get a better understanding of the approximation and implementation of the residual 
stresses a static analysis is conducted. The residual stresses are induced as an initial 
condition using the subroutine SIGINI and have the values as described in section 3.5.3. 
SIGINI is provided by Abaqus and is used to define initial stresses at particular material 
points. It uses in- and out-parameters defined by Abaqus and the out-parameters are 
changed by fortran-code. This approximated distribution is not equivalent to the real 
distribution of stresses but this is deemed irrelevant since the aim is to examine if the 
stresses do any difference in the fatigue life. 
 
In order to analyze what happens to the residual stresses when the analysis begin, a test 
using static conditions is conducted. The initial and final stress field in z-direction is 
shown in figure 4.6 and von Mises stresses in figure 4.7. The resulting stress components 
in the node at the middle of the weld are shown in figure 4.8 where it can be seen that a 
redistribution of the stresses occurs in the beginning of the analysis. This is believed to be 
caused by Abaqus who interpreters the stresses as an unbalanced stress field in the 
beginning of the analysis and forces equilibrium. This is why the stresses in the z-
direction are reduced by half in the first increment of the analysis and the stresses in the 
x- and y-directions deviate from zero. This redistribution of stresses will not take place in 
a real test specimen.  
 
The analysis show that the residual stresses, even if they are redistributed, remain in the 
geometry and the implementation is therefore used in the following analyses. The 
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redistribution is deemed unimportant for the analysis as the goal is to find out if the 
stresses affect the excepted life. The size of the stresses is therefore not very important.  
 

a) b)  
Figure 4.6: Stresses in z-direction at a) the beginning and b) the end of the analysis 
 

a) b)  
Figure 4.7: Von Mises stresses in z-direction at a) the beginning and b) the end of the 
analysis 
 



 

49 

 
Figure 4.8: Von Mises stresses and in x-, y- and z-directions in node 3907 
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5 Results 
In order to evaluate the life using the HQ-method the accumulated inelastic strain during 
the last cycle has to be stable. This means that the value does not change in the last cycle 
compared to the second last cycle and that equal amount of inelastic strain is accumulated 
during the loading and unloading sequences. Figures considered important to the specific 
test specimens are shown in order to illustrate the behavior of the specimen. Table 5.1, 
table 5.2, table 5.3 and table 5.4 below show a summation of all test specimens and what 
properties that are altered in each case. There are a total of 24 test specimens, six of each 
loading case. Note that different displacements are used depending on the temperature 
interval used as determined in section 4.1. 
 
 
Table 5.1: Test specimens subjected to TMF IP 50-600°C 

TMF IP 50-600°C 
Test 

specimen Yield strength Creep rate Residual stresses 

1.1 O O No 
1.2 O +40% No 
1.3 O -40% No 
1.4 +40% O No 
1.5 -40% O No 
1.6 O O Yes 

 
 
Table 5.2: Test specimens subjected to TMF IP 50-800°C 

TMF IP 50-800°C 
Test 

specimen Yield strength Creep rate Residual stresses 

2.1 O O No 
2.2 O +40% No 
2.3 O -40% No 
2.4 +40% O No 
2.5 -40% O No 
2.6 O O Yes 
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Table 5.3: Test specimens subjected to TMF OP 50-600°C 

TMF OP 50-600°C 
Test 

specimen Yield strength Creep rate Residual stresses 

3.1 O O No 
3.2 O +40% No 
3.3 O -40% No 
3.4 +40% O No 
3.5 -40% O No 
3.6 O O Yes 

 
 
Table 5.3: Test specimens subjected to TMF OP 50-800°C 

TMF OP 50-800°C 
Test 

specimen Yield strength Creep rate Residual stresses 

4.1 O O No 
4.2 O +40% No 
4.3 O -40% No 
4.4 +40% O No 
4.5 -40% O No 
4.6 O O Yes 

 
The test specimens X.1 simulate cases without a weld by using homogenous material 
properties in the specimen and are therefore used as reference cases which the other test 
specimens are compared to. The first number in the test specimen indicates which loading 
case the test specimen is subjected to while the second number indicates which property 
that is changed.  
 
The inelastic strain studied in the test specimens consists of plastic strain and creep strain 
which are added in order to receive the total inelastic strain.  
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5.1 TMF IP 50-600°C 

 
Table 5.3: Resulting life of the different test specimens 
 
Test specimen Inelastic strain 

range [%] 

Expected life 

[normalized cycles] 

1.1 0.131 1.00 
1.2 0.154 0.87 
1.3 0.105 1.50 
1.4 0.134 1.07 
1.5 1.981 0 
1.6 0.130 1.10 
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5.1.1 Test specimen 1.1 
Properties of weld and HAZ compared to base metal: 

• Unchanged yield strength 
• Unchanged creep rate 
• No residual stresses 

 
 
 
 

 
Figure 5.1: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 30 
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Figure 5.2: Accumulated creep strain during the last cycle 
 

 
Figure 5.3: Von Mises stress distribution at the end of the load sequence in the last cycle 
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Figure 5.4: Principal stresses in x-, y- and z-directions in node 3907 during step 1 
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Figure 5.5: Hysteresis loop of stresses and strains z-direction 
 
The inelastic strain during the last cycle is concentrated in the middle of the splice 
between the symmetry planes as shown in figure 5.1. The volume subjected to the highest 
inelastic strains is small which means that a longer life could be expected since there is 
much material left to carry the load after a crack is initiated. The crack initiation life is 
defined as the number of cycles at which the load bearing ability of the material has 
decreased by a determined value. The accumulated inelastic strain during the last cycle is 
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0.0026 resulting in an inelastic strain range of 0.131% and a life of 1.00 normalized 
cycles. The deformation scale factor of 30 reveals a waist formation in the y-direction 
shown in figure 5.1. The waist is however only located in the middle of the weld because 
geometrical effects seem to prevent compression of the sides. There is also a waist 
formation in the x-direction meaning that the length of the weld is shorter. These 
deformations are caused by different grades of multi-axis stresses that trigger this special 
kind of waist in the specimen.  
 
The maximum creep strain is however not located in the middle of the weld as seen in 
figure 5.2 where the maximum value instead is located on the surface just outside the flat 
part. This means that most of the inelastic strain is caused by the plastic strain. The 
location of the maximum creep strain is caused by the von Mises stress concentrations at 
the radius shown in figure 5.3. The creep in the weld is caused in the dwell sequence 
where the stresses are leveled out and gives a more equalized distribution of inelastic 
creep. 
 
The stresses in the middle of the weld during the first load sequence are shown in figure 
5.4. It is seen that the stress in the z-direction reaches its maximum value after about 120 
seconds. At this point, the yield strength of the material is reached and the material starts 
to deform plastically. This is why the stresses are at the same level for the rest of the 
sequence. 
 
It is found that the hysteresis loop received does not stabilize. A new analysis is 
conducted using ten cycles instead of five in order to investigate if the loop converges or 
not. The result from the analysis using ten cycles is shown in figure 5.5. The loop shows 
no indication of converging and the accumulated inelastic strain is not the same in tension 
and compression. In a normal case the HQ-method should not be used as the 
requirements are not fulfilled. The HQ-method is nevertheless used to evaluate the 
fatigue life in this analysis.  



 

58 

5.1.2 Test specimen 1.2 

Properties of weld and HAZ compared to base metal: 
• Unchanged yield strength 
• Higher creep rate 
• No residual stresses 

 
 

 
Figure 5.6: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 40 
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Figure 5.7: Accumulated creep strain during the last cycle 
 
The inelastic strain distribution does not change due to the higher creep rate as shown in 
figure 5.6. The inelastic strain range is, however, changed to 0.15% which results in a life 
of 0.87 normalized cycles according to the HQ-method. In other words, the life is a bit 
shorter with a higher creep rate. The reason is seen in figure 5.7 where the creep 
distribution is relocated to the weld and HAZ, and due to the higher creep rate, the 
maximum inelastic creep is also a bit bigger compared to test specimen 1.1.  
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5.1.3 Test specimen 1.3 

Properties of weld and HAZ compared to base metal: 
• Unchanged yield strength 
• Lower creep rate 
• No residual stresses 

 

 
Figure 5.8: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 40 
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Figure 5.9: Accumulated creep strain during the last cycle 
 
Also in this test specimen the inelastic strain distribution is the same as in test specimen 
1.1 as seen in figure 5.8. The inelastic strain in the worst spot is, however, lowered to 
0.11% resulting in an increased life of 1.50 normalized cycles. The creep strain 
distribution is the same as in test specimen 1.1 outside the weld and HAZ but the lower 
creep rate results in a lower creep contribution in the weld zone. This means that the 
creep strain contribution to the total inelastic strain is smaller and the expected life is 
therefore increased.  
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5.1.4 Test specimen 1.4 

Properties of weld and HAZ compared to base metal: 
• Higher yield strength 
• Unchanged creep rate 
• No residual stresses 

 

 
Figure 5.10: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 30 
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Figure 5.11: Accumulated creep strain during the last cycle 
 

 
Figure 5.12: Accumulated inelastic creep distribution in step 1 with a deformation scale 
factor of 30 
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Figure 5.13: Von Mises stress distribution after step 1 
 
The high yield strength applied to the weld and HAZ results in almost no inelastic strain 
in the weld zone as seen in figure 5.10. The strain is instead redistributed outside the weld 
but the strain range remains almost the same compared to test specimen 1.1 with a value 
of 0.134% meaning that the expected life is 1.07 normalized cycles.  
 
As seen in figure 5.10 and figure 5.11 the waist is moved outside the weld zone but the 
geometrical effects preventing waist formation of the sides are still present. The result 
from this is that the inelastic creep strain is also moved outside the weld as a function of 
the high deformation in this area.  
 
An interesting thing is seen in figure 5.12 where the highest creep during the first loading 
sequence is located in the weld. This is caused by the higher yield strength in the weld 
zone that allows higher stresses in the material before it deforms plastically, as seen in 
figure 5.13.  
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5.1.5 Test specimen 1.5 

Properties of weld and HAZ compared to base metal: 
• Lower yield strength 
• Unchanged creep rate 
• No residual stresses 

 

 
Figure 5.14: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 30 
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Figure 5.15: Hysteresis loop using ten cycles 
 

 
Figure 5.16: Von Mises stresses after the first loading sequence 
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Figure 5.17: Accumulated creep strain during the last cycle 
 
As seen in figure 5.14 almost all inelastic deformation is located to the weld and HAZ 
due to the low yield strength in the area. Because of the small volume subjected to 
inelastic strains the inelastic strains are much higher than in test specimen 1.1. This 
results in an inelastic strain range of 1.98% and an expected life of zero normalized 
cycles. It is seen that the weld zone is thicker after the last cycle. This is caused by the 
base metal, which elongates a little bit every dwell sequence due to creep. The low creep 
rate during the low temperatures after the dwell sequences prevent the base metal from 
compressing to its original length. The weld zone is by this compressed more and more 
after each cycle. This can be seen in figure 5.15 where an extended analysis using ten 
cycles is presented. The loop shows no tendency to settle due to the elongation of the 
base metal. It is also seen that a great deal of the inelastic strain is accumulated at the end 
of each cycle. This make the expected life questionable as it is based on the principle that 
an equal amount of the inelastic strain should be accumulated during loading and 
unloading sequences.  
 
Figure 5.16 shows the von Mises stresses after the first loading sequence and it is seen 
that the stress is concentrated to the material with the highest yield strength as described 
in test specimen 1.4. A strange behavior of the creep is observed in figure 5.17 where the 
creep is concentrated at the boundaries between the different materials. The creep rate is 
the same in all zones is therefore not the cause of the strange creep concentration. The 
small HAZ using only two elements might contribute to the strange results. 
 
The same behavior as in test specimen 1.4 where the stresses are concentrated in the 
metal with highest yield strength is also observed. In this test specimen the stresses are 
located in the boundary between the base metal and HAZ. 
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5.1.6 Test specimen 1.6 

Properties of weld and HAZ compared to base metal: 
• Unchanged yield strength 
• Unchanged creep rate 
• Residual stresses are included 

 

 
Figure 5.18: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 10 
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Figure 5.19: Accumulated inelastic stress distribution after 33s and 65s 
 
 

 
Figure 5.20: Accumulated inelastic stress distribution after 113s and 131s 
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Figure 5.21: Principal stresses in x-, y- and z-directions in node 3907 during step 1 
 
The residual stresses do not contribute to any big differences as seen in figure 5.18 where 
the inelastic strain distribution is the same as in test specimen 1.1. The inelastic strain 
range of 0.13% results in an expected life of 1.10 normalized cycles compared to 1.00 
cycles in test specimen 1.1. As seen in figure 5.19 and figure 5.20 the stresses are 
redistributed from being highest at the outer side of the weld to being highest the middle 
of the weld during the first loading sequence. 
 
As seen in figure 5.21 most of the compressive residual stress vanishes after only a few 
seconds but some changes compared to test specimen 1.1 are however noticeable. The 
stress in the z-direction is compressive for the first 60 seconds but reaches its highest 
value at about the same time compared to specimen 1.1. 
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5.2 TMF IP 50-800°C 

 
Table 5.4: Resulting life of the different test specimens in 50-600°C and 50-800°C 
 

TMF IP 50-600°C 50-800°C 

 
Test specimen Inelastic strain 

range [%] 

Expected life 

[normalized 

cycles] 

Inelastic strain 

range [%] 

Expected life 

[normalized 

cycles] 

X.1 0.131 1.00 0.112 0.36 
X.2 0.154 0.87 0.125 0.32 
X.3 0.105 1.50 0.098 0.44 
X.4 0.134 1.07 0.150 0.26 
X.5 1.981 0 1.321 0 
X.6 0.130 1.10 0.112 0.36 
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5.2.1 Test specimen 2.1 
Properties of weld and HAZ compared to base metal: 

• Unchanged yield strength 
• Unchanged creep rate 
• No residual stresses 

 

 
Figure 5.22: Accumulated inelastic strain during the first loading sequence with a 
deformation scale factor of 40 
 

 
Figure 5.23: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 60 



 

73 

 

 
Figure 5.24: Principal stresses in x-, y- and z-directions in node 3907 during the first 
loading cycle 
 
This test specimen differs a bit compared to test specimen 1.1. The inelastic strain and 
creep distributions are the same but as seen in figure 5.22 there is no waist formation in 
test specimen 2.1 after the first loading sequence. A waist formation is, however, 
observed later on if the deformation scale factor is increased to 60 as seen in figure 5.23. 
The waist is however inverted compared to test specimen 1.1. The middle of the weld is 
unaffected while the side of the weld and the area between the flat part and radius is 
compressed in the y-direction. An inelastic strain range of 0.112% results in an expected 
life of 0.36 normalized cycles. 
 
As seen in figure 5.24, the maximum stress in the z-direction is reached after the same 
time as in test specimen 1.1. This is because the same properties and temperature gradient 
is used in the two test specimens. It is also seen that the stresses are lowered somewhat at 
the end of the sequence.  
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5.2.2 Test specimen 2.2 

Properties of weld and HAZ compared to base metal: 
• Unchanged yield strength 
• Higher creep rate 
• No residual stresses 

 

 
Figure 5.25: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 100 
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Figure 5.26: Accumulated creep strain during the last cycle with a deformation factor of 
60 
 
There are no unexpected results observed. The test specimen is subjected to very similar 
inelastic strain and creep strain distributions as test specimen 1.2 with the difference that 
a waist similar to that of test specimen 2.1 is formed. And just as in test specimen 1.2 the 
expected life is lowered compared to the homogenous specimen. An inelastic strain range 
of 0.125% results in an expected life of 0.32 normalized cycles. 
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5.2.3 Test specimen 2.3 

Properties of weld and HAZ compared to base metal: 
• Unchanged yield strength 
• Lower creep rate 
• No residual stresses 

 

 
Figure 5.27: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 60 
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Figure 5.28: Accumulated inelastic strain and creep strain during the last cycle with a 
deformation scale factor of 60 
 
Neither in this test specimen any big differences compared to test specimen 1.3 is 
observed. The waist formation from test specimen 2.1 is present and the inelastic strain 
range of 0.098% results in an expected life of 0.44 normalized cycles. 
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5.2.4 Test specimen 2.4 

Properties of weld and HAZ compared to base metal: 
• Higher yield strength 
• Unchanged creep rate 
• No residual stresses 

 

 
Figure 5.29: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 60 
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Figure 5.30: Accumulated creep strain during the last cycle with a deformation scale 
factor of 60 
 
The higher temperature changes the final deformation state of the base metal outside the 
weld from being stretched as test specimen 1.4 in figure 5.10 to be compressed as in 
figure 5.29. This is caused by the lower yield strength of the metals. There is not much of 
a waist formation in this case but rather a twisting deformation counter-clockwise around 
the z-axis of the material outside the HAZ. The inelastic strain concentration seen in 
figure 5.29 arises from the deformation of the base metal which forms a sharp radius in 
the transition zone between the deformation and the hard weld zone. This transition 
causes a local large deformation of the base metal. Other than this the same creep 
phenomenon as in test specimen 1.4 is observed in the first loading sequence. The 
inelastic strain range is found to be 0.150% which results in an expected life of 0.26 
normalized cycles.  
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5.2.5 Test specimen 2.5 

Properties of weld and HAZ compared to base metal: 
• Lower yield strength 
• Unchanged creep rate 
• No residual stresses 

 

 
Figure 5.31: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 10 
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Figure 5.32: Accumulated creep strain during the last cycle with a deformation scale 
factor of 10 
 
Both the inelastic strain distribution and the deformations are the same as in test 
specimen 1.5. This is because the only difference between the two test specimens is the 
temperature and therefore the yield strength of the zones. But the lowest yield strength is 
still in the weld. The inelastic strain range obtained is 2.046% and is, as in test specimen 
1.4, high enough to cause an expected life of zero normalized cycles. 
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5.2.6 Test specimen 2.6 
Properties of weld and HAZ compared to base metal: 

• Unchanged yield strength 
• Unchanged creep rate 
• Residual stresses are included 

 

 
Figure 5.33: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 40 
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Figure 5.34: Accumulated inelastic stress distribution after 65s and 233.8s 
 
 

 
Figure 5.35: Accumulated inelastic stress distribution after at the end step 2 and step 3 
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Figure 5.36: Principal stresses in x-, y- and z-directions in node 3907 during step 1 
 
This test specimen gives an inelastic strain range of 0.112%, which results in an expected 
life of 0.36 normalized cycles, exactly the same as test specimen 2.1. Compared to test 
specimen 1.6, the inelastic strain distribution during the first loading sequence is different 
as seen in figure 5.34 and figure 5.35. The distribution is different from the final 
distribution during almost the whole first cycle. This means that the residual stresses 
remain in the material till the end of the first cycle. This is also seen in figure 5.36 where 
the stress in the z-direction reaches its highest value at the end of the first loading cycle 
compared to test specimen 2.1 where the highest value is reached after about 300 
seconds. This offset does not affect the expected life as the accumulated inelastic strain 
range from the last cycle is used to predict the life.  
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5.3 TMF OP 50-600°C 

 
Table 5.5: Resulting life of the different test specimens in TMF IP and TMF OP 
 

TMF IP 50-600°C 

 

OP 50-600°C 

Test specimen Inelastic strain 

range [%] 

Expected life 

[normalized 

cycles] 

Inelastic strain 

range [%] 

Expected life 

[normalized 

cycles] 

X.1 0.131 1.00 0.097 1.69 
X.2 0.154 0.87 0.115 1.32 
X.3 0.105 1.50 0.085 2.02 
X.4 0.134 1.07 0.133 1.08 
X.5 1.981 0 2.046 0 
X.6 0.130 1.10 0.096 1.69 

 
 
 



 

86 

5.3.1 Test specimen 3.1 

Properties of weld and HAZ compared to base metal: 
• Unchanged yield strength 
• Unchanged creep rate 
• No residual stresses 

 

 
Figure 5.37: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 30 
 

 
Figure 5.38: Accumulated creep strain during the last cycle with a deformation scale 
factor of 30 
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Figure 5.39: Principal stresses in the x-, y- and z-directions in node 3907 during step 1 
 
It is seen in figure 5.37 that the deformation differs from that of the TMF IP cases by 
showing a thicker weld and side of the flat part due to compression of the section. Other 
than this, the same inelastic strain and creep strain distributions are achieved as in test 
specimen 1.1. The inelastic strain range obtained is 0.097% which results in an expected 
life of 1.69 normalized cycles.  
 
The minimum stress in the middle of the weld is reached after the same time as in test 
specimen 1.1. This is because the von Mises stresses, which cannot be negative, are used 
to derive the inelastic strain.  
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5.3.2 Test specimen 3.2 

Properties of weld and HAZ compared to base metal: 
• Unchanged yield strength 
• Higher creep rate 
• No residual stresses 

 
 

 
Figure 5.40: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 30 
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Figure 5.41: Accumulated creep strain during the last cycle with a deformation scale 
factor of 30 
 
The higher creep rate moves the maximum creep to the weld zone. This reduces the 
inelastic strain range to 0.115% which results in an expected life of 1.32.  
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5.3.3 Test specimen 3.3 

Properties of weld and HAZ compared to base metal: 
• Unchanged yield strength 
• Lower creep rate 
• No residual stresses 

 

 
Figure 5.42: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 30 
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Figure 5.43: Accumulated inelastic creep strain during the last cycle with a deformation 
scale factor of 30 
 
The lower creep rate moves the maximum creep out from the weld zone. This reduces the 
inelastic strain range to 0.085% which results in an expected life of 2.02 normalized 
cycles.  
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5.3.4 Test specimen 3.4 

Properties of weld and HAZ compared to base metal: 
• Higher yield strength 
• Unchanged creep rate 
• No residual stresses 

 

 
Figure 5.44: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 30 
 
 
 
 
 
 



 

93 

 
Figure 5.45: Accumulated creep strain during the last cycle with a deformation scale 
factor of 30 
 
The high yield strength of the weld and HAZ prevents deformation of the volume. And 
most deformation therefore occurs in the base metal outside the weld. The final shape of 
the specimen can be explained by a small elongation of the weld zone in each cycle due 
to creep during the dwell time. This is the same behavior as described in test specimen 
1.5. The effect of this is that the base metal outside the weld exhibits compression and is 
therefore thicker after the last cycle compared to its original shape. The inelastic strain 
distribution is similar to test specimen 1.4 and the maximum inelastic strain range is 
0.133% which results in an expected life of 1.08 normalized cycles.  
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5.3.5 Test specimen 3.5 

Properties of weld and HAZ compared to base metal: 
• Lower yield strength 
• Unchanged creep rate 
• No residual stresses 

 

 
Figure 5.46: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 30 
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Figure 5.47: Accumulated creep strain during the last cycle with a deformation scale 
factor of 30 
 
Test specimen 3.5 is subjected to the same waist behavior as first observed in test 
specimen 1.5 but here the waist is located in the weld. This phenomenon is caused by the 
cyclic load that compresses the base metal little by little due to creep during the dwell 
sequences, and at the end of the cycle it is compressed enough to pull the weld that 
deforms due to its lower yield strength. The inelastic strain range of 2.05% results in a 
expected life of zero normalized cycles just as in test specimen 1.5 and test specimen 2.5.  
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5.3.6 Test specimen 3.6 
Properties of weld and HAZ compared to base metal: 

• Unchanged yield strength 
• Unchanged creep rate 
• Residual stresses are included 

 

 
Figure 5.48: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 30 
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Figure 5.49: Accumulated inelastic stress distribution after 33s and 65s 
 
 

 
Figure 5.50: Accumulated inelastic stress distribution after 113s and 125s 
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Figure 5.51: Principal stresses in x-, y- and z-directions in node 3907 during step 1 
 
The deformation as seen in figure 5.48 is the same as in test specimen 3.1. The tensile 
residual stresses in the middle of the weld, shown in figure 5.49 and figure 5.50, cause 
the minimum stresses in the z-direction to occur much earlier compared to test specimen 
3.1. This is also seen in figure 5.51 where the stresses relax after 65s. After this no 
contribution to the inelastic strain is seen and the expected life the same as test specimen 
3.1  
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5.4 TMF OP 50-800°C 

 
Table 5.6: Resulting life of the different test specimens in 50-600°C and 50-800°C TMF 
OP 

TMF OP 50-600°C OP 50-800°C 

 
Test specimen Inelastic strain 

range [%] 

Expected life 

[normalized 

cycles] 

Inelastic strain 

range [%] 

Expected life 

[normalized 

cycles] 

X.1 0.131 1.00 0.122 0.64 
X.2 0.154 0.87 0.131 0.56 
X.3 0.105 1.50 0.110 0.73 
X.4 0.134 1.07 0.128 0.60 
X.5 1.981 0 1.381 0 
X.6 0.130 1.10 0.122 0.64 
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5.4.1 Test specimen 4.1 
Properties of weld and HAZ compared to base metal: 

• Unchanged yield strength 
• Unchanged creep rate 
• No residual stresses 

 

 
Figure 5.52: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 60 
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Figure 5.53: Accumulated creep strain during the last cycle with a deformation scale 
factor of 60 
 

 
Figure 5.54: Principal stresses in x-, y- and z-directions in node 3907 during step 1 
 
As seen in figure 5.52 the base metal outside the weld gets thicker while the weld keeps 
its original shape. The inelastic strain range of 0.122% results in an expected life of 0.64 
normalized cycles. Other than the deformation, the test specimen behaves like the other 
test specimens with homogenous material regarding the distribution of inelastic strain and 
inelastic creep. 



 

102 

The stresses in the z-direction, shown in figure 5.54, are very similar to the stresses in test 
specimen 2.1 except that the stress in z-direction is negative. 
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5.4.2 Test specimen 4.2 

Properties of weld and HAZ compared to base metal: 
• Unchanged yield strength 
• Higher creep rate 
• No residual stresses 

 

 
Figure 5.55: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 60 
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Figure 5.56: Accumulated inelastic strain and creep strain during last cycle with a 
deformation scale factor of 60 
 
An inelastic strain range of 0.131% results in an expected life of 0.56 normalized cycles. 
Thus the life is shortened a bit due to the added inelastic strain caused by the higher creep 
rate in the weld.  
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5.4.3 Test specimen 4.3 

Properties of weld and HAZ compared to base metal: 
• Unchanged yield strength 
• Lower creep rate 
• No residual stresses 

 
 

 
Figure 5.57: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 60 
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Figure 5.58: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 60 
 
The lower creep rate moves the creep to the base metal. The lowered inelastic strain 
contribution from the creep lowers the inelastic strain range to 0.11% which results in an 
expected life of 0.73 normalized cycles.  
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5.4.4 Test specimen 4.4 

Properties of weld and HAZ compared to base metal: 
• Higher yield strength 
• Unchanged creep rate 
• No residual stresses 

 
 

 
Figure 5.59: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 60 
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Figure 5.60: Accumulated creep strain during the last cycle with a deformation scale 
factor of 60 
 
The higher yield strength of the weld and HAZ causes the maximum inelastic strain to 
occur in the base metal. As seen in figure 5.59 a waist is formed outside the weld zone. 
This is because the higher stresses in the weld zone, due to higher yield strength, causes 
the weld metal to creep more during the dwell sequences. The weld zone is therefore 
compresses a little every cycle and this causes the waist outside the weld zone. 
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5.4.5 Test specimen 4.5 

Properties of weld and HAZ compared to base metal: 
• Lower yield strength 
• Unchanged creep rate 
• No residual stresses 

 

 
Figure 5.61: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 10 
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Figure 5.62: Accumulated creep strain during the last cycle with a deformation scale 
factor of 10 
 
In this test specimen, the higher yield strength of the base metal compared to the weld 
zone causes compression of the material outside the weld zone during the dwell 
sequences. This leads to the waist in the weld as seen in figure 5.61 and figure 5.62 and 
the small volume exposed to the deformation leads to an inelastic strain range of 1.38% 
and an expected life of zero normalized cycles.  
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5.4.6 Test specimen 4.6 
Properties of weld and HAZ compared to base metal: 

• Unchanged yield strength 
• Unchanged creep rate 
• Residual stresses are included 

 

 
Figure 5.63: Accumulated inelastic strain during the last cycle with a deformation scale 
factor of 40 
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Figure 5.64: Accumulated inelastic stress distribution after 65s and 129s 
 
 

 
Figure 5.65: Accumulated inelastic stress distribution after 225s and 313.6s 
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Figure 5.66: Principal stresses in x-, y- and z-directions in node 3907 during the first 
loading sequence 
 
The deformation of this test specimen is the same as in test specimen 4.1 as seen in figure 
5.63. Also the inelastic strain distribution is the same. As seen in figure 5.64 and figure 
5.65 the residual stresses are gone after only 129 seconds. This is also seen in figure 5.66 
where the residual stresses causes the minimum stress in z-direction to occur much earlier 
than in test specimen 4.1. The expected life is not affected and is the same as in test 
specimen 4.1.  
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6 Discussion 
 
Table 6.1: Expected life in cycles for the different test specimens 
 

 TMF IP 

600°C 

 

TMF IP 

800°C 

TMF OP 

600°C 

TMF OP 

800°C 

Test specimen Expected life 

[normalized 

cycles] 

Expected life 

[normalized 

cycles] 

Expected life 

[normalized 

cycles] 

Expected life 

[normalized 

cycles] 

X.1 1.00 0.36 1.69 0.64 
X.2 0.87 0.32 1.32 0.56 
X.3 1.50 0.44 2.02 0.73 
X.4 1.07 0.26 1.08 0.60 
X.5 0 0 0 0 
X.6 1.10 0.36 1.69 0.64 

 
The load case selected is only subjected to tensile or compressive loads while in a real 
case scenario often are subjected to bending forces. The bending causes both tension and 
compression in the same cut while the loads in the selected case are homogenous. How 
representative the chosen load case is compared to a real load case can therefore be 
questionable. 
 
Because of the ratcheting observed in the analyses the evaluation using the HQ-method 
can also be questionable as this method evaluates the life using the inelastic strain range 
from stabilized cycles. Ratcheting means that the cycles does not settle as seen in figure 
5.5. The inelastic strain range shows, however, no tendency to change as it is the same in 
all cycles. This is why the HQ-method nevertheless is used to evaluate the life but how 
well the results are compared to real cases are uncertain.  
 
The accumulated inelastic strain should preferably be the same during the both sequences 
as it is used to calculate the inelastic strain range. As seen in figure 5.5 the inelastic strain 
accumulated during the stop sequence is higher than during the start sequence. This 
means that the inelastic strain range received in the analyses might be bigger than it 
should be and longer lives could therefore be expected. Another uncertainty is related to 
the method used to receive the life of the component since TMF life data for Hastelloy X 
is used also on the weld metal. This makes the received life in the welds questionable but 
as no TMF data regarding welds exists there are no other options than to use the same 
data as for the base metal.  
 
By looking at the deformation of the different test specimens it can be concluded that the 
deformation is very dependent on the yield strength used in the different zones but also 
on which temperatures and loads the specimen are exposed to. The strange waist 
formations several test specimens are subjected to is not intuitively obvious. The 
phenomenon is believed to be traced to the different material laws such as creep and 
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inelasticity together with the cyclic load. It is seen that the waist formation changes with 
different load cases and material properties.  
 
There are some differences of the yield strength used by the HQ-method and the actual 
yield strength of the weld metal. The lower yield strength used in the analyses is shown 
to be devastating for the expected life since all inelastic strain is concentrated to the weld 
metal. As a low yield strength is used today to evaluate the fatigue life, together with a 
higher reduction factor, it would result in a life that is much lower in the weld compared 
to the base metal. The consequence by using a low yield strength is that the most severely 
loaded point is moved to the weld. This is done as the weld is regarded to have a lower 
life due to lower ductility. From the results achieved from the analyses, the life is 
probably lowered too much as seen in table 6.1 where the low yield strength results in an 
expected life of zero cycles. It is seen in the analyses that the higher yield strength of the 
weld pushes the inelastic strain out to the base metal where a failure according to the HQ-
method should occur. The choice of yield strength can be interpreted as a weight between 
using the correct material data and to receive the location of the most severe loaded spot 
where failure is likely to occur.  
 
The creep rate in the weld metal is probably lower than in the base metal. This statement 
is based on the study made by King et al. [7]. It is found in this study that the creep rate 
do not affect the fatigue life to any great extent. This is because the inelastic creep is a 
stress relaxation process which depends on the amount of stresses in the material. The 
stresses are the same regardless of the creep rate and therefore the inelastic creep is 
independent of the creep rate at long holding times. At short dwell times a high creep rate 
will decrease the life and a lower creep rate will increase the life by a small amount as the 
creep contribution to the inelastic strain is altered. An example of two different creep 
rates is shown in figure 6.1. 
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Figure 6.1: The effect of differnent creep rates 
 
Even though the residual stresses are lowered by Abaqus in order to fulfil equilibrium, it 
is found that the remaining stresses only contribute to the inelastic strain distribution 
during the first cycle. After this the stresses in most cases are relaxed. This conclusion is 
based on the fact that the inelastic strain range is the same when studying the cases with 
and without residual stresses. This result is expected since Z.Barsoum [9] reports that half 
of the residual stresses are relaxed after 8% of the total life. This can however not be 
compared to the results in this thesis since the evaluation of the HQ-method, with its five 
cycles which represent the total life of the structure, differs from a real test going through 
all cycles until failure.  
 
The residual stresses used in the analyses are however not implemented correctly. The 
stresses should be tensile in the middle of the weld and compressive at the end of the 
weld but are in the analyses compressive in the middle and tensile at the end. This is due 
to a misinterpretation of the subroutine SIGINI. The sign of the stresses were thought to 
indicate the direction of the stresses but the correct interpretation is that the sign indicates 
if the stresses are tensile or compressive. The conclusion are however considered to be 
valid since the stresses relax during the first cycle independently if the stresses are added 
or subtracted to the stresses caused by elongation. There might be some difference in the 
deformation and inelastic strain distribution if the residual stresses are corrected but these 
differences are considered small. 
 
In order to make the analysis even more similar to the load case in the test rig could a 
shorter dwell time be used. 500h is not considered to be reasonable if a test were to be 
conducted as each cycle would take at least 500h to complete. A life until crack of, for 
example, 1000 cycles is then not feasible. It would be an idea to redo some of the 
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analyses using a dwell time of 24h during the first cycle and 5min during the following 
cycles to see what difference in the expected life it would do.  
 
A specific weld was not chosen during the analyses in this thesis but would be interesting 
during the future work as a sensitivity analysis then could be performed. This would 
result in a deeper understanding on how a real weld behaves and how sensitive the HQ-
method is to changes in the weld properties in common simulations performed on the 
combustion chambers. It would also be interesting to combine the analyzed parameters to 
determine their combined properties affect the expected life.  
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7 Conclusions 
General conclusions from this analysis: 

• The creep rate do not influence the fatigue life to any great extent 
• High yield strength move the worst spot outside the weld 
• Low yield strength is devastating for the expected life of the weld 

 
The life evaluation used today, with lowered yield strength in the weld metal, is 
considered to give a low life of the weld compared to the base metal. From this analysis 
the life could even be considered to be too low. This implies that the life evaluation 
method has to be revised by addressing the following questions: 
 

• Where will the failure most likely occur? 
• How much is the life of a weld lowered compared to the base metal? 
• Is the value of all reduction factors reasonable? 

 
These questions can be aimed both on the test specimens and on real welds in combustion 
chambers to see if there are any similarities in the achieved life and position of the worst 
spot. In order to answer these questions a deeper investigation where the method in 
dealing with welds has to be investigated further and tests need to be conducted in order 
to examine if the failure occur in the weld or in the base metal. Because [6] concludes 
that the crack propagation rate is higher in the base metal, a crack in this area would 
potentially be more dangerous. Today two possible scenarios are regarded possible 
depending on the results from the future investigations. One is that cracks will initiate 
outside the weld and as a result higher yield strength is going to be used during analyses 
in order to move the predicted worst spot outside the weld. Another one is if a weld fails, 
then could either lower yield strength be used in order to move the worst spot to the weld 
or some well evaluated reduction factors.  
 
There are no need to investigate the creep rate further since a quite large change of rate 
do not inflict much on the expected life. This means that the weld metal can be 
approximated to have the same creep as the base metal.  
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8 Future Work 
Now when the plastic behavior of the test specimen is examined it might be interesting to 
continue with real tests of the test specimen to conclude if the results are true to the real 
behavior of the weld. The most interesting to test is the current weld additive material 
used and to evaluate if the worst point in the test coincide with the worst point given by 
the HQ-method. It might in this case be useful to compare the elongations at the 
extensometer tips when the analyses and real results are to be compared. The exact 
number of cycles predicted is not as interesting as the relation between them and the 
received lives from the real tests. If the worst spot between the test and the HQ-method 
coincide, the conclusion is that the welds can be evaluated using the current method. If 
not the HQ-method might be modified with new reduction factors so that good 
predictions are achieved.  
 
Another interesting investigation would be to test the specimen in the TMF test rig with 
and without a weld in order to determine how much shorter or longer the life becomes. 
This can be combined with the test mentioned above by just adding a test without a weld 
in the specimen. As the effect of the difference between the selected load case and a real 
load case is not examined, it would also be useful to make an analysis on a real weld load 
case from a combustion chamber in order to see if the conclusions are still valid. That 
analysis would show how different yield strengths affect a real weld joint and answer 
how relevant the test specimen is when examining the life obtained by the HQ-method.  
 
In order to acquire a more correct value of the yield strength the microstructure of a weld 
in virgin and in aged state should be examined using a scanning electrode microscope. 
This would show which type of carbides that is present in the weld. Detailed research 
conducted by Siemens in this area would give a quite good estimation on the true yield 
strength of the weld as the carbides formed are different at different temperatures. The 
analysis could then be made once more using the new and more precise yield strength.  
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