Approach to consider welding residual stresses in fatigue analysis using
numerical simulations

Vom Promotionsausschuss der
Technischen Universitat Hamburg

zur Erlangung des akademischen Grades

Doktor-Ingenieur (Dr.-Ing.)

genehmigte Dissertation

von
Nils Johan Friedrich

aus
Géttingen

2020



Gutachter:
Prof. DSc. (Tech.) Séren Ehlers
Prof. Dr.-Ing. Shahram Sheikhi

Prof. Mohammad Al-Emrani

Tag der mundlichen Prifung: 14.09.2020



Abstract

Although it is known that residual stresses may influence the fatigue strength of welded
structures, they are usually not included explicitly in fatigue assessments. In this thesis the
influence of welding residual stresses on fatigue is investigated using numerical simulations
and experimental tests to develop an approach to consider welding residual stresses in
fatigue analysis. A numerical welding simulation approach using a prescribed temperature
heat source is described and the influence of various simulation parameters on the resulting
residual stresses is assessed. The simulations are used to design small-scale specimens
containing a multilayer K-butt weld and a longitudinal stiffener with tensile transversal
residual stresses at the weld toe. Residual stresses are measured by X-ray diffraction and
hole drilling on both specimen geometries and the simulation results are verified. Fatigue
tests at different load ratios are conducted on both specimen geometries. The initiation of
macroscopic cracks is detected using digital image correlation. The influence on crack
initiation and propagation show differences for both investigated weld geometries. A
correlation between the fatigue test results and the calculated stresses is found. Based on
these findings an approach to predict S-N curves depending on the residual stress condition
and stress ratio is developed. The approach is based on the presented numerical welding
simulations and allows to consider the influence of welding residual stresses in fatigue
analysis.
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List of symbols

a throat thickness

b width

e linear misalignment

F force

f(Rioe) correction factor for stress ratio at the weld toe

hs height of the stiffener

k slope exponent

/ length

Is length of the stiffener

N endurable number of load cycles

Niotal, Ninitiation, Npropagation endurable number of load cycles for total fatigue life, crack
initiation and propagation

N reference number of load cycles = 2 - 10°

R Ioad ratio onomina/,min / Onominal,max

Rioe stress ratio at the weld toe

Ren yield strength

t thickness

ts thickness of the stiffener

Uy, Uy, Uy, displacement in x, y and z-direction

Af deviation from loading frequency at the start of the test

Ao stress range

Aoy reference stress range at N = 2-10°

AG,ffective effective stress range at the weld toe considering the correction factor f(Rye)

Adype stress range at the weld toe

0] angular distortion

Omaxs Omin upper and lower stress of a load cycle

Ornominal nominal stress

Abbreviations

APDL ANSYS Parametric Design Language

ASTM American Society for Testing and Materials

CL Centre Line

DIC Digital Image Correlation

FE Finite Elements

FEM Finite Element Method

FKM Forschungskuratorium Maschinenbau

HFMI High Frequency Mechanical Impact treatment

W International Institute of Welding

LTT Low Transformation Temperature filler materials

MAG Metal Active Gas welding

TIG Tungsten Inert Gas

TRIP Transformation Induced Plasticity






1 Introduction

1.1 Motivation

Over a century after the introduction of arc welding for industrial applications, the involved
distortions and residual stresses still represent a challenge for engineering applications.
Especially in fatigue analysis of welded structures they are sources of uncertainties.

Distortions due to temperature and phase dependent strains, caused by welding, may
become clearly visible and may affect manufacturing accuracy, particularly on large
structures (Malisius 1977). Experience and calculation approaches of different complexity
allow the prediction of these distortions and to take action to reduce them. Less obvious are
the residual stresses induced by welding. Although they can reach the magnitude of yield
strength, their measurement requires some effort and is not always possible without
destroying or damaging the welded component. Therefore it is often difficult to quantify their
influence on strength properties. In addition, welding residual stresses depend on many
parameters such as material, welding technique, conditions and sequence or the size of the
component, making it difficult to predict them or establish universal rules to cope with them.
Adding to the complexity, they are superimposed to load stresses which may lead to yielding
and redistribution of the original residual stresses. Because of these difficulties and the
resulting uncertainties in many engineering applications residual stresses are not directly
considered.

Although it is long known that residual stresses influence the fatigue strength of welded
components, the quantification of this influence is still problematic. The common assumption
of residual stresses in the amount of yield strength is probably excessively conservative for
many applications (Krebs et al. 2012; Hensel et al. 2017).

Under fatigue loading residual stresses are superimposed to load stresses. This changes the
acting mean stress, respectively the stress ratio R, thus influencing fatigue. Tensile residual
stresses will augment the mean stress deteriorating fatigue strength. Compressive residual
stresses, on the contrary, will act beneficially. Although these effects are in principle known,
many uncertainties still remain, making a practical consideration of welding residual stresses
in fatigue assessments difficult.

It is often assumed that the influence of residual stresses is comparable to that of mean
stresses, not taking into account that they are not equally distributed over the plate thickness.
Furthermore, tensile residual stresses at the weld toe may be reduced due to plastification. It
is therefore questionable if a residual stress value retrieved from the surface is adequate to
assess the influence on fatigue. These uncertainties still demand for further investigations in
order to fully understand the relationship between welding residual stresses and fatigue
strength and to take practical benefit from it.

One challenge in the investigation and assessment of residual stresses is that their
measurement is relatively complex and costly, the calculation by simulation still time
consuming and often with limited accuracy. Adding to the difficulty, they are variable under
loading since they may in part be relieved by plastic deformation. The influence of residual
stresses will therefore depend not only on their initial value but also on the applied load.

Another difficulty when investigating the influence of residual stresses is that in small-scale
specimens often no relevant residual stresses are present due to the lack of structural
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constraints. Therefore most of the recent studies on the residual stress influence on fatigue
have been conducted on weld geometries where residual stresses are present also in small
specimens due to local restraints, e.g. stiffeners spaced longitudinally to the loading direction
(longitudinal stiffeners). These specimens however, may not be considered representative
for all weld geometries because of their particularly high stress concentration and often
relative sharp notch radius. Fewer investigations exist on weld geometries for which residual
stresses depend strongly on structural constraints (e.g. cruciform joints or butt welds) or on
large-scale components.

Aim of this work is to develop an approach to improve fatigue analysis by including welding
residual stresses with the aid of welding simulations. The state of the art of these three fields
will be presented in the following.

1.2 State of the art

1.2.1 Welding residual stresses

Residual stresses are present inside a structure or component without external forces acting,
thus they have to be in equilibrium (Radaj 1992). They are generally distinguished into first
order residual stresses, extending over macroscopic areas and averaged over multiple
crystallites. Second order residual stresses acting between crystallites and third order
between atomic areas. In the following only macroscopic, first order residual stresses are
considered.

Residual stresses are caused by fabrication processes or loads involving plastic or thermal
strains. These cause a change in shape or dimension of the component, or part of it, which
then result in residual stresses within the component. In particular, welding may induce high
residual stresses. Welding residual stresses are mainly caused by the shrinkage of the weld
zone during cooling and the restraint by the surrounding material. As the weld cools from
melting to room temperature it contracts and exercises a force on the surrounding material.
The shrinkage and the resulting residual stresses are sketched for the example of a butt weld
in Figure 1-1. The weld contracts in all directions: longitudinal, transversal and thickness
direction. The longitudinal shrinkage causes a curvature of the plate’s edge along the weld.
In the centre of the weld, this curvature is opposed to the transversal shrinkage of the weld.
This causes the distribution of transversal residual stresses with tension in the centre and
compression on the edges of the plate. Transversal and longitudinal residual stresses thus
condition each other (Hansch 1984).

longitudinal residual stress transversal residual stress

I;‘ - 7
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Figure 1-1: Shrinkage and residual stresses on a butt-weld; based on (Hansch 1984).
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This basic principle considers only the temperature dependent volume change in the residual
stress formation. The actual height and distribution of welding residual stresses is influenced
by a multitude of factors including phase transformation that will occur depending on the
alloy. If the temperature exceeds the austenitising temperature, austenite forms in mild steels
(Radaj 1992). During cooling, the austenite transforms back to a combination of martensite,
ferrite, pearlite or bainite (Francis et al. 2007). The crystal system changes from face-centred
cubic to body-centred cubic which results in a dilatation. The temperature interval in which
this back transformation occurs depends on the carbon content of the material, the peak
temperature, austenitisation time and cooling rate. The dilatation during the phase
transformation causes the formation of compressive residual stresses. When the
transformation is completed, the material contracts again as it cools to lower temperatures,
leading to tensile residual stresses. The temperature interval of the back transformation has
thus an influence on the final residual stress level. The effect of phase transformation
depends also on the transformation induced plasticity (TRIP), which limits the forces
exercised on the surrounding material and therefore reduces the residual stress reduction
due to the dilatation (Radaj 2003).

Also geometric factors influence the formation of welding residual stresses. Plate thickness
and the number of weld passes affect residual stresses as they determine local restraint
(Nitschke-Pagel and Dilger 2006). They also influence cooling rates which affect phase
transformation. Furthermore, the ratio between weld pass and surrounding material volume
determines how the core and the borders of the weld cool off (Christian and Elfinger 1978).
Both effects can influence the residual stress level at the weld toe relevant for fatigue. The
weld sequence may as well affect residual stresses as it influences the restraint by the
surrounding material. Tensile residual stresses adding to those resulting from previous welds
may cause local yielding and thus relaxation of present residual stresses (Hansch 1984).

Besides the local restraint by the surrounding material, also the global degree of constraint
affects residual stresses. In which way residual stresses depend on the heated cross-section
and structural constraints is discussed e.g. in (Malisius 1977). The length of the plate
available to compensate the shrinkage of the weld zone by elastic strains determines the
residual stress level in the plate adjacent to the weld. In this way also the size of a
component influences residual stress levels. Residual stresses in small specimens will
therefore differ from those in larger structures. Even the same geometry in different scales
may not contain the same residual stresses.

An overview of welding distortions and residual stresses for different kinds of joints is given in
(Neumann and Rdébenack 1978). A catalogue of residual stress profiles for different weld
geometries can be found in (Bate et al. 1997). Residual stresses are typically not constant
over the plate thickness and often range from tensile to compressive.

To assess residual stresses several measuring techniques exist (Kandil 2001; Schajer, ed.
2013). These are generally divided in destructive and non-destructive techniques. In
destructive methods, also called relaxation methods, the structural restraints are released by
cutting, drilling or removing material. Residual stresses will consequently cause strains and
distortions which can be measured and allow to calculate the original residual stresses.
Destructive measurement methods include splitting, sectioning, layer removal, ring-coring
and the contour method (Schajer, ed. 2013). Most popular is the hole drilling technique. The
strains measured on the surface around the hole, by strain gauges or optically, allow the
calculation of the residual stress profile from the surface to a depth of approximately half the
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diameter of the hole. Although this method is practical because of its technical simplicity, it is
limited to even surfaces and it is therefore difficult to apply on or very close to the weld.
Furthermore, if residual stresses are high compared to yield strength, local yielding may
affect the measured strains and compromise the accuracy of the calculated residual stresses
(Pohle 1990).

Non-destructive methods are usually based on measuring the diffraction of radiation which
depends on the elastic strain in the measured object. The radiation is reflected under a
certain angle, which depends on the distance between atomic planes (Eigenmann and
Macherauch 1995; Spield et al. 2009; Schajer, ed. 2013). When the material is strained, the
atomic plane distance and thus the diffraction angle changes. By determining the diffraction
angle, stresses in the material are deduced. Most common is the use of X-ray diffraction
which allows residual stress measurements up to a depth of a few microns (Kandil 2001).
The use of synchrotron X-ray or neutrons as radiation, allows measurements up to a greater
depth depending on the kind of radiation and the material of the specimen (Hutchings 2005).
Due to the limited availability and costs involved in these methods, their use is very
restricted, especially for large-scale structures.

Other non-destructive or semi-destructive methods are magnetic, ultrasonic, thermoelastic,
photoelastic and indentation measurements (Schajer, ed. 2013).

All in all, residual stress measuring techniques are not generally available and often involve
high expenses. On the other hand, results can easily be affected by inaccuracies or errors
especially when measurements involve mechanical work on the specimen. A round robin
showed large scatter between residual stresses measured at different laboratories and
emphasized the need “for great care and for diversity in making such measurements” (Smith
et al. 2019). Therefore, in most investigations, where residual stresses are not the main
objective, they are usually not considered explicitly.

1.2.2 Welding simulations

Since the possibilities to measure residual stresses are often limited, assessing residual
stresses by calculation might be advantageous. With respect to fatigue assessments,
simulations offer the additional benefit that they provide the complete stress distribution
including residual stresses at the weld toe, where fatigue cracks will typically initiate, and
over the plate thickness, where they may affect crack propagation.

Simplified calculation approaches, in which shrinkage forces longitudinal to the weld or
shrinkage in transversal direction are calculated analytically or empirically, exist and may
provide relatively good results for welding distortions (Hansch 1984; Radaj 1988; Neumann
1996). Such approaches in combination with the finite element method (FEM) have been
applied for the calculation of distortions in (Jang et al. 2003; Xu et al. 2008; Deng 2010) and
residual stresses in (Hill and Nelson 1995; Murakawa et al. 2010). However, when aiming for
the residual stresses close to the weld, these methods will not provide satisfying results. For
instance, the application of a longitudinal shrinkage force will cause compression in the weld,
where instead it should be tension due to the shrinkage of the weld material and the
restraints by the surrounding material. Furthermore, phase transformation effects will not be
considered.

Welding simulations employing FEM have been developed and have become more and
more applicable (Lindgren 2007; Radaj 2003). These simulations usually involve two steps.
First, in a thermal analysis the temperature field due to a moving heat source is calculated.
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Different types of heat sources exist, from simple point or line sources over volumetric
distributed heat sources, prescribed temperature source, to more complex models including
fluid dynamics or modelling of the arc. According to Goldak and Akhlaghi (2005) the best
heat source model to choose depends on how accurately the heat source should be
modelled, on the objective of the modelling and on what information is available. To predict
distortions and residual stresses in low alloy steel structures, accurate temperatures below
approximately 600 to 800°C are described to be most important. Commonly for arc welding a
double ellipsoid heat source according to Goldak et al. (1984) is used (Figure 1-2). The
asymmetrical shape approximates the heat distribution at the real molten pool. In order to set
the dimensions of the heat source and the heat input correctly, it is necessary to calibrate the
temperature calculation by means of experimental data. This is done by comparing
measured and calculated temperatures close to the weld. Furthermore, the temperature
distribution at the weld is compared to the weld pool and the heat affected zone in a
macrograph of the weld. Simulation parameters are then iteratively adapted in order to match
the calculated temperature distributions with the acquired experimental data. The calibration
of the heat input in the thermal part of the analysis is often considered a pre-requisite for
reliable residual stress and distortion results (Caprace et al. 2017).

Figure 1-2: Double ellipsoid heat source and power distribution function along the x axis; after (Goldak
et al. 1984).

More complex models have been developed including e.g. the simulation of the weld pool
geometry (Sudnik et al. 2000; Kong et al. 2012), weld pool dynamics to predict the final weld
shape (Cho et al. 2013) or heat and fluid flow in laser welding (Curtois et al. 2019).

After calculating the temperature distribution, it is used as load input in an elastic-plastic
structural analysis to calculate the structural response in terms of residual stresses and
distortions. Both simulation parts require temperature dependent material properties. In
(Wichers 2006) these have been determined for S355J2G3 steel.

Phase transformation might also be included in the simulations (Lindgren 2007). Depending
on the material and the welded geometry this may have significant influence on the
calculated residual stresses close to the weld. In (Dilger, ed. 2006) dilatometer curves for
different steels were determined and parameters influencing phase transformation have been
investigated. Numerical investigations on different influencing factors for residual stresses
including phase transformation have been conducted by Hildebrand (2008).
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For the calculation of global welding distortions and residual stresses, shell-element models
can be used (Olsen et al. 2001; Dong et al. 2002; Kim et al. 2014). For geometries with
constant cross-section and relative long welds it might be suitable to use 2D-models as in
(Grunitz and Fricke 2004; Barsoum and Barsoum 2009). However, if the local residual stress
at the weld in a complex geometry has to be assessed, the use of 3D-solid elements is
necessary. In combination with a relatively fine mesh at the weld to account for high
temperature and stress gradients, this results in large numbers of elements even for
relatively small components. The model size further increases when multilayer welds are
included.

With the number of weld layers also the number of load steps to be solved increases. The
combination of a complex simulation, large numbers of elements and of load steps can
quickly lead to simulation times of several days or weeks (Fricke and Zacke 2014). This still
limits the practical application of welding simulations to relatively small models. To reduce
the number of load steps and thus the calculation time, multiple weld layers have been
combined in (Josefson and Karlsson 1988; Shim et al. 1992; Hong et al. 1998). Another
possibility to reduce the calculation time is to summarize sections of the weld and perform a
blockwise simulation. This method, called block dumping (Pahkamaa et al. 2010), has been
applied in (Elcoate et al. 2005; Karlsson et al. 2011) and further developed in (Bhatti and
Barsoum 2012). In (Zacke 2012) the joining of two ship sections has been simulated by
combining multiple weld layers and using a relatively large time step size to reduce the
number of load steps. Although these methods yield good results for surface residual
stresses, if the correct parameters are chosen, the residual stress distribution over the plate
thickness may differ significantly from a transient simulation (Klassen et al. 2016). Simplified
simulation approaches for multilayer welds were studied in (Klassen 2018). It was found that
geometrical simplifications of the modelled weld shape can produce good results in terms of
residual stresses while reducing simulation times. Whereas, approaches aiming to reduce
the number of calculated load steps (e.g. application of thermal cycles or lumping of weld
passes) may produce poor results compared to transient simulations.

Since fatigue strength depends on the stabilised residual stress state under cyclic loading,
also the residual stress redistribution due to loading has been included in simulations e.g. in
(Varfolomeev et al. 2011). Different hardening laws for the simulation of residual stress
relaxation under loading have been compared in (Stoschka et al. 2014). Recently, post-weld
mechanical impact treatments have also been included in FEM simulations to investigate the
stability under loading of beneficial compressive residual stresses (Yuan and Sumi 2015;
Tsutsumi et al. 2016; Foehrenbach et al. 2016; Leitner et al. 2016).

Despite the high numerical effort necessary to carry out welding simulations, the resulting
residual stresses have to be evaluated with caution. Often results obtained with different
modelling techniques or different simulation parameters differ significantly (Wohlfahrt et al.
2012). The comparison with measurements often shows quite large divergences as well. On
the other hand, it has to be considered that also measurement results may scatter
significantly. A study on joining process simulations (Stadtaus and Dilger 2004), including
welding simulations, concluded that a verification through measurements is still necessary
and that their application is still restricted to research and development by large concerns
and research institutions.
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1.2.3 Residual stress influence on fatigue

Although many studies have been conducted on how residual stresses affect the fatigue
strength of welds, the results are often not consistent (Krebs et al. 2012). In many cases in
which as-welded and stress-relieved specimens have been compared, other influencing
factors have not been precisely determined. In addition, the residual stress level at the weld
is influenced by so many parameters and often shows large scatter even for the same
geometry, that it becomes difficult to draw generalized conclusions.

As residual stresses are superimposed to load stresses they shift the actual stress ratio as
shown in Figure 1-3. Without residual stresses the actual stress ratio corresponds to the
nominal stress ratio. Since compressive stresses contribute less (or not at all) to the fatigue
damage, high stress ratios are more damaging than lower stress ratios. Thus, for the same
stress range, the number of endurable load cycles will increase with decreasing stress ratios.
In the presence of residual stresses the actual stress ratio does not correspond to the
applied nominal stress ratio. In case of tensile residual stresses the actual stress ratio is
shifted towards tension. The upper stresses are limited by the yield limit. Depending on the
height of the residual stresses and the applied stress range, the actual stress ratio will be the
same independently of the applied load ratio (Gurney 1979). Thus, the influence of the
applied stress ratio on the fatigue strength is diminished in presence of residual stresses.

cyclic stress @ 4 tension alternating stress compression
yield limit - .[\"“ZK""[\_ ———————————————————————————
IF A N N A VRN A IO A W with residual stress
tensile residual stress l[\\\yl V[ V} ,r/\\/’ '['\'\'f'
VAT NN Ve
\/ I '/'"\'f' l[\/ /\\;Ltime

without residual stress

Figure 1-3: Load cycles without residual stresses (nominal stress ratio) and with residual stresses
(actual stress ratio); based on (Gurney 1979).

In fatigue assessments it is often assumed that tensile residual stresses to the amount of
yield strength are present (Maddox 1991). In current standards such as the I[IW
recommendations (Hobbacher 2016) or the guidelines by FKM (2012) residual stresses may
be considered through the mean stress sensitivity. Depending on the geometry and size of
the component three levels are distinguished: low, medium and high residual stresses. For
welds high (tensile) residual stress is assumed to be the standard case if no information on
the actual residual stress level is given, thus no benefit from low stress ratios (R < 0.5) is
allowed. In Eurocode 3 (2010) for non-welded or stress-relieved welded details a reduction of
the compressive portion of the stress range to 60% is possible. A consideration of the actual
residual stress levels is not allowed. An extensive review of investigations on the residual
stress influence on fatigue has been performed by Krebs and Kassner (2007). Based on the
results they have proposed to consider the mean stress sensitivity based on four cases of
weld geometries with different residual stress levels.

On the other hand, it has been shown that high tensile residual stresses at the weld may be
relaxed in the first load cycles when subjected to tensile loading (Farajian et al. 2010;
Varfolomeev et al. 2011; Farajian 2013) and so the influence on fatigue is reduced. Since
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this relaxation is caused by local yielding according to the von Mises criterion, it depends on
the superposition of residual stresses and load stresses. The latter are determined by the
stress concentration depending on the weld geometry.

On longitudinal stiffeners residual stresses are often found to have only little influence on
fatigue strength under pulsating tensile stress (Baumgartner and Bruder 2013; Yuan and
Sumi 2013). In (Varfolomeev et al. 2011; Siegele et al. 2013) numerical and experimental
investigations showed a reduced residual stress influence on longitudinal stiffeners. This was
explained by the decrease of transversal residual stresses in proximity of the weld and
residual stress relaxation after the first load cycles. In (Hensel et al. 2016) tests on
straightened specimens showed an influence also for longitudinal stiffeners, leading to the
conclusion that welding distortion may have covered residual stress effects in some previous
studies.

According to Nitschke-Pagel (1995), on transversal welds the highest (transversal) residual
stresses occur in the middle of the weld, not at the weld toe critical for fatigue cracks. And
only in certain cases including high strength steels, residual stresses will have a noticeable
influence on fatigue strength. These results are based on small-scale specimens. Buxbaum
(1986) has found different mean stress sensitivities for small-scale and structure-like
specimens on butt welds and transversal stiffeners due to lower residual stresses in small
specimens. Farajian et al. (2010; Farajian 2013) tested large-scale specimens with butt joints
and found that the residual stresses were partly relaxed during the first load cycles and that
in high strength steel this relaxation resulted lower if the same load level was applied. On the
other hand, in the study by Krebs and Kassner (2007) it is assumed that on thick-walled
cruciform joints residual stresses will affect fatigue strength because their relaxation is
reduced due to multiaxial residual and load stresses. However, this assumption has not been
proved yet. Although it is commonly assumed e.g. in (Buxbaum 1986; Hobbacher 2016) that
welding residual stresses in large structures are higher than in small specimens, a
systematic investigation to quantify how residual stress levels and distributions differ due to
structural constraints needs still to be done.

It can be seen that the effective residual stress level relevant for fatigue depends on the
residual stress relaxation under loading. This relaxation on the other hand is determined by
the initial residual stress level but also by the applied load level, the weld geometry and the
yield strength of the material. In other cases the initial residual stresses may even be
compressive at the weld toe having a beneficial influence on fatigue strength (Fricke 2005;
Yuan and Sumi 2013; Baumgartner 2013). This calls for a fatigue approach that includes the
actual residual stresses acting at the weld. Based on his findings, Baumgartner (2013) has
developed an approach to calculate crack initiation and propagation considering the local
notch geometry and residual stresses. Yet the determination of the residual stress at the
weld toe has resulted problematic.

These considerations often take into account only the residual stresses at the surface. But
the residual stress distribution at the weld is usually not uniform over the plate thickness as it
may vary between tensile and compressive values. Apart from the residual stress level at the
surface, which will affect crack initiation, crack propagation will be influenced by the residual
stress state at the tip of the crack. Therefore also the residual stress distribution over the
thickness will affect their influence on fatigue strength. Relationships between size
respectively plate thickness effect and residual stresses are described in (Gurney 1979; Ohta
et al. 1984; Niemi et al. 2006). In (Rérup 2003) the influence under compressive pulsating
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stresses has been investigated for longitudinal stiffeners. Crack initiation under compressive
loading has been explained by tensile residual stresses at the weld. Compressive residual
stresses have been shown to slow down crack propagation in (Tateishi et al. 2013).

The residual stress distribution over plate thickness will therefore influence both crack
initiation and propagation. Assuming e.g. that the highest tensile residual stresses act on the
surface in equilibrium with compressive residual stresses present deeper in the plate, crack
initiation and propagation will be affected differently by residual stresses. In (Chattopadhyay
et al. 2011) numerical investigations on the crack initiation and crack propagation considering
residual stresses at a tubular joint with the weld geometry similar to a longitudinal stiffener
have been performed. In presence of residual stresses the part of crack initiation in total
fatigue life was approximately doubled. Since different weld geometries show different ratios
between crack initiation and crack propagation, also the influence by residual stresses is
expected to differ.

Different approaches to reduce welding residual stresses and obtain better fatigue properties
exist. Inducing compressive residual stresses by mechanical impact treatments such as
peening or high frequency mechanical impact treatment (HFMI) has been shown to
effectively improve fatigue strength especially for high strength steel (Leitner et al. 2014).
The influence of mechanical post-weld treatments and their consideration in fatigue
assessments has been investigated in (Weich 2008). Another possibility is to reduce residual
stress using low transformation temperature (LTT) filler materials (Bhatti et al. 2013; Shiga et
al. 2015). These methods become more relevant with the increasing use of high strength
steel, for which residual stresses have been found to be higher and more stable under
loading. In order to make effective use of such procedures and benefit from them, methods
to identify critical cases and rules to account for the beneficial effects have to be developed.
Procedures to include post-weld treatments in fatigue assessments have been investigated
in (GUnther and Kuhimann 2009; Ummenhofer and Weidner 2014). The effect is in part
attributed to compressive residual stresses induced on the component surface. These
compressive residual stresses have been considered explicitly in (Weich 2008). Unlike
residual stresses from mechanical post-weld treatments, welding residual stresses are not
limited to the component surface and may vary from tensile to compressive over the plate
thickness. Furthermore, they strongly depend on the weld geometry and structural
constraints. The findings from mechanical post-weld treatments may therefore not be
transferred to welding residual stresses without further verification. An approach considering
the effective stabilised welding residual stress level under loading is proposed by Hensel et
al. (2017) based on findings from longitudinal stiffeners. Other weld geometries were not
included, which demands for further investigations. Residual stresses were determined at the
weld toe. On the other hand, in (Hensel et al. 2016) prestressing or annealing resulted in a
higher fatigue strength improvement than shot peening. This was explained by lowered
residual stresses through the plate thickness, as compared to shot peening affecting only the
specimen surface. The question if a single residual stress value on the surface is sufficient to
determine the influence on fatigue strength demands for further research.

An obstacle in the research on welding residual stresses and in their explicit consideration in
fatigue assessments still remains their determination. Because of the many influencing
factors a case by case identification of the residual stresses and their variation under loading
is generally necessary. More and more, numerical simulation methods are employed to
investigate residual stresses (Do et al. 2015; Lee et al. 2016; Yuan and Sumi 2016).
Simulation methods will also become important to practically include welding residual stress
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values in fatigue design, since measurements are not commonly available and not applicable
during design phase.

All in all, experimental data and knowledge on the influence of welding residual stresses on
fatigue has already been established. Small specimens with longitudinal stiffeners, used in
most studies, offer the advantage to be practicable and less expensive for experimental tests
and contain relatively high tensile residual stresses at the weld. Small-scale specimens with
transversal welds on the other hand, usually show only little transversal residual stresses at
the weld toe. It has to be assessed in which way findings on the residual stress influence on
a certain weld geometry are applicable to others, since residual stress distributions and
relaxation but also crack initiation to propagation ratios may differ significantly.

1.3 Objectives and scope

The overall objective is to develop an approach to include the influence of welding residual
stresses in fatigue analysis through numerical welding simulations. For this purpose it has to
be determined, how welding residual stresses influence fatigue strength on different weld
geometries, how the residual stresses may be determined using welding simulations and
how they can be considered in fatigue analysis.

Experimental tests will give insights into the following questions:

¢ How do residual stresses influence crack initiation and propagation?

e How does this influence compare for a weld transversal to the loading direction and
longitudinal stiffeners?

¢ Is the influence equal to that of mean stresses?

From the numerical investigations these objectives will be elaborated:

e Practical numerical simulation approach to determine welding residual stresses and
stresses under loading
e Development of an approach to include residual stresses in fatigue analysis

Since welding residual stresses and fatigue properties depend on the weld geometry, two
different geometries are included in the investigations. This allows to clarify how the residual
stress influence compares for transversal welds and longitudinal stiffeners. Furthermore it
allows to validate the final approach on both types of geometry.

Residual stresses are not uniform over the plate thickness. This leaves the question how
residual stresses influence crack initiation and propagation. And if it has to be considered
when including welding residual stresses in fatigue analysis.

Associated with this is the question how the influence of residual stresses compares to the
mean stress influence. Is it suitable to predict the influence of residual stresses using a single
value that shifts the actual mean stress?

The developed approach will be based on numerical simulations. To be applicable also
during design phase, the selected welding simulation approach should work without
experimental calibration. Furthermore, it must allow to include the simulation of external
loads to calculate the stresses at the weld during loading.

Moreover, it has to be assessed how such residual stress values determined at the weld can
be incorporated in a fatigue analysis based on nominal stress.
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1.4 Limitations

The approach to include welding residual stresses in fatigue analysis will be based on
numerical simulations and experimental tests. Residual stresses and fatigue properties are
influenced by a vast number of factors, which cannot all be included in the investigations.
Therefore, the following limitations apply to the results and the proposed approach.

The investigations are limited to steel of grade S355 and metal active gas (MAG)
welding. The results should not be transferred to other materials or weld processes
without further verification.

In the welding simulations the same material properties are used for base material, weld
and heat affected zone. Phase transformation is included by a simplified model and
restricted to the elements within the weld. The influence of different weld materials, e.g.
LTT filler materials, cannot be considered with this model.

Welding residual stresses may be changed by post-weld treatments, e.g. peening or
tungsten inert gas (TIG) remelting. Such processes could theoretically be included in a
numerical simulation but are not within the scope of this thesis.

The specimens used for the verification of the calculated residual stresses have a plate
thickness of 10 mm. On thin plates a more accurate consideration of heat convection
and radiation on the surface might be necessary. The simulation approach should not be
applied to thin plate thicknesses (smaller than approx. 5 mm) without further verification.

In the simulations the loads are applied statically and cyclic material properties are not
included in the models. Thus, only the residual stress relaxation after the first load cycle
is included in the numerical results. A possible influence of cyclic material properties on
residual stresses is not considered.

The fatigue tests are conducted with constant amplitude loading. Due to residual stress
relaxation under loading, variable amplitude loading or high static preloads will affect the
influence of welding residual stresses on fatigue.

The fatigue tests are conducted in the high-cycle domain (N < 107). The fatigue limit,
where the S-N curve presents a knee point and enters infinite endurance, is not
determined in the tests.

Small-scale specimens without external constraints are used in the tests. The influence
of structural constraints, e.g. within a larger structure, are not investigated.

The studied FE models and test specimens contain only one weld. The influence of
multiple welds within a component are not investigated.

Only welding residual stresses and fatigue cracks at the weld toe are investigated.
Residual stresses within the weld or cracks originating from the weld root are not
considered.

Welding distortions calculated in the numerical simulations are not validated in detail. It
is just verified that they lie within the scatter of measurements. The investigations are
focused on residual stresses.
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1.5 Outline of the work
To meet the objectives outlined in section 1.3 both numerical and experimental investigation

are performed (Figure 1-4).
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Figure 1-4: Numerical and experimental investigations.

First, the welding simulation approach is examined. The welding simulations will be used in
combination with experimental tests to investigate welding residual stresses and their
influence on fatigue. But they will also be the base of the approach to consider welding
residual stresses in fatigue assessments. Therefore, a simulation approach without
experimental calibration of the heat source is selected. In a parameter study the influence of
different simulation parameters on the resulting residual stresses is determined.

Welding simulations are then used to design the small-scale specimens for the following
experimental investigations. Two different weld geometries with a multilayer transversal weld
and a longitudinal stiffener are included. Except for longitudinal stiffeners, welding residual
stresses generally have little influence on the fatigue properties of small-scale specimens.
Therefore, the simulations are used to identify geometrical and welding parameters that will
produce considerable tensile residual stresses at the weld toe of a multilayer weld. The test
specimens are produced according to the design established using the simulation results.

Residual stresses are measured on the prepared specimens. To overcome the uncertainties
of a single measurement, two different measuring techniques are applied, X-ray diffraction
and hole drilling. The measurements are used to assess the residual stresses present in the
test specimens and to verify the results of the welding simulations.

Fatigue tests are performed with the two specimen geometries. To determine the residual
stress influence the specimens are tested in the as-welded and stress-relieved condition.
Since the residual stress influence depends on the stress ratio, the tests are performed at
different load ratios from compressive to tensile. To differentiate the influence on crack
initiation and propagation, the initiation of macroscopic cracks is detected during the fatigue
tests using digital image correlation. In this way, besides the S-N curves for total fatigue life,
S-N curves for crack initiation and propagation are established. To compare the residual
stress influence to that of mean stresses, in a further test series, stress-relieved specimens
are subjected to equivalent loads that produce the same stresses at the weld toe as the
combination of residual stress and load stress.

Based on the findings from the fatigue tests and the correlation with the simulation results, an
approach to consider welding residual stresses in fatigue analysis is developed.
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2 Welding simulation approach

In this thesis welding simulations are used alongside measurements and experiments to
study and understand the distribution of welding residual stresses and their influence on
fatigue. The final objective is then to develop an approach using simulations to predict the
influence of welding residual stresses on fatigue properties.

This poses certain requirements to the selected simulation approach. The investigated
fatigue cracks are expected to initiate at the weld toe and then propagate orthogonal to the
loading direction. Therefore, correct residual stresses have to be calculated at the weld and
within the investigated structure. Since residual stresses will be superimposed to load
stresses, the simulations need to include welding and loading too. The accuracy of the
resulting residual stresses has to be good enough to assess their influence on fatigue. As the
simulations will be used to predict residual stresses, the selected approach should work with
minimal input data and without experimental calibration.

To fulfii the above requirements an approach is selected that includes the transient
simulation of all weld passes, is implemented in a common structural mechanics FE software
and uses a prescribed uniform temperature heat source.

The simulations are performed in the FE code ANSYS Mechanical 15.0 using user-
subroutines written in APDL (ANSYS Parametric Design Language). The routines are based
on (Wichers 2006) but were rewritten and expanded.

The welding simulations are intended for arc welding and consist of two parts. First, the
welding energy is applied to the model and the temperature distribution over time is
calculated in a transient thermal analysis. In the following elastic-plastic structural analysis
the calculated temperatures are applied as load and the resulting residual stresses and
distortions are calculated.

2.1 Thermal analysis

The first part of the welding simulation consists in a transient thermal analysis in which the
welding energy is applied to the FE model as load. The only degree of freedom of the
elements is temperature. The temperature distribution in the model is calculated by solving
the heat conduction equation.

A prescribed uniform temperature heat source is used to apply the welding energy to the
model. The heat source is compared to the widely used heat source according to (Goldak et
al. 1984) in Figure 2-1. The Goldak heat source describes a volumetric double ellipsoid
power density distribution (Figure 1-2). The plotted temperatures are the result of the heat
input on the elements reached by the heat source. The dimension of the heat source and the
efficiency coefficient for the heat input are usually calibrated using experimental data. In the
prescribed temperature heat source a uniform temperature is applied directly to the nodes of
the weld cross-section.

At the beginning of the simulation all weld elements are deactivated i.e. their heat
conductivity is set close to zero. In each time step a short section of the weld (12 mm) is
selected and activated. A temperature of 1300°C is applied to this section. This temperature
and the length of the section are based on experience but are largely arbitrary. Each time
step the selected section advances along the weld by the welding speed times the time step
size. The time step size is set to 0.5 s respectively 0.25 s close to the region of interest or for
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the last applied weld passes in case of multilayer welds. Welding speed is assumed to be
7.8 mm/s based on a mean value from previous experimental works. With this combination
the heated element selection will overlap with that from the previous time step.
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Figure 2-1. Temperatures at a double-ellipsoid Goldak heat source (left) and prescribed uniform
temperature (right) applied on a fillet weld (dark red > 1300°C) (Friedrich and Ehlers 2019a).

Starting from the heat source at the weld, the energy will spread in the model. The resulting
temperature distribution is determined by the heat conductivity and specific enthalpy of the
simulated material. Temperature dependent material properties are taken from (Wichers
2006) and plotted in Figure 2-2.
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Figure 2-2: Temperature dependent material properties for the thermal analysis from (Wichers 2006).

To consider the heat exchange with the surrounding air for each time step the radiation and
convection at the surface of the geometry is calculated according to the analytical formulas
given in (VDI 2010). The surface of the model, including the surface of the top weld passes,
is roughly divided into rectangles. The average temperature is then calculated for each
rectangle and the coefficients for radiation and convection are applied to calculate the heat
exchange. The emission rate is set to 0.8. For the considered plate thicknesses > 5 mm
cooling close to the weld is mainly driven by heat conductivity in the plate. Thus, radiation
and convection have little influence on the temperature at the weld and even less on the
resulting residual stresses. During cooling, between the application of each weld pass and
after the last weld pass, time step size is kept constant until the temperature decrease per
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time step is smaller than 5 K. At this point, the time step size is doubled and kept constant
until the decrease is again smaller than 5 K.

The result of the thermal analysis is the temperature distribution in the model for each time
step.

2.2 Structural analysis

In the following structural analysis the calculated temperatures are applied as loads. The
same time steps as before are now solved statically. The same FE model as for the thermal
analysis is used but the element type is changed to structural solid elements with translation
degrees of freedom in x, y and z-direction. All elements of the simulated welds are first
deactivate. They are sequentially activated when reached by the temperature field of the
heat source. Strains and stresses are calculated based on temperature dependent material
data. The curves for stress-strain, Poisson ratio, thermal expansion are taken from (Wichers
2006) and have been slightly smoothened (Figure 2-3 and Figure 2-4). The Young’s modulus
is increased to 215 GPa between 20°C and 300°C in order to improve the stability of the
simulations. Kinematic hardening is used to determine the elastic—plastic material behaviour.
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Figure 2-3: Temperature dependent material properties for the structural analysis from (Wichers
2006).
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To consider dilatation during austenite back transformation a set of two thermal expansion
curves is used as shown in Figure 2-4. When a node reaches 900°C the attached elements
are switched to the second curve for cooling. The curve used for cooling is based on
experimental data from (Dilger, ed. 2006). Austenite phase transformation is assumed
between 400°C and 500°C. As a simplification this curve is used independently of the
maximum reached temperature and the cooling rate. As the temperature is applied uniformly
in the weld cross-section the temperature distribution close to the weld will not accurately
reflect reality. Therefore, only elements of the weld are switched to the second curve for
cooling simulating austenite phase transformation at a lower temperature. All other material
properties are the same for weld, base material and heat affected zone. To consider
transformation-induced plasticity, the yield strength is decreased during phase transformation
(Figure 2-4).
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Figure 2-4: Thermal expansion coefficient with austenite phase transformation between 400°C and
500°C and yield strength considering transformation induced plasticity (TRIP), based on (Klassen et
al. 2017).

2.3 Parameter variation

The simulation is not calibrated by experimental data. Input parameters, e.g. the welding
speed, are chosen in the magnitude of realistic values. In the following, some of the input
parameters for the simulation are varied to verify in which way they influence the resulting
residual stresses.

The simulations are performed on FE models of two geometries including two different
welded details: a cruciform joint with a multilayer weld and a longitudinal stiffener with a fillet
weld. Although the models represent small-scale specimens as they might be used for
experimental fatigue tests, the geometries are fictitious and not based on real, existing
specimens. Both models have the same dimensions, a plate thickness of 10 mm and
material properties of steel S355.

2.3.1 Cruciform joint

The described simulation procedure is applied to a multilayer cruciform joint with the
dimensions and welding sequence as in Figure 2-5. Only the right side of the cruciform joint
is simulated, the weld on the left side is assumed to be already present. A simulation
including the welding of the left side of the joint resulted in larger distortions, but residual
stresses on the right side of the model were the same with differences of less than 10 MPa.
Welding alternately left and right side would probably lead to a different result. This case is
not regarded here. The geometry is modelled by 8 node solid elements. Element size is
0.25 mm around the weld toe with a coarser mesh on the rest of the model (Figure 2-5). The
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model is constrained at three nodes to only suppress rigid body motion without restraining
the deformation of the model.

Figure 2-5: Dimensions, welding sequence and structural boundary conditions of the cruciform joint FE
model (Friedrich and Ehlers 2019a).

The results presented in the following show the residual stresses transversal to the weld,
both on the top and bottom side of the right plate (compare Figure 2-5). Since the highest
residual stress values do not necessarily occur at the centre line of the specimen the results
are evaluated at the position along the weld where the highest transversal residual stresses
occur at the weld toe or in front of it (Figure 2-6).

I
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transversal residual stress [MPa]

Figure 2-6: Evaluation path at the position of the highest transversal residual stresses and definition of
residual stress directions (Friedrich and Ehlers 2019a).
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Applied temperature

The temperature applied to the weld elements, i.e. the prescribed temperature of the heat
source, is varied between 1100 and 1500°C. Welding speed is 7.8 mm/s for all simulations.
Figure 2-7 shows the resulting transversal residual stresses. The markers serve only to
distinguish the lines and do not represent the distribution of the FE nodes. This applies to all
simulation results represented in the following. On the top side of the plate transversal
residual stresses at the weld toe vary only slightly depending on the applied temperature.
The maximum value reached in front of the weld increases and is shifted further from the
weld with higher temperatures. This is expectable as a bigger volume is heated up and
undergoes shrinkage as it cools. On the bottom side the maximum situated at the weld toe
decreases slightly with higher temperatures. This is because when the last applied layer on
the top side cools and shrinks the bottom side is heated to almost the same temperature.
The temperature distribution and shrinkage is more homogenous over the plate thickness, so
that the bending moment causing tension on the bottom side is reduced.
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Figure 2-7: Calculated transversal residual stress depending on the temperature applied to the weld
elements (Friedrich and Ehlers 2019a).

Since the actual values determined by measurements are not known, it cannot be said which
temperature yields the best results. But it can be seen that the results are very similar, thus
the selected temperature does not impact the resulting residual stresses substantially. For
the following simulations a temperature of 1300°C is applied. In reality the reached peak
temperature and the holding time at this temperature would influence phase transformation.
In the simplified consideration of phase transformation (described in section 2.2) these
factors will not have a direct influence.
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Welding speed

Based on previous work by the author of this thesis on a similar weld geometry an average
welding speed of 7.8 mm/s is determined. The speed is varied between 3.9 and 15.6 mm/s
(Figure 2-8). The size of the assumed weld passes, which in reality would depend on the
welding speed, is left unchanged for all simulated speeds. The weld is modelled with an
idealized shape and the size of each weld pass is a rough estimate. The parameter variation
is intended only to determine how the welding speed assumed in the simulation would affect
the resulting residual stresses, not to find a realistic combination of welding speed and weld
deposit. On the top side the results are similar for all four speeds. For lower speeds with a
higher energy input the maximum is slightly higher and farther from the weld. At the weld toe
all three curves drop to a similar value. On the bottom side of the plate the values at the
notch are lower for the lowest speed as more energy is put into the plate and the
temperature is distributed more equally over the plate thickness.
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Figure 2-8: Calculated transversal residual stress depending on the welding speed (Friedrich and
Ehlers 2019a).

It has to be kept in mind that, because of the simulation approach applying directly
temperatures (1300°C) to the weld, the welding energy input is not completely proportional to
the welding speed. Even for very low speeds the temperatures will not exceed 1300°C.
Furthermore, phase transformation during cooling is not adapted to different cooling speeds
which do also depend on the heat input. And as mentioned, in reality the welding speed
would influence also the volume of the weld which will affect residual stresses.

The influence of the selected welding speed appears to be bigger than that of temperature,
especially for relatively low speeds. For speeds in the magnitude of 10 mm/s, which may be
assumed realistic for this type of weld, the resulting residual stresses are similar. The speed
of 7.8 mm/s is maintained for the following simulations.
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Phase transformation temperature interval

As described in section 2.2 phase transformation is considered through a second thermal
expansion curve for cooling. The same thermal expansion curve with a fixed temperature
interval for the austenite phase transformation is assumed for all weld elements,
independently of the cooling rate and the maximum reached temperature. In a previous work
(Klassen et al. 2017) it was shown that even this simplified consideration of the phase
transformation yields more realistic results than not considering it at all. To determine the
influence of the assumed temperature interval in which the transformation occurs,
simulations with different heat expansion curves for cooling (compare Figure 2-4) are
performed (Figure 2-9). As expected, values at the weld toe decrease for lower
transformation temperature intervals, which in reality would correspond to higher cooling
rates and higher peak temperatures (Dilger, ed. 2006). Results on the bottom side are
influenced only little by the assumed temperature interval.
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Figure 2-9: Calculated transversal residual stress depending on the temperature interval for phase
transformation (cooling curve in Figure 2-4) (Friedrich and Ehlers 2019a).

Further simulations with two respectively three different phase transformation intervals
depending on the maximum reached temperature are run (Figure 2-10). In these simulations
the heat expansion curve is switched also for elements close to the weld if they reach at least
900°C, as opposed to the previous where this was applied only to weld elements. The results
differ only little from the simulation with only one temperature interval between 400 and
500°C. Figure 2-10 shows two more curves from simulations with only one thermal
expansion curve for heating and cooling. In one case austenite phase transformation is
assumed at the same temperature interval as for heating (700-900°C), in the other the
thermal expansion is straightened as for an austenitic steel. The results show, that even
without phase transformation the maximum transversal residual stress is reached some
millimetres in front of the weld and values decrease towards the weld toe. In this case, the
decrease of the transversal residual stresses can therefore not be attributed exclusively to
the volume expansion during phase transformation.

For the following simulations a temperature interval between 400 and 500°C is assumed.
Based on the experimental results in (Dilger, ed. 2006) this seems to be a realistic and
probable range for many combinations of cooling rates and peak temperatures.
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Figure 2-10: Calculated transversal residual stress without phase transformation, depending on the
temperature interval for phase transformation and with two respectively three thermal expansion
curves for cooling depending on the maximum reached temperature (Friedrich and Ehlers 2019a).

2.3.2 Longitudinal stiffener

Since certain parameters may have a different influence on the resulting residual stresses
depending on the weld geometry, a second model with a different weld typology is
investigated. The model of a small-scale specimen with a longitudinal stiffener used for the
parameter variation is shown in Figure 2-11. As in the cruciform joint model, element size is
0.25 mm in front of the weld toe at the end of the stiffener and coarser on the rest of the
model. Constraints are applied to three nodes only to avoid rigid body motion.

It is assumed that the welding starts and ends at half length of the stiffener.

X u, = z

Figure 2-11: Dimensions, welding sequence and structural boundary conditions of the longitudinal
stiffener FE model (Friedrich and Ehlers 2019c).
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The following results are evaluated on the symmetry line of the model starting at the weld toe
at the end of the stiffener (Figure 2-12). The directions of the residual stresses are defined
with respect to the weld at the end of the stiffener. The transversal direction is parallel to the
long side of the model.
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Figure 2-12: Evaluation path on the symmetry line, at the end of the stiffener and definition of residual
stress directions.

Applied temperature

The temperature applied to the weld cross-section is varied between 1000 and 1500°C. The
resulting residual stresses in front of the weld toe at the end of the stiffener are shown in
Figure 2-13. For temperatures of 1400°C and more the cut-off temperature above which the
elements are deactivated had to be below 1200°C in order to run the simulations. In the
diagram this is indicated by a dashed line.
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Figure 2-13: Calculated residual stress depending on the temperature applied to the weld elements
(dashed line: cut-off temperature lower than applied temperature) (Friedrich and Ehlers 2019c).
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The curves show a steep increment on the first element from the weld toe. At the weld toe,
the elements of the weld are activated as they cool below the applied temperature while the
adjacent elements are always active. At the moment of the activation, large deflections can
occur in the neighbouring elements, which at that point present elevated temperatures
themselves and thus low stiffness. This may cause a peak in the resulting residual stresses
at the first node in front of the weld toe. Moreover, the weld toe is not modelled with a radius
and thus shows a sharp notch. This represents a singularity in the FE model, which will
cause an unrealistic stress concentration at the weld toe. The residual stress values on the
first elements, up to approximately 1 mm from the weld toe, should therefore not be
evaluated and will not be considered in the following.

Neglecting the peak at the first node from the weld toe, transversal residual stresses reach a
value of about 400 MPa some millimetres from the weld with decreasing tendency towards
the weld toe. With increasing temperatures, the curves become wider and the residual
stresses decrease farther from the weld.

All'in all, the residual stress curves and the highest values in front of the weld differ only little
depending on the applied temperature. This is in agreement with the findings for the
cruciform joint in section 2.3.1. For the following simulations a temperature of 1300°C is
applied.

Throat thickness

The throat thickness of the weld is varied between 3.0 and 6.5 mm. With an increasing weld
cross-section more thermal energy is applied to the model and thus the heated volume
undergoing shrinkage during cooling is larger. The resulting residual stresses in front of the
weld toe at the end of the stiffener are shown in Figure 2-14.
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Figure 2-14: Calculated residual stress depending on the throat thickness a (Friedrich and Ehlers
2019c).

Analogue to the results with varied temperatures, the curves become wider and the residual
stresses decrease farther from the weld as the throat thickness increases. The highest
values reached in front of the weld differ only little depending on the throat thickness. For the
following simulations a throat thickness of 4.5 mm is applied.
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Phase transformation temperature interval

As described in section 2.2 phase transformation is considered by using two different curves
for the thermal expansion coefficient for heating and cooling. On all weld elements the same
curve is used for cooling, independently of the reached peak temperature and cooling time.
The temperature interval in which the phase transformation and thus a volume expansion is
assumed during cooling is varied between 300 and 700°C. The resulting residual stresses
are shown in Figure 2-15. The results include those from simulations without phase
transformation (with straightened thermal expansion curve as for an austenitic steel) and with
the same thermal expansion curve as for heating (austenite phase transformation between
700 and 900°C). The assumed temperature interval for phase transformation shows no
influence on the calculated residual stresses in front of the weld. As described above, it is not
possible to evaluate the simulation results at the weld toe.
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Figure 2-15: Calculated residual stress without phase transformation and depending on the
temperature interval for phase transformation (Friedrich and Ehlers 2019c).

For the following simulations phase transformation during cooling is assumed between 400
and 500°C. According to experimental results in (Dilger, ed. 2006) this should be a realistic
range.

Yield strength

The yield strength is varied between 385 and 470 MPa. Temperature dependent material
data, including stress-strain curves, for S355 is taken from (Wichers 2006). At room
temperature these show a yield strength of approximately 385 MPa. Tensile test data (at
room temperature) for steel of grade A36 and S460 showing yield strengths of 430 and 470
MPa, respectively, are used for the stress-strain curves. Curves for elevated temperatures of
the S355 are adapted by scaling the yield strength with the ratio of yield strengths at room
temperature. The elastic-plastic zone is scaled by the ratio of the difference between yield
limit and tensile strength. All other material properties, including young’s modulus, are kept
the same for all simulations. The resulting residual stresses are shown in Figure 2-16. In
transversal direction the maximum reached residual stress increases with the yield strength
of the material.

For the following simulations material properties of the S355 are assumed.
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Figure 2-16: Calculated residual stress depending on the yield strength R,y (Friedrich and Ehlers
2019c).

2.3.3 Findings

The performed simulations show the influence of different simulation parameters on the
resulting transversal residual stresses for a multilayer cruciform joint and a longitudinal
stiffener. For both weld geometries parameters determining the heat input, i.e. prescribed
temperature, welding speed, throat thickness, have only little influence on the resulting
residual stresses. The assumed temperature interval for phase transformation affects
residual stress values at the weld toe of the cruciform joint. However, the characteristic
distribution with the maximum residual stresses in front of the weld and a decrease towards
the weld toe does occur also without transformation. The assumed yield strength has a direct
influence on transversal residual stresses at the longitudinal stiffener.

In conclusion, the simulation parameters for the applied prescribed temperature heat source
have only little influence on the resulting residual stresses. As long as they are in a realistic
range, the magnitude and characteristic distribution of the results will be the same. Phase
transformation should be considered but is not essential for the investigated cases. Yield
strength is of more importance for the resulting residual stresses.

The simulation approach and results presented in chapter 2 have been published by the
author of this thesis in (Friedrich and Ehlers 2019a) and (Friedrich and Ehlers 2019c).
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3 Specimen design

The simulation results in section 2.3 show that the longitudinal stiffener presents significant
tensile residual stresses at the weld also in a relatively small, unconstraint small-scale
specimen. Therefore, this geometry is often used to study welding residual stresses in
experimental investigations. However, the simulations of the cruciform joint show that also in
this geometry, with a transversal weld, relatively high tensile residual stresses may be
present. On the top side, where the last weld pass is applied, the maximum is located some
millimetres in front of the weld. At the weld toe, values are close to zero or even
compressive. Therefore, it is not expected that these residual stresses would significantly
affect fatigue behaviour.

As mentioned before, it is often found that the residual stress influence in larger structures is
higher than in small specimens. This is attributed to the constraint of the weld by the
surrounding structure which may lead to higher residual stress levels. Using numerical
simulations this can easily be demonstrated by including the same weld in a small-scale
geometry and in a larger structure. The transversal residual stresses on the models used
before, cruciform joint and longitudinal stiffener, are compared to those of a frame corner
containing the same weld geometries in Figure 3-1. For the frame corner the simulations
included the weld between the horizontal web and the lower girder, and the right part of the
cruciform joint between the inner girders. This is welded last in order to maximize the
possible constraint. It can be seen that on the longitudinal stiffener (b) the residual stress
distribution is similar to that at the cut out in the frame corner (a.1). This is expectable as the
girder is still free when the weld is applied. In the frame corner the values are even slightly
reduced due to the influence of the following multilayer weld. For the multilayer weld it
appears that residual stresses are higher in the frame corner (a.2) than in the small
specimen (c).

The example shows how welding residual stresses in small-scale specimens used for
experimental tests may differ from those in larger structures. Geometries like the frame
corner are sometimes used as test specimens, usually loaded with a servo-hydraulic cylinder
(Fricke et al. 2014). But they are unsuitable for larger test series because of the expensive
specimen production, complicated test setup and long test durations. Another possibility to
obtain test specimens with increased residual stresses is to constrain a smaller specimen
within a rigid structure which is then tested (Farajian 2011). But also this possibility is
laborious and difficult to apply in resonance testing machines. Therefore, in this thesis
welding simulations are used to design a small-scale specimen containing a transversal
multilayer weld with tensile residual stresses at the weld toe.
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Figure 3-1: Calculated transversal residual stress on (a.1 and a.2) a frame corner compared to small-
scale specimens with (b) a longitudinal stiffener and (c) a cruciform joint.

3.1 Variation of geometry parameters

Starting from the cruciform joint model described in section 2.3.1 a variation of weld and
geometry parameters is performed to assess their influence on the resulting residual
stresses. The objective is to identify those parameters that can be altered to create a small-
scale specimen of a cruciform joint containing tensile residual stresses at the weld. As in
section 2.3, the results are shown in terms of the transversal residual stresses at the position
of the highest tensile values, on the top and bottom side of the plate.

3.1.1 Plate thickness

The thickness, of both the horizontal and the vertical plates (compare Figure 2-5), is varied
between 5 and 30 mm (Figure 3-2). All other parameters are kept as before. With the plate
thickness also the number of applied weld passes increases from a total of 2 passes for a
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5 mm plate to 26 for a 30 mm plate. The last weld pass is applied on the top side, at the weld
toe to the horizontal plate. The resulting transversal residual stresses are plotted in Figure
3-3. With exception of the 5 mm plate, residual stresses on the top side increase with
increasing plate thickness. This might be explained by the larger cross-section opposing
more resistance to the shrinkage of the heated volume. Furthermore, the heat conduction in
a thicker plate is faster and the plate is not heated completely through. On the bottom side
residual stresses decrease with increasing plate thickness. Due to the larger section modulus
the tension on the bottom side caused by the shrinkage on the top side is decreased.
Although the welds for the different plate thicknesses are modelled with a similar cross-
section for the single weld passes, in some cases they are slightly larger, e.g. t = 15 mm in
Figure 3-2. To verify the influence of the weld pass cross-section, the number of weld passes
is varied for the thicknesses between 15 mm and 25 mm. The results are contained in the
appendix 12.1. Although residual stress values at the weld toe change slightly, the overall
distribution is not altered. Also in these models the last weld pass is applied at the weld toe
to the horizontal plate. A variation of the weld pass sequence will be investigated in section
3.1.3.
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Figure 3-2: Variation of the plate thickness ¢ (last weld pass marked red).
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Figure 3-3: Calculated transversal residual stress depending on the plate thickness (t in Figure 3-2)
(Friedrich and Ehlers 2019a).
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Regarding the top side of the plate a greater plate thickness would be preferable to obtain
specimens with tensile residual stresses. But the shift towards tension is not substantial. With
a thickness of 20 mm values would still be close to zero at the weld toe. Due to the limited
force of the testing machine the thickness of the test specimens is restricted to 10 mm.

3.1.2 Plate width

The plate width (b in Figure 2-5) is varied between 50 and 1000 mm. The resulting
transversal residual stresses are plotted in Figure 3-4. On both sides of the plate transversal
residual stresses decrease for larger plate widths. This can be explained by the equilibrium
condition in the plate (Figure 3-5, a). For a quarter model the moments caused by
longitudinal and transversal residual stresses must be in equilibrium (Hansch 1984). Since
for plates over a certain width the longitudinal residual stresses are independent of the plate
width, transversal residual stresses will be smaller for wider plates (i.e. longer welds).
Analogue to the scheme (Figure 3-5, a) residual stresses calculated by welding simulations
for models with widths of 100 mm and 400 mm are plotted in (Figure 3-5, b, c). Longitudinal
residual stresses show similar distributions independent of the width of the plate. Since the
distance ay.ns. increases with the width, the height of the tensile transversal residual stress
will decrease. For the present case of a multilayer joint this is valid only qualitatively since the
residual stresses are not constant over the plate thickness.
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Figure 3-4: Calculated transversal residual stress depending on the plate width (b in Figure 2-5)
(Friedrich and Ehlers 2019a).
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Figure 3-5: (a) Equilibrium conditions on a butt-weld (Hansch 1984). (b) FE simulation results for a
cruciform joint with b = 100 mm and (c) b = 400 mm (transversal residual stresses evaluated at the
distance from the weld where the maximum occurs = 5 mm).

In reality it is convenient to weld larger plates and cut them into strips to produce larger
numbers of specimens. This cutting of the specimens is included in the simulation by
deactivating the elements along the assumed cut after welding and cooling to room
temperature. Figure 3-6 shows the resulting residual stresses for a 400 mm plate cut into
four strips of 100 mm. Two different cutting sequences are shown: on the left the model is cut
in the centre line and the resulting pieces are then cut again in the centre, on the right the
plate is cut sequentially from one side. The resulting residual stress distributions show no
significant differences for the two cutting sequences. This is reasonable as long as no
plastification occurs. All four resulting specimens show similar residual stress values (peak
and weld toe) as the original plate. The distribution is similar to a plate with a 100 mm weld
but the values are somewhat lower. Simulating each cut in a single load step or piecewise
produces no relevant differences in the final residual stress distributions.

From the simulations it is concluded that welding residual stresses tend to increase with a
decreasing specimen width. Small specimens, with a width of approximately 50 mm should
not present lower transversal residual stresses than wider plates. Furthermore it has been
shown that residual stresses are preserved also after cutting orthogonal to the weld.
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Figure 3-6: Calculated transversal residual stress on a 400 mm plate cut into four 100 mm strips using
two different cutting sequences.

3.1.3 Welding sequence

So far, the bottom side of the plate resulted in tensile residual stresses at the weld toe. On
the top side the maximum was reached in front of the weld and values at the weld toe were
close to zero or in compression.
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The distortion would be so that the plate is pulled towards the top side where the last weld
pass is applied. Applying a tensile load would therefore cause a bending moment with
tension on the top side and compression on the bottom. In fatigue tests cracks would
therefore probably initiate on the top side, where no tensile residual stresses are present at
the weld toe. To achieve tensile residual stresses also on the top side, the welding sequence
is modified (Figure 3-7). The last weld passes (red) are applied close to the vertical plate, as
opposed to the original sequence where they lay at the horizontal plate (compare Figure
3-2). As indicated in (Fricke and Tchuindjang 2016) and (Klassen et al. 2017) this should
lead to tensile residual stresses at the weld toe with the horizontal plate. The resulting
transversal residual stresses are shown in Figure 3-8. With the modified sequence
transversal residual stresses on both sides of the plate show an increase towards the weld
resulting in higher tensile residual stresses at the weld toe compared to the original
sequence (Figure 3-3). On the 5 mm plate, only two weld passes are applied, thus the
sequence is not changed.
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Figure 3-7: Variation of the plate thickness t with modified welding sequence (last weld pass marked
red).
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Figure 3-8: Calculated transversal residual stress with modified welding sequence depending on the
plate thickness (t in Figure 3-7) (Friedrich and Ehlers 2019a).
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3.2 Specimen preparation

The simulations in chapter 3.1 show the influence of geometry parameters on the transversal
residual stresses at a cruciform joint. According to the simulations higher plate thicknesses
lead to higher tensile residual stresses. Tensile residual stresses may be present also in
relatively narrow, unconstrained specimens cut from a larger plate. By modifying the weld
pass sequence the maximum of the tensile residual stresses on the top side can be shifted to
the weld toe. Based on these results the specimens for the following fatigue tests are
prepared.

To limit production efforts and at the same time reduce distortion the cruciform joint is
reduced to a K-butt weld between two plates of different thicknesses (Figure 3-9). Numerical
simulations indicate that the residual stress distribution on this geometry shows no significant
differences to that on a cruciform joint. Regarding fatigue, both weld details fall into the same
fatigue class FAT 71 for nominal stress (Hobbacher 2016).

=~ =

Figure 3-9: Reduction of the cruciform joint to a K-butt weld between plates of different thickness.

3.2.1 K-butt weld

As apparent in Figure 3-6, tensile residual stresses in the centre of the plate will be balanced
by compressive residuals stresses towards the edge of the plate. According to the
simulations the extension of this compressive zone along the weld is not dependent on the
width of the specimen i.e. the length of the weld. In order to obtain specimens with tensile
residual stresses on a great portion of the weld, the width of the specimens should be
maximized. On the other hand, the maximum cross section and thereby its width is limited by
the capacity of the testing machine for the fatigue tests.

The specimens are prepared as shown in Figure 3-10. Two plates of 10 mm and 25 mm
thickness are welded by a K-butt weld with a total of six weld passes. The weld has a length
of 330 mm. Five specimens of 55 mm width are cut out using a band-saw. A total of 26
plates respectively 130 specimens is produced. The steel used is of grade S355J2C+N
normalised rolled. Mechanical properties of the 10 mm plate are determined by tensile tests:
yield strength R,y = 394 MPa; tensile strength R, = 524 MPa; Young’s modulus
E = 204 GPa. The stress-strain curves are shown in Figure 3-11. The tests are carried out
transversal to the rolling direction of the plate, this corresponds to the loading direction of the
fatigue test specimens.

Welding is performed manually by metal active gas (MAG). Values for current (240 A) and
voltage (30 V) are read out from the welding generator during welding and are not actually
measured. The weld is executed in flat position in the sequence shown in Figure 3-10. The
last weld pass is applied towards the thicker plate a few millimetres away from the weld toe
at the thinner plate. Between the weld passes the plates cool off in air. Temperature is
monitored by means of an infrared thermometer to achieve comparable interpass
temperatures on all welded plates between all weld passes. The next weld pass is applied
not before the recorded temperature has dropped below 80°C. The accuracy of these
measurements is questionable. A comparison with two specimens where temperatures were
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measured by thermocouples showed that the temperatures were actually at about 100°C. It
is therefore assumed that the actual interpass temperature is < 100°C.
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Figure 3-10: Specimen preparation (Friedrich and Ehlers 2019a).
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Figure 3-11: Stress-strain curves from tensile tests (S355J2C+N for K-butt weld specimens).

To reduce welding distortions the plates are temporarily tack welded to two profiles along the
edge of the plates orthogonal to the weld, as shown in Figure 3-12. The profiles used have a
u-section of 100 x 50 x 6 or a comparable cross-section. The profiles are removed after the
plates have cooled to room temperature.
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Figure 3-12: Plates temporarily restrained by u-profiles during welding (Friedrich and Ehlers 2019a).

About two-thirds of the specimens are thermally stress-relieved. The treatment is performed
under nitrogen shielding gas at 580°C for a holding time of three hours.

3.2.2 Longitudinal stiffener

The geometry of the longitudinal stiffener specimens is shown in Figure 3-13. The cross-
section of 10 x 55 mm? is the same as for the K-butt weld specimens. To allow hole drilling
measurements close to the weld toe, on a number of specimens the right end of the stiffener
is cut at a 45° angle before welding. According to simulations, residual stresses in the base
plate should be the same as in specimens with straight stiffeners.

- 150 - removed before welding
= [ , on. specimens for hole
= drilling measurements
| ]
\ |
!
s L —
L) o (/
s ShmiE \\
] —- 53
- 500 a

Figure 3-13: Longitudinal stiffener specimens, welding sequence indicated by @ and @ (Friedrich and
Ehlers 2019c).

The specimens are made of steel S355J2+N, from a different charge than the K-butt weld
specimens. The base plates are cut from a 10 mm plate using a band saw. Tensile tests give
the following values: yield strength R, = 370 MPa; tensile strength R,, = 543 MPa; Young’s
modulus E = 201 GPa. The stress-strain curves are shown in Figure 3-14. Flat bars 40 x 10
(S355) are used for the stiffeners.

MAG welding is applied. Welding starts at the left end of the stiffener (referred to Figure
3-13). Welding current is 250 A and voltage 29 V. During welding the ends of the specimens
are fixed on a square tube 80 x 80 x 3.5 by screw clamps to reduce distortion (Figure 3-15,
left). The clamps are removed after the specimens have cooled below 100°C (measured by
infrared thermometer). To avoid cracks at the left end of the stiffener the weld toe is mitigated
by grinding (Figure 3-15, right).
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Figure 3-14: Stress strain curves from tensile tests (S355J2+N for longitudinal stiffener specimens).

Figure 3-15: Specimen clamped on a square tube during welding (left) and weld toe at left end of the
stiffener grinded to avoid cracks (right).

About two-thirds of the specimens are thermally stress-relieved. The treatment is performed
under nitrogen shielding gas at 580°C for a holding time of three hours.

The simulation results and specimen preparation presented in chapter 3 have been
published by the author of this thesis in (Friedrich and Ehlers 2019a) and (Friedrich and
Ehlers 2019c).
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3.2.3 Specimen distortion

When clamping a distorted specimen in the testing machine the distortion will result in a
bending moment and thus bending stresses. These will be added to the applied load stress
and therefore affect the effective stress ratio. As also the residual stresses affect the effective
stress ratio with excessive clamping stresses the effect of residual stresses will not be
recognisable. Furthermore, welding distortions and residual stresses are closely related.
Processes that change residual stresses can also result in changes of distortions. A part of
the specimens is thermally stress-relieved. To determine the residual stress influence it is
important that distortions are similar for the as-welded and the stress-relieved specimens.

The distortion of the K-butt weld specimens is determined by measuring the height difference
between two points on each side of the weld (Figure 3-16), compare (Fricke et al. 2009).

Figure 3-16: Distortion measurements on the K-butt weld specimens.

The resulting misalignments and distortions on the as-welded and the stress-relieved
specimens are plotted in Figure 3-17. The plotted lines refer to half plate thickness (dash-dot
lines in Figure 3-16). For better comparability the curves are rotated so that the left side is
horizontal. The angular distortion appears to be similar for as-welded and stress-relieved
specimens. Some specimens are measured before and after stress-relieve treatment. No
change of the measured distortion is found.
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Figure 3-17: Distortion measured on the K-butt weld specimens.

For the K-butt weld the misalignment e and angular distortion ¢ are calculated according to

the following equations:
t,—t
e=(hy—hy)(1+b/q) -2 — (3.1)

h h
— -1(1 -1(2
@ = tan (a)+tan (a) (3.2)
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with the parameters shown in Figure 3-16. The calculated mean values are given in Table
3-1. The differences lie within the measurement accuracy.

Table 3-1: Mean values of distortion for the K-butt weld specimens.

as-welded stress-relieved
angular distortion ¢ 0.33° 0.35°
linear misalignment e 0.33 mm 0.47 mm

The same setup is used to measure the distortion on the longitudinal stiffeners (Figure 3-18).
For the longitudinal stiffener the results are only qualitative. The specimens have an angular
distortion at both ends of the stiffener. Because of minor differences in the specimens’
lengths it is difficult to position the centre of the stiffener accurately between the measuring
points. The resulting distortion curves are plotted in Figure 3-19. For the plots it is assumed
that the specimens bend at the ends of the stiffener.

Figure 3-18: Distortion measurements on the longitudinal stiffener specimens.
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Figure 3-19: Measured height differences on the longitudinal stiffener specimens.

For the longitudinal stiffener specimens the angular distortion ¢ between the two stiffener
ends is calculated according to the following equation:

hl _ C(hZ — hl) hl (Zb + C)(hZ — hl)
@ =tan™? (—Zb + tan™! i 2b (3.3)

a—=c¢ a—«c¢

with the parameters from Figure 3-18. The calculated mean values of the angular distortion
and the deflection at the centre of the specimen with respect to its ends are given in Table
3-2. The distortion increases slightly after stress-relieving. This is in line with findings in
(Fricke and Tchuindjang 2016), where the deflections were between 0 and 1 mm in the as-
welded condition and up to 8 mm after stress-relieving on longitudinal stiffener specimens of
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600 mm length. In (Hensel et al. 2016) angular distortions of more than 1.0° were corrected
mechanically to between 0.09° and 0.15°.

Table 3-2: Mean values of distortion for the longitudinal stiffener specimens.

as-welded stress-relieved
angular distortion ¢ 0.38° 0.47°
deflection 0.58 mm 0.72 mm

Although the performed measurements are not accurate they allow a qualitative assessment
of the welding distortions. Compared to distortion values found in literature the measured
values appear to be on the lower side. For the K-butt weld no difference between as-welded
and stress-relieved specimens was found. For the longitudinal stiffeners the distortion
increased slightly after stress-relieve treatment. In the following fatigue test levelling plates
will be used to compensate the distortions. Thus, it will not be possible to calculate the
clamping stresses or secondary bending stresses analytically and the measurements are
used only for verification purposes. The distortion measurements are therefore not repeated
by more adequate means (e.g. laser scanner).

The distortion measurements presented in section 3.2.3 have been published by the author
of this thesis in (Friedrich 2020).
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4 Residual stress assessment
Two sets of test specimens with a K-butt weld and a longitudinal stiffener have been
prepared. To understand their influence on the fatigue behaviour the welding residual
stresses have to be known. The residual stresses at the weld are determined by
measurements and numerical simulations.

4.1 Residual stress measurements

Residual stresses are measured by two different measurement methods. X-ray diffraction, in
which the deflection of X-rays is used to determine the distances in the atomic lattice and
deduce residual stresses out of it. It has the advantage that it is non-destructive and it is
possible to measure close to the weld toe. The measurement is performed on the surface up
to approximately 5 micrometres depth. The second measurement technique is the hole
drilling method, where a hole is drilled and the relieved strains are measured by strain
gauges to determine the residual stresses. The residual stress distribution is measured up to
about 1 mm depth.

411 K-butt weld

X-ray diffraction

Residual stress measurements by X-ray diffraction are performed on three specimens. The
measurements are done by the Institute of Joining and Welding, TU Braunschweig. The
residual stresses are calculated according to the sin®y technique. The interference peaks of
the {211} plane in ferrite and martensite are determined using CrKa radiation. The
measurement spot has a diameter of 1.5 -2 mm.

Residual stresses are measured at the centre line on the top side of the specimen. On one
specimen measurements are performed also on the bottom side. The measured residual
stresses transversal to the weld are shown in Figure 4-1 including the error bar for each
measuring point. The curves are referenced by the specimen they were measured on,
indicated by the number of the plate (23, 24 and 34) and the number of the specimen (1, 2
and 5 according to Figure 3-10). Two of the three specimens show transversal residual
stresses rising towards the weld to up to about 100 MPa. The third (23-5) shows a peak in
front of the weld and a decrease to about 60 MPa. Measurements on this specimen have
been repeated at about 2 mm from the centre line confirming the first measurement with
about 80 MPa measured at the weld toe. On the bottom side of the plate transversal residual
stresses rise to about 240 MPa at the weld toe. The compressive residual stresses far away
from the weld, on both sides of the plate, could result from the production process of the
plates. The plates have not been stress-relieved before welding.

Figure 4-2 shows the longitudinal residual stresses. In longitudinal direction values at the
weld toe lie between -130 MPa and +50 MPa on the top side of the plate. As in transversal
direction, the values measured on specimen 23-5 are higher than on the other two
specimens.
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Figure 4-1: Transversal residual stress measured by X-ray diffraction on three specimens (specimens
referenced by the plate number XX and the position of the specimen 1 — 5 according to Figure 3-10)

(Friedrich and Ehlers 2019a).
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Figure 4-2: Longitudinal residual stress measured by X-ray diffraction on three specimens (specimens
referenced by the plate number XX and the position of the specimen 1 — 5 according to Figure 3-10)
(Friedrich and Ehlers 2019a).

Hole drilling

Further measurements are done by the hole drilling method. The method consists in drilling a
hole and measuring the relieved strain around the hole by strain gauges. Residual stresses
are then calculated from the measured relieved strain. Measurements are carried out with a
SINT MTS3000 system and evaluated using Restan evaluation software v.7.14. The applied
strain gauge rosettes are of Type A according to ASTM E837-13a, respectively Type B for
measurements closer than 5 mm to the weld. Nominal drill diameter is 1.6 mm. By
incrementally increasing the drilled depth a curve of the residual stresses over depth can be
calculated. This is done by the integral method (Schajer 1988). In addition, the value
according to ASTM EB837-13 assuming a uniform stress distribution up to 1 mm depth is
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calculated. The applicability of the hole drilling method is limited by the yield limit of the
material. According to ASTM E837-13a residual stresses should not exceed 80 % of yield
limit for “thick workpieces”, according to (Schajer, ed. 2013) 70 % for the applied hole depth
and gauge circle diameter. The highest measured residual stresses are in the range of 60 %
of yield strength and thus within these limits.

The residual stress distribution over the hole depth measured at a distance of 1.2 mm
respectively 6 mm from the weld toe is exemplarily shown in Figure 4-3. Besides the residual
stresses also the measured strains from the strain gauges are plotted. For these
measurements the depth increment was 0.01 mm up to a depth of 0.1 mm and 0.05 mm
between 0.1 mm and 1.0 mm. The plots show the following:

e Strains have been measured, thus residual stresses must have been relieved. The
strains measured in orthogonal directions were of different signs, thus also the residual
stresses should have been. Tensile residual stresses yield negative (compressive)
measured strains and vice versa.

e The residual stress level between 0.1 and 1 mm depth is represented well by the value
according to ASTM E837-13 assuming a uniform residual stress distribution. Since it is a
mean value over the drilled depth it is less affected by inaccuracies than the evaluation
for every single depth increment (ASTM E837-13a, Schajer, ed. 2013).

e The determined residual stress values tend to decrease close to the surface. However,
because of measurement inaccuracies on the first drilling increment steps, the
measurements should not be used to determine residual stress values at the surface
(compare ASTM E837-13a).
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Figure 4-3: Residual stresses measured by hole drilling on the top side of the plate (specimen 24-2).
Strains refer to their orientation relative to the weld (Friedrich and Ehlers 2019a).

The measurements on other specimens show similar curves with stable values between 0.1
and approximately 1 mm depth. To what extent the steep gradient at the surface is caused
by actually lower residual stresses or by the measurement technique cannot be said without
further verification. The evaluation over 1 mm depth is generally less affected by errors than
the stepwise evaluation for each drilling increment. For better comparability, the uniform
values will be used in the following. In the evaluation of the measurement data in the context
of fatigue assessments it has to be considered that these values represent a mean value
over a depth of 1 mm and might differ from the value on the surface. Whether the uniform
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values are suitable for fatigue assessments has to be verified in the following experimental
investigations.

Several measurements at a distance of approximately 2 mm from the weld are done
distributed over the width of one specimen. Tensile transversal residual stresses of 175 MPa
are measured up to 12 mm from the centre line. Further outside, 5 mm from the edges of the
specimen, values are compressive close to zero.

Transversal residual stresses measured on several specimens are shown in Figure 4-4 along
with the X-ray diffraction measurements. The results show similar values as the upper curve
from the X-ray diffraction measurements (specimen 23-5). On specimen 24-4 the hole drilling
measurement closest to the weld (distance 1 mm) shows a decreased transversal residual
stress value. The principal stress however remains unvaried at about 170 MPa. The principal
stress direction is turned 37° from the specimen’s longitudinal axis. This was not noticed on
other hole drilling measurements at this distance from the weld.

The longitudinal residual stresses are shown in Figure 4-5. Also in this direction, the hole
drilling results lie close to the highest curve from the X-ray diffraction measurements
(specimen 23-5).

It has to be noted, that the hole drilling values are evaluated over a depth of 1 mm, the X-ray
diffraction values are measured at a depth of approximately 5 ym. Furthermore, the surface
has to be slightly grinded with sandpaper in order to assure a proper installation of the strain
gauge rosettes for the hole drilling measurements. Thus, the results obtained with the two
measuring methods should be seen as complementary rather than comparable. This applies
to both, transversal and longitudinal residual stresses.
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Figure 4-4; Transversal residual stress measured by hole drilling and X-ray diffraction (specimens
referenced by the plate number XX and the position of the specimen 1 — 5 according to Figure 3-10)

(Friedrich and Ehlers 2019a).
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Figure 4-5: Longitudinal residual stress measured by hole drilling and X-ray diffraction (specimens
referenced by the plate number XX and the position of the specimen 1 — 5 according to Figure 3-10)
(Friedrich and Ehlers 2019a).

4.1.2 Longitudinal stiffener

X-ray diffraction

Residual stresses are measured by X-ray diffraction on three specimens. The measurements
are performed at the centre line of the specimens at the right end of the stiffener (Figure
3-13). The measurements are executed by the Institute of Joining and Welding, TU
Braunschweig.

The residual stresses measured in transversal and longitudinal direction are shown in Figure
4-6. Specimens 16 and 19 have a straight stiffener, specimen 5 has a bevelled stiffener as
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the specimens for hole drilling (compare Figure 3-13). Transversal values on all three
specimens show a maximum of about 200 MPa situated approximately 2 — 3 mm in front of
the weld. The values decrease to about 90 to 190 MPa at the weld toe. In longitudinal
direction residual stresses are compressive at about -200 MPa up to 5 mm in front of the
weld and increase to values between 3 and 67 MPa at the weld toe.
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Figure 4-6: Residual stress measured by X-ray diffraction on three longitudinal stiffener specimens.
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Hole drilling

Residual stress measurements by hole drilling are executed analogue to the measurements
on the K-butt weld specimens in section 4.1.1. The measurements are done at the right end
of the stiffener. The holes are distributed leaving at least 4 mm in between and so that they
do not shadow each other with respect to the stiffener. The residual stresses over the hole
depth measured on a specimen at two different distances from the weld toe are exemplarily
shown in Figure 4-7. As before, residual stresses are calculated by the integral method and
assuming a uniform residual stress distribution up to 1 mm depth according to ASTM E837-
13. Transversal residual stresses show a steep increment on the first 0.1 mm and then
stabilize on a value slightly higher than the result assuming a uniform distribution.
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Figure 4-7: Residual stresses measured by hole drilling at the right end of the stiffener (specimen 1).
Strains refer to their orientation relative to the weld.

The residual stresses measured by hole drilling are plotted together with the X-ray diffraction
measurements in Figure 4-8. The results obtained with both methods show similar values
beyond 5 mm from the weld. Closer to the weld, where welding residual stresses are
expected to dominate over those resulting from the production or surface treatment of the
plate, transversal residual stresses show different trends. While the hole drilling results
increase to over 300 MPa, the X-ray diffraction values show a maximum of about 200 MPa
and decrease towards the weld. Longitudinal residual stresses measured by hole drilling
increase to about 180 MPa approximately 1 mm in front of the weld toe.
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Figure 4-8: Residual stress measured by hole drilling and X-ray diffraction on different longitudinal
stiffener specimens.

4.1.3 Stress-relieved specimens
About two-thirds of the specimens have been stress-relieved after welding. To verify that

residual stresses were significantly reduced they are measured on some of the stress-
relieved specimens.

K-butt weld

Measurements by hole driling are performed on two specimens. On a third specimen
residual stresses are measured by X-ray diffraction. The values from hole drilling assuming a
uniform value over 1 mm depth are plotted together with the results from the X-ray diffraction
measurements in Figure 4-9. Hole drilling measurements lie between +7 and +21 MPa. X-ray
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diffraction shows values of +28 MPa in transversal direction and -17 MPa in longitudinal
direction at the weld toe. Values farther from the weld lie in the range of -100 MPa.
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Figure 4-9: Residual stress measured by X-ray diffraction and hole drilling on stress-relieved K-butt
weld specimens.

Longitudinal stiffener

Residual stresses measured on the stress-relieved longitudinal stiffener specimens by hole
drilling and X-ray diffraction are plotted in Figure 4-10. Values measured by hole drilling are
between -2 MPa and +12 MPa. The X-ray diffraction shows values of +30 MPa in transversal
and -24 MPa in longitudinal direction at the weld toe and in the range of -10 MPa farther
away.
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Figure 4-10: Residual stress measured by X-ray diffraction and hole drilling on stress-relieved
longitudinal stiffener specimens.
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4.2 Welding simulations
Welding residual stresses for both specimen geometries are calculated by the welding
simulation approach presented in chapter 2.

421 K-buttweld

The FE model used for the K-butt weld simulation is shown in Figure 4-11. An idealized weld
cross-section with 6 passes is assumed. The element size in front of the weld toe is 0.25 mm
with a coarser mesh on the rest of the model. The temporary u-profiles to reduce distortion
(compare Figure 3-12) are modelled by shell elements. Boundary conditions are applied on
three nodes only to prevent rigid body motion.

Figure 4-11: FE model of the K-butt weld specimen preparation and detail of the weld including the
weld pass sequence.

After the welding simulation the cutting of the specimens is simulated by deactivating the
elements on the cutting line as described in section 3.1.2. The resulting transversal residual
stresses after welding and after cutting the specimens are plotted in Figure 4-12. The
residual stresses are redistributed during cutting. In the end, residual stresses show a similar
distribution on all five specimens. From the detail, cut on the centre line of the centre
specimen, it can be seen that transversal residual stresses on the surface are tensile in the
centre of the specimen and compressive close to the edge. Over the plate thickness, at the
weld values go from tensile at the top surface to compressive in the middle and again tensile
on the bottom. The highest tensile residual stresses occur at the bottom weld toe.
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Figure 4-12: Transversal residual stresses (a) after welding and (b) after cutting out the specimens.

To validate the simulation results the calculated transversal residual stresses are compared
to the measurements in Figure 4-13. The calculated values are in good agreement with the
hole drilling results and the highest X-ray diffraction measurements. For distances of more
than 7 mm from the weld X-ray diffraction measurements show compressive values and run
lower than the simulation values and the hole drilling results. These compressive residual
stresses probably result from the production process of the plates.
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Figure 4-13: Calculated and measured transversal residual stresses. Same black symbols indicate
measurement on the same specimen. Simulation 1 - 5 refer to specimen numbers according to Figure
3-10 (Friedrich and Ehlers 2019a).

The longitudinal residual stresses are shown in Figure 4-14. Calculation results show about
100 to 150 MPa more than the hole drilling measurements and the highest of the X-ray
diffraction measurements up to about 5 mm from the weld. At a greater distance the
differences are smaller. By comparing the simulation results only to the X-ray diffraction
measurements no agreement is apparent. These measurements scatter between -128 MPa
and +49 MPa at the weld toe while the simulation results reach values of 133 to 200 MPa. All
in all, although the simulation results show the same trend as the hole drilling measurements,
quantitative agreement between measurement and simulation results is not good in the
longitudinal direction. However, this direction is of less importance if the residual stresses are
to be considered in a fatigue assessment since it runs parallel to the expected crack.
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Figure 4-14: Calculated and measured longitudinal residual stresses. Same black symbols indicate
measurement on the same specimen. Simulation 1 - 5 refer to specimen numbers according to Figure
3-10 (Friedrich and Ehlers 2019a).

4.2.2 Longitudinal stiffener

The FE model of the longitudinal stiffener specimens is shown in Figure 4-15. Element size
in front of the weld is 0.25 mm. The structural boundary conditions are simplified by
restraining the displacement in vertical direction at the ends of the model and relieving these
restraints in the last load step, when the model has cooled to room temperature. Two
additional nodes are constrained to avoid rigid body motion.

The resulting transversal residual stresses are plotted in Figure 4-16. Tensile residual
stresses in front of the stiffener are balanced by compressive residual stresses at the edges
of the specimen. From the cut on the centre line of the specimen it appears that the highest
tensile values occur some millimetres below the weld.
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Figure 4-15: FE model of the longitudinal stiffener specimens and detail of the weld.
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Figure 4-16: Transversal residual stresses calculated for the longitudinal stiffener specimens.

The calculated residual stresses are compared to the measurements in Figure 4-17. As
mentioned in section 2.3.2, the calculated residual stresses should not be evaluated on the
first 1 mm from the weld toe because of the singularity in the FE model and errors caused by
element deformations upon activation of the weld elements. In both directions simulation
results lie close to the hole drilling measurements. Both curves show an offset of about 2 mm
compared to the measurements. This may indicate that too much energy is put into the
model (compare Figure 2-13 and Figure 2-14).
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Figure 4-17: Calculated and measured residual stresses for the longitudinal stiffener specimens.
Same symbols indicate measurement on the same specimen (Friedrich and Ehlers 2019c).

4.3 Findings

The residual stress measurements show tensile residual stresses transversal to the weld for
both specimen geometries. In general the hole drilling measurements evaluated over a depth
of 1 mm resulted in higher values than the X-ray diffraction measurements on the specimen
surface. The measurements on the stress-relieved specimens show a clear reduction of the
residual stresses and values close to zero at the weld toe. The simulation results fall within
the scatter of the measurements with a tendency towards the hole drilling results. This is
regarded as a good agreement, considering the simplification of the simulation approach, the
scatter of the measurements and the accuracy of welding simulations in general.

The measurements and simulations presented in chapter 4 have in part been published by
the author of this thesis in (Friedrich and Ehlers 2019a) and (Friedrich and Ehlers 2019c).
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5 Fatigue tests

Fatigue tests are performed on both specimen geometries. The tests should reveal the
residual stress influence on fatigue and show possible differences between the two weld
geometries. Furthermore, in the tests the residual stress influence on crack initiation and
propagation will be studied, as there may be differences due to the non-uniform residual
stress distribution over the thickness and different crack initiation to propagation ratios. It will
also be investigated if the influence of residual stresses determined at the specimen surface
is the same as of a mean stress acting throughout the specimen.

An overview of the fatigue tests is given in Figure 5-1. K-butt weld and longitudinal stiffener
specimens are tested in as-welded and stress-relieved conditions. The residual stress
influence depends on the applied load ratio. Tensile residual stresses will be more effective
at low load ratios than at higher load ratios where the mean stress is already tensile.
Therefore, four different load ratios R are applied in the tests. In a further test series stress-
relieved specimens are tested at the stress ratio resulting from the superposition of residual
stresses and load stresses. The required loads are obtained from numerical simulations. In
all tests the number of load cycles until initiation of a macroscopic crack is determined using
digital image correlation (DIC). For each test series, approximately 10 specimens are tested
at different load ranges to establish the S-N-curves.
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Figure 5-1: Fatigue tests and applied load ratios R.

To bring to light the influence of residual stresses other influencing factors have to be
minimized. In particular the specimen distortion is critical. When the specimens are clamped
the secondary bending moments will generate stresses in the specimen that act as mean
stresses. This would cover up the effect of the residual stresses. During specimen production
action was taken to minimize welding distortions. In the fatigue tests, levelling plates will be
used when clamping the specimens to avoid the mean stress alteration due to clamping
stresses.

The tests are accompanied by FE simulations. After calculating the welding residual stresses
the models are loaded by applying the same loads as in the experimental tests. In this way
the stresses at the weld under the applied loads are determined.
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5.1 Test setup and procedure

5.1.1 Setup
The tests are performed on a 200 kN resonance testing machine (Figure 5-2). The specimen
is clamped using hydraulic grips. The right side is fixed and equipped with a force sensor. On
the other side the load is applied to the specimen. A static force, which will determine the
applied mean stress, is applied through a spring loaded by an electric motor. A cyclic,
constant amplitude load is applied by a second motor which acts on an unbalance and a
second spring to excite the system formed by the test specimen and the two massive
springs. The system will oscillate at the resonance frequency of the system which in this
case is about 34 Hz. For the DIC measurements two cameras and four LED lights are
installed over the specimen. The DIC system is used for two main purposes in the tests: first,
to detect the initiation of macroscopic cracks and monitor crack propagation. Second, to
measure strains caused by the clamping in order reduce them using levelling plates.
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Figure 5-2: Resonance testing machine with DIC cameras and lights supported by a scaffold structure
installed above the specimen (Friedrich and Ehlers 2019b).

5.1.2 Clamping with levelling plates

When clamping the specimens in the testing machine the angular distortion of the specimens
causes a bending moment in the specimen. The resulting bending stresses act already
before the actual load is applied and lead to a shift of effective mean stress. In order to
reduce these clamping stresses levelling plates are used. The plates have thicknesses
between 0.2 and 5.6 mm. The required thickness is determined iteratively by measuring the
strain at the weld using DIC. The procedure is shown in Figure 5-3. First, the right end of the
specimen is clamped. The strain at the weld is measured as reference. It should be zero
since no force is applied, but depending on the quality of the DIC images some noise in the
plotted strain is possible. The left grip is closed without any levelling plate and strains are
measured again. On a distorted specimen the strain will be either positive or negative
depending on the direction of the distortion. The left grip is reopened and an appropriate
levelling plate is put under or on top of the specimen’s end, depending on the direction of the
distortion. The grip is closed again and strains are measured. This procedure is repeated
until the measured strain is close zero.
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Figure 5-3: Grip at the left end of the specimen and strain measured by DIC at the end of the stiffener:
a) grip open, b) grip closed and c) closed with levelling plate. Arrow indicates maximum in the strain
histogram.

As shown in Figure 5-3 the strains measured by DIC are not perfectly uniform. The strains
resulting from clamping are minimal and sometimes hard to quantify in the strain plot. With
the help of the strain histogram (on the right in Figure 5-3) these difference can yet be
distinguished. To verify the effectiveness of the procedure a K-butt weld specimen is
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equipped with strain gauges on the top and bottom side. The strain gauges are placed on the
centre line of the specimen about 20 mm from the weld toe on the 10 mm plate. The
specimen is clamped and the DIC measurements are used to select the levelling plate
(Figure 5-4). Clamping without levelling plate causes bending strains of about 0.011%,
measured by both strain gauges and detectable in the histogram of the DIC measurement.
After inserting a levelling plate of 1.2 mm the DIC results are close to zero. Strains measured
by the strain gauges are 0.001%, corresponding to a bending stress of 2 MPa. This is
acceptable small compared to the applied test loads and the accuracy of the involved
equipment.
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\ e hottOM Strain gauge | |
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clamped with 1.2 mm
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Figure 5-4: Percent strain in loading direction measured by DIC and strain gauges to verify the
selection of the levelling plate based on the DIC measurements. Arrow indicates maximum in the
strain histogram.
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5.1.3 Stopping criterion for R = -«

The tests are run until complete rupture of the specimen. Under compressive loading
(R = -«), although the crack has divided the specimen, it will not break because the applied
load presses the parts together. In some cases the specimen is already completely divided
but the test will continue running. Thus, a different failure criterion has to be adopted.

On resonance testing machines, as the crack expands it reduces the stiffness of the
specimen and thus also the resonance frequency of the system. Usually, the moment when
the specimen breaks is signed by a sudden decrease of the frequency (blue curves R =0 in
Figure 5-5). For R = -~ the loading frequency decreases slowly as the crack propagates and
then stabilizes at a certain frequency (red curves in Figure 5-5). At this point the crack has
almost reached the whole specimen cross-section and grows only very slowly. The value at
which the frequency stabilises depends on the applied load and is therefore different for each
test. These tests with R = -~ are stopped manually after the loading frequency has dropped
and stabilised. The number of load cycles until failure is then determined at the point where
the frequency has reached its final value (e.g. N=2.6 - 10° and N = 1.3 - 10° in Figure 5-5).
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Figure 5-5: Development of the loading frequency during tests with tensile (R = 0) and compressive
(R = -=) loading on K-butt weld and longitudinal stiffener specimens (Friedrich 2020).

The test setup and procedure presented in chapter 5 have been published by the author of
this thesis in (Friedrich 2020).

5.2 Crack monitoring using DIC

One objective of the fatigue tests is to determine the residual stress influence on crack
initiation, propagation and total fatigue life. For this purpose a procedure using DIC to detect
macroscopic cracks and monitor crack propagation is adopted. For DIC, an irregular pattern
is applied to the specimen surface and monitored by cameras. From the distortion of the
pattern under loading, surface strains are computed. Cracks will appear as elevated strains
exceeding a defined threshold value (> 1%) and therefore become visible. In the following,
crack initiation is considered a macroscopic crack of 2 mm length. This crack length can
reliably be detected with the applied DIC procedure. From an engineering point of view, this
crack length would be detectable in service using available inspection techniques.
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Compared to visual inspections or dye penetration testing, the proposed procedure is not
based on subjective perception, which depends on an operator's experience and the local
geometry at the weld toe. Even with high magnification it may be challenging to detect cracks
at an early stage (i.e. crack initiation), especially if the exact location is not known in
advance. Furthermore, using DIC the results are saved and therefore reproducible and
comparable, whereas visual inspection is possible only momentarily. Using a full-field
measurement the procedure allows monitoring the whole width of the specimen or length of
the weld. This is important on the K-butt weld specimens where the exact location of crack
initiation is not known. Another benefit of DIC is that it is visual and it gives a descriptive
image of the crack. This facilitates the interpretation and validation of results compared to
other methods where cracks are determined by changes in a measured signal, e.g. strain
gauges or acoustic emission.

Various applications of DIC to monitor cracks in fatigue tests have been reported. In many
cases DIC is used to assess the strain field at the crack tip (Carroll et al. 2013; Malitckii et al.
2019; Rabbolini et al. 2015; Carroll et al. 2008; Durif et al. 2010; Maletta et al. 2014) or
detect fatigue damages on a microscopic scale (Rupil et al. 2011; Risbet et al. 2010) on
specimens of machined base material. Larger measuring areas were recorded in (Tavares et
al. 2015; Shrama et al. 2014; Hasheminejad et al. 2018), in (Poncelet et al. 2010) to detect
crack initiation on specimens with a machined surface, in (Corigliano et al. 2018a; Corigliano
et al. 2018b; Koster et al. 2014) to observe the development of cracks in the depth direction,
on the edge of welded or brazed specimens. In general the experiments were conducted on
servo-hydraulic testing machines with load frequencies of a few hertz (< 15 Hz), usually
interrupting the tests to record the images for DIC. Images during the running test were taken
in (Vanlanduit et al. 2009) and in (Lorenzino et al. 2014) tests on a resonance testing
machine and with microscopic cameras were performed. Kovarik et al. (2016b; Kovarik et al.
2016a) performed tests on a resonance testing machine with a frequency of 100 Hz without
interruptions, using a procedure very similar to the one presented here. The tests were
conducted on flat, coated specimens under bending loads. A single camera and a triggered
flash were used to capture images of an area of ~20 x 15 mm?. Different crack assessments
based on the strain field and on the displacement field were applied.

The procedure presented in the following is applied to welded specimens presenting a notch,
and thus a stress concentration. A 3D DIC-system with two cameras is employed, which
allows to account for out of plane displacements of the specimen. The cameras are triggered
while lighting is constant. Crack detection is based on the strain field measured on an area of
55 x 40 mm?.

5.2.1 Specimen preparation

To prepare the specimens for the DIC measurements all loose material is removed from the
weld surface and weld toe using a brass wire brush. The specimen surface in the area
around the weld is cleaned using a cleaning cloth and a cleaner to degrease.

The speckle pattern for DIC is applied using alternating applications of black and white spray
paint. The spray is not pointed directly at the surface, so that only the spray mist settles on
the specimen. The speckle size is in the magnitude of 0.1 mm (Figure 5-6). Matte paint is
used in order to reduce reflections.
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Figure 5-6: Speckle pattern for DIC at the weld (Friedrich and Ehlers 2019b).

5.2.2 Setup

The DIC measurements are performed with an ARAMIS 5M system. The cameras are
mounted on a scaffold reaching over the specimen arranged horizontally in the testing
machine (Figure 5-2) and positioned to capture the weld and the area in front of it. Four 16
Watt LED lights are used to achieve a uniform illumination of the measuring area.
Polarization filters are installed on the lights and objectives to reduce reflections on the
metallic surface.

The exposure time of the cameras is set to 0.8 ms. With a testing frequency of 34 Hz this
corresponds to ~1/35 of the duration of one load cycle (Figure 5-7). The cameras are
triggered before the peak of the load signal to compensate for the delay between the trigger
signal and the camera exposure. It is not necessary for the images to be taken exactly at the
load peak. Cracks will become visible nonetheless.

0.8 ms exposure time of DIC cameras

—>lle
load

test frequency

34 Hz

1
>
time
29 ms

Figure 5-7: Exposure time and trigger signal compared to load cycle (Friedrich and Ehlers 2019b).
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The force signal output from the testing machine is used to trigger the cameras (Figure 5-8).
The first load cycle is applied statically. At maximum load some images for DIC are taken.
One image should be sufficient, but because the quality of the DIC results may not always be
optimal, it might be helpful to have a few more images to choose from for analysis. For these
images, a longer exposure time is used as appropriate. This static load cycle can be omitted,
but the images acquired statically are probably of better quality than those acquired during
the dynamic test, thus improving DIC results. After applying the first load cycle statically the
actual fatigue test is started and the DIC cameras are triggered off at specific intervals of
load cycles. The trigger is set to an interval of load cycles so that the total number of images
over the expected test duration is in the magnitude of 100-200 (e.g., every 10000 cycles for
a test with 10° load cycles).
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Figure 5-8: Test setup with DIC cameras triggered by the load signal from the testing machine.

5.2.3 Postprocessing

The acquired images are evaluated by DIC using ARAMIS v6.3.1-2 software. The distortion
of the speckle pattern is used to calculate strains in the specimen’s axial (loading) direction
(Figure 5-9). The image from the first, static load cycle is used as reference image. A facet
size of 19 x 19 pixels (~0.32 x 0.32 mm?) and a facet distance of 15 x 15 pixels is applied for
the DIC assessment.
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Figure 5-9: Percent strain in the loading direction at maximum load on the first, static load cycle
(N =1) and at the beginning of the fatigue test at different numbers of load cycles N.
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The legend of the strain plot is set to relatively high values (0.5% to 1.0%) to suppress
possible noise, as shown in Figure 5-10. Running through the image sequence acquired over
the duration of the test a forming crack will become visible in terms of elevated strains. A
crack is assumed when strains exceed 1%. Initiation of a macroscopic crack is counted when
a crack length of ~2 mm is detected.
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Figure 5-10: Percent strain in the loading direction on the first, static load cycle (N = 1) and at the
initiation of a macroscopic crack (Friedrich 2020).

5.2.4 Representative results

Representative results of the DIC measurements on both specimen geometries are
presented. To validate the detected crack length, it is compared to beach marks introduced
in some of the tests. The beach marks are obtained by including intervals in which the upper
load is maintained but the load range is reduced (Figure 5-11).
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Figure 5-11: Beach marks on the crack surface introduced by intervals with a reduced load range
(Friedrich and Ehlers 2019b).

The development of a crack in a K-butt weld specimen in as-welded conditions is shown in
Figure 5-12. Transversal residual stresses at the weld are tensile in the middle of the
specimen and compressive on the edges (compare Figure 4-12). Therefore, the crack
initiates close the centre line. First, the strain begins to increase at the location of the forming
crack. A macroscopic crack is assumed when strains exceeded 1% over a length of 2 mm
(N =755000). The crack then propagates symmetrically to both sides. The detected crack
lengths show good agreement with the beach marks generated during the test.
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Figure 5-12: Percent strain in the loading direction showing the development of a crack and
comparison with beach marks on a specimen in as-welded conditions (N = number of load cycles).
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The development of a crack on a stress-relieved specimen is shown in Figure 5-13. Crack
initiation is not influenced by residual stresses. Several cracks form at different locations
along the weld. A crack of 2 mm is detected after 574 000 cycles. The single cracks then
grow and eventually unify. The detected crack length is compared to the beach marks again.
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Figure 5-13: Percent strain in the loading direction showing the development of cracks and
comparison with beach marks on a stress-relieved specimen (N = number of load cycles).

The previous test (Figure 5-12) and this (Figure 5-13) were performed at different loads and
load ratios. The results are not intended for direct comparison between the two tests but
represent typical outcomes of these tests and demonstrate the capabilities of the presented
procedure.
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Additionally, some K-butt weld specimens are equipped with strain gauges in front of the
weld. In this way the crack detection by DIC can be compared to the use of strain gauges.
The strain gauge signals and the strains measured by DIC are exemplarily plotted in Figure
5-14. Three strain gauges are positioned with the centre of the gauge about 2 mm from the
weld toe (gauge length = 2 mm). After 281 500 load cycles a macroscopic crack has formed
between strain gauge 2 and 3. Until 350 000 load cycles the strain gauge signals show a
slight increase, possibly due to the forming crack. At 400000 cycles the crack has a length of
about 10 mm and reaches strain gauges 2 and 3, at this point the signals of these two strain
gauges start to decrease. Strain gauge 1 starts to increase until it is reached by the crack
after about 530000 load cycles. From the comparison it can be seen that strain gauges are
very sensitive to any changes in the specimen. From the strain gauge signal alone it is yet
not possible to quantify the crack length. Furthermore, the influence on the measured strain
gauge signal depends on the location of the crack relative to the strain gauge.
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Figure 5-14: Percent strain in the loading direction showing the development of a crack and
comparison with strain gauge measurements (N = number of load cycles).
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The K-butt weld presented here has a relatively smooth weld toe compared to other weld
geometries. Cracks are likely to initiate at imperfections along the weld toe with the sharpest
notch and thus high stress concentration. Unfortunately, it may not be possible to evaluate
strains by DIC at these exact locations because the facets used for the computation may not
be recognised. For example, Figure 5-14 shows a crack initiating between strain gauge 2
and 3, where some of the facets are missing. But as shown in the example, even if some
facets are not evaluated it is still possible to determine when the crack initiates and starts to
grow. For welds with a steeper angle and sharper notches (e.g., longitudinal stiffener, fillet
weld) it may help to tilt the cameras ~15° to increase the angle to the weld surface.

This change is applied for the measurements on the longitudinal stiffener specimens. The
detected crack is compared to beach marks on an as-welded specimen in Figure 5-15.
Despite the relatively sharp notch at the weld toe it is possible to detect the crack. Although
in this particular case it is difficult to detect the crack at an early stage (N =1200000). From
the beach marks it is evident that a crack has already formed. On the DIC results it can be
seen that some facets are missing at the origin of the crack. Elevated strains are visible too,
although they have not reached the threshold value of 1% yet.

The results from a stress-relieved longitudinal stiffener specimen are shown in Figure 5-16.
In this case the formation of the crack can be clearly detected. Increased strains are
observed at the weld toe over a width of 7 mm. After 2380000 a localized maximum has
formed that is counted as a macroscopic crack of 2 mm. The crack then expands steadily
and propagates to the sides. The beach marks become visible only from a certain depth on.
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Figure 5-15: Percent strain in the loading direction showing the development of a crack and
comparison with beach marks on an as-welded longitudinal stiffener specimen (N = number of load
cycles).
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Figure 5-16: Percent strain in the loading direction showing the development of a crack and
comparison with beach marks on a stress-relieved longitudinal stiffener (N = number of load cycles).
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5.2.5 Discussion

The presented procedure consists in using DIC to detect and monitor fatigue cracks on
welded specimens tested on a resonance testing machine without interrupting the test. The
main challenge in the application is the high load frequency of the resonance testing
machine. It requires relatively short exposure times and thus high illumination for the
acquisition of the images for the DIC tests. Therefore, lighting has to be maximized. On the
other hand, reflections on the metallic surface may require the use of polarization filters,
which will reduce the amount of light entering the cameras. To make better use of the light
available, the aperture of the objectives may be enlarged. This will reduce the depth of focus.
It is therefore necessary to set the focus exactly at the distance of the specimen surface and
the out of plane movement of the specimen should not exceed the focused range. The setup
of the cameras and lighting requires particular care.

Nevertheless, the strains calculated by DIC might not be very accurate (Figure 5-9). The
computed strains might show high noise. On some of the facets used for DIC, the speckle
pattern might not be recognized and strains will not be calculated. But the proposed
procedure has proven robust with respect to the quality of the DIC results. Even if the results
are not good enough to determine the strains at the weld precisely, it should still be possible
to detect cracks.

Macroscopic cracks are assumed when strains of 1% or more are reached. In a study by
Kovarik et al. (2016b), DIC was applied to detect cracks on thermal spray-coated, unnotched
specimens. It was stated that the threshold value for crack detection could be set in the
range of 0.5% and 1% without significantly affecting the results. These values are confirmed
by the comparison with the beach marks. A lower value will lead to an earlier crack detection
but might be more prone to uncertainties and produce less comparable results. A higher
value will lead to a later recognition of crack initiation, but the results will probably be more
comparable and reproducible.

All in all, the procedure offers a robust and comparable way to detect cracks in fatigue tests.
Furthermore, it provides a record of crack propagation. It is applicable on resonance testing
machines with high loading frequencies. The tests do not have to be interrupted for
measurements, and no operator needs to be present during the test. The procedure can
therefore be efficiently applied to large numbers of tests to retrieve information on crack
initiation and propagation.

The approach presented in section 5.2 has been published by the author of this thesis in
(Friedrich and Ehlers 2019b).
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5.3 FE simulations

FE simulations have already been used to calculate the residual stress distribution after
welding (section 4.2). Together with the punctual measurements they delivered a complete
impression of the distribution along the weld and through thickness. Now the simulations will
be used to calculate the effective stresses under load. For this purpose the loads from the
fatigue tests will be included in the simulations.

The FE models are the same as in section 4.2. As the experiments the simulations will be
performed in the “as-welded” and the “stress-relieved” condition. For the “as-welded” models,
after the welding simulation including cooling and cutting of the specimens, the simulation is
restarted to simulate the loads of the fatigue tests. The restart is performed in the same FE
software ANSYS Mechanical 15.0 so that the residual stresses, distortions and material
history from the welding simulation are included. For the “stress-relieved” models, an FE
model that includes only the welding distortion is used. To create this model, after the
welding simulation and cutting of the specimens, the displacement of each node is read out
in all three dimensions. The nodes of the original, undeformed FE model are then moved by
these values. The result is an FE model with the distortion of the model after welding but
without any stresses or plastic strains. The simulation on this model is started as a new
simulation. This is applied to the K-butt weld and the longitudinal stiffener models.

The boundary conditions are applied according to the experimental tests, as shown in Figure
5-17 and Figure 5-18. One end of the model is fixed. Here all three degrees of freedom are
suppressed over a length of approximately 50 mm. For the K-butt weld model this fixed end
is on the 25 mm thick side. On the longitudinal stiffener the right side, where the stresses at
the weld are assessed, is fixed. At the opposite end the force is applied distributed uniformly
on all nodes within 50 mm from the end.

X u, = +0.66 mm

Figure 5-17: Boundary conditions and applied force for the K-butt weld model.

u, =+1.56 mm

Figure 5-18: Boundary conditions and applied force for the longitudinal stiffener model.

In the experiments levelling plates are used to reduce clamping stresses due to specimen
distortion. In the simulations this is modelled by applying a vertical (z-direction) displacement
on the nodes where the force is applied. The height of this displacement is determined
analogously to the experimental tests (compare section 5.1.2). The procedure is shown in
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Figure 5-19 for the K-butt weld model. Stresses at the weld rise when the model is clamped
at both ends, because both sides are forced to the same level. Keeping one end fixed, the
vertical displacement at the other end is varied until the stresses at the weld are the same as
on the unconstrained model. The result is a height difference of 0.66 mm for the K-butt weld
model and 1.56 mm for the longitudinal stiffener. For the models including welding residual
stresses these values are applied directly as vertical displacement boundary condition. In the
distorted models without residual stresses the geometry includes already a difference of level
between the two ends. This is subtracted from the applied values to result in the same height
difference between the two ends of the model.

model free clamped clamped with 0.66 mm height difference
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Figure 5-19: Transversal residual stresses and clamping stresses on the K-butt weld model when
clamped without and with a height difference to simulate the levelling plates from the experiments.

Under compressive forces the simulations become unstable when the load exceeds a certain
limit. This is overcome by applying additional boundary conditions. For the K-butt weld
models, in the simulations with load ratio R = -~ horizontal displacement in transversal
direction (y-direction) is suppressed at the end where the load is applied. On the longitudinal
stiffener models the transversal displacement is suppressed over the entire length of the
model. It was verified that the calculated stresses at the weld are the same with and without
these transversal boundary conditions up to the force where both gave results. Thus, these
boundary conditions should have no influence on the resulting stresses.

The models are loaded with horizontal forces in the same load range up to 200 kN as the
experimental specimens. The same load ratios as in the experiments are applied:
compression (R = -»), 3/4 compressive (R = -3), alternating (R = -1) and tension (R = 0). For
each load ratio the force range is increased sequentially by 10 kN steps up to 200 kN. This is
shown exemplarily for R = -1 in Figure 5-20. In this case, each 10 kN increment is performed
in four load steps. First, the tensile force from the previous load range is applied. Then the
tensile force is increased by 5 kN. Subsequently the compressive force from the previous
load range is applied. Finally, this compressive force is increased by 5 kN. The next cycle
starts with the tensile force from the current one. In this way, for each load range a closed
cycle is simulated and the plastic strain increment between the load steps is reduced. For
R =-» and R = 0 each cycle is performed in three load steps as the maximum, respectively
minimum is always zero.
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5.3.1 K-butt weld

The four load ratios are simulated on the model including welding residual stresses and on
the one without. The resulting stresses in loading direction at the weld toe depending on the
applied nominal stress range are plotted in Figure 5-21. The curves with residual stresses
(red) represent the as-welded tests, without (blue) stand for the stress-relieved tests. For
pure tension (R = 0), without residual stresses the stress ratio corresponds to the nominal as
long as the strains remain elastic. When the stress reaches 350 MPa plastic strains occur at
the weld toe, the upper stress does not increase linearly anymore and the lower stress is
shifted to compression. With residual stresses, the stress ratio at the weld toe is shifted
towards tension (Rye > 0). At a load range of 150 MPa the upper stress reaches the yield
limit and does not increase further. For small stress ranges, the curves with residual stresses
lie higher than without residual stresses. This would suggest, that in fatigue tests the as-
welded specimen should fail earlier than the stress-relieved. At a nominal stress range of
280 MPa the curves cross each other. Thus, in a fatigue test the as-welded and the stress-
relieved specimens should endure the same number of load cycles. Beyond this load, the
curve without residual stresses runs higher than with. Here, the stress-relieved specimen
should fail before the as-welded.

For alternating loads (R = -1) the curve without residual stresses respects the nominal stress
ratio. Thus, half of the applied load range generates tensile and the other half compressive
stresses at the weld. The plotted curves stay linear elastic over the whole simulated range.
With residual stresses, the curves are shifted into tension by the amount of the initial residual
stresses. Up to a load range of 200 MPa, the stress ratio at the weld toe is positive i.e. the
whole load range results in tensile stresses at the weld. At a stress range of 280 MPa
plasticity occurs and the difference to the curve without residual stresses is reduced.

The results for R = -3 are similar. With residual stresses, the curves are shifted towards
tension by the amount of the initial residual stresses. On the model without residual stresses,
plastic strains occur when the stress at the weld reaches -350 MPa.

For compressive loads (R = -«) the upper stress remains almost constant at the level of the
initial residual stresses. Without residual stresses, plastic strains occur at -350 MPa. For high
load ranges the upper stress is shifted into tension due to compressive plastic strains.

Based on these results the following is expected for the experimental fatigue tests:

o The higher the calculated stresses, the shorter the expected fatigue life. If the calculated
stresses at the weld toe are high, the effective stress ratio is high (tensile).
Consequently, in the fatigue tests the endurable number of load cycles should be lower
than for a load ratio resulting in lower stresses.

e If the curves for different load ratios or residual stress conditions cross each other, the
endurable number of load cycles in the fatigue tests should be the same. Thus, also the
S-N curves should cross each other.

e Assuming that tensile loads are more damaging and compressive loads add no or only
little to the fatigue damage, the damaging effect of an applied load range depends on the
tensile portion of the stress range at the weld (Gurney 1979). Thus, if the tensile portion
of the stress increases rapidly with the applied load range, the increment of the
damaging effect is high. The S-N curve should thus have a shallow slope. On the
contrary, if the tensile load does not increase (the case if the upper stress is constant
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and the lower compressive) the damaging effect does not increase for increasing load
ranges. Consequently the S-N curve should be vertical.
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Figure 5-21: Calculated upper, lower and mean (dashed) stresses in loading direction, at the weld toe
depending on the applied nominal stress range for different load ratios R (K-butt weld).
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5.3.2 Longitudinal stiffener

The results for the longitudinal stiffener are plotted in Figure 5-22. For tensile loads (R = 0)
with residual stresses plastic strains occur for load ranges over 40 MPa and the lower stress
starts to decrease. The curve without residual stresses changes slope when the upper stress
reaches 240 MPa due to plastic strains at the weld toe. For load ranges exceeding 180 MPa,
upper and lower stresses are the same with and without residual stresses.
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Figure 5-22: Calculated upper, lower and mean (dashed) stresses in loading direction, at the weld toe
depending on the applied nominal stress range for different load ratios R (longitudinal stiffener).

For R = -1 the curve with residual stresses lies higher than without. The difference is steadily
decreased as plastic strains occur and residual stresses are relieved. At a load range of
350 MPa both curves cross each other. The curve without residual stresses has a short
almost horizontal portion at 250 MPa and continues with a reduced slope.
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For R = -3 the curve without residual stresses shows plastic behaviour when the lower stress
exceeds -250 MPa. The curve with residual stresses has a flat, almost horizontal upper
stress for load ranges of more than 200 MPa. The curves with and without residual stresses
cross each other at a load range of approximately 350 MPa.

For compressive loads (R = -~) the curve with residual stresses is extraordinary. For load
ranges over 100 MPa the upper stress decreases while the lower stress is negative.
Assuming that the compressive portion has no or little influence on the fatigue damage, this
would indicate that for higher load ranges the damaging effect decreases. Thus, the S-N
curve should have an inverted slope and increase. Starting from a load range of 200 MPa the
upper stress increases again and thus also the S-N curve should change slope again. The
curve without residual stresses becomes plastic and shows tensile upper stresses for load
ranges of more than 100 MPa. At a load range of 250 MPa the curves with and without
residual stresses cross each other.

When the upper or lower stresses reach a certain value the curves do not proceed linearly
anymore. This is caused by plastic strains occurring when the von Mises stress exceeds the
yield limit. Plastic strains lead to a relaxation or in some cases the formation of new residual
stresses. The residual stress relaxation under tensile loading can be seen directly looking at
the load ratio of R = 0. The upper stress indicates the stress at the weld toe for the applied
tensile load. The lower stress corresponds approximately to the residual stress acting without
external forces applied, with exception of boundary conditions. If the value decreases and is
lower than the initial residual stress, plastic strains have occurred and residual stresses have
been relieved.

The same applies for compressive loads (R = -~). The lower stress is the stress under load
and the upper stress is the residual stress without external force, except for boundary
conditions. Up to a load range of 200 MPa the upper stress decreases. This indicates that
the tensile welding residual stresses are relieved under compressive loads. The results
without residual stresses show increasing upper stresses for load ranges above 150 MPa.
This indicates that compressive plastic strains have formed resulting in tensile residual
stresses.
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5.4 Residual stress relaxation

To verify the findings from the numerical simulations residual stress measurements after
loading are performed to detect the possible residual stress relaxation. X-ray diffraction
measurements are performed on a K-butt weld and a longitudinal stiffener specimen after
applying a tensile load. Residual stresses have already been measured on these specimens
so that the values before and after loading can be compared. Additional hole drilling
measurements are performed on further specimens before and after loading.

5.4.1 K-butt weld

The results of the X-ray diffraction measurements on a K-butt weld specimen before and
after applying a nominal stress of 291 MPa are shown in Figure 5-23. Longitudinal residual
stresses close to the weld increase slightly after loading. Transversal values show no
difference, although according to the simulations plastic strains should have occurred.

K-butt weld

[

4 transversal -
® transversal (loaded) |-
B [ongitudinal |
longitudinal (loaded) |

residual stress [MPa]

distance from weld toe [mm]

Figure 5-23: Residual stress measured by X-ray diffraction before and after applying a tensile load of
291 MPa nominal stress.

The results of hole drilling measurements on three K-butt weld specimens before and after
loading to different loads are shown in Figure 5-24. On all specimens the transversal residual
stresses after loading are lower than before loading. Though, the reduction is not as
pronounced as predicted by the simulation.

The hole drilling method is not ideal to capture the residual stress changes. As it consists in
drilling a hole, it is not possible to measure twice at the same point. Furthermore, the drilled
hole has an effective diameter of approximately 1.8 mm. The measured residual stresses will
represent a mean value over the drilled volume. Plastic strains will occur very locally at the
notch of the weld toe. When comparing with the simulations, the residual stress relief will be
different if assessed at the weld toe or 2 mm in front of it.
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Figure 5-24: Transversal residual stress measured by hole drilling before and after applying tensile
loads (x = distance from weld toe; same colour measured on same specimen).
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5.4.2 Longitudinal stiffener

Residual stresses measured by X-ray diffraction on a longitudinal stiffener specimen before
and after applying a nominal stress of 327 MPa are shown in Figure 5-25. The longitudinal
residual stresses show a decrease of the compressive values. Also the tensile values at the
weld are reduced. Transversal residual stresses 2 mm in front of the weld show a decrease

from 210 MPa to approximately 60 MPa.

250

[
4 transversal

200

transversal (loaded) .

transversal

residual stress [MPa]

distance from weld toe [mm]

0 5 10 15 20

O S S S T O I
: B |ongitudinal
longitudinal (loaded) [

longitudinal

residual stress [MPa]

-150 —

-200 —

5O [t

distance from weld toe [mm]

transversal
(to the weld)

longitudinal
(to the weld)

Figure 5-25: Residual stress measured by X-ray diffraction on a longitudinal stiffener specimen before

and after applying a tensile load of 327 MPa nominal stress.
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Additional hole drilling measurements are performed on four specimens, two loaded with
tensile loads and two with compressive loads. The resulting transversal residual stresses
before and after loading are shown in Figure 5-26. Under both tensile and compressive loads
residual stresses are clearly reduced. This confirms the observations from the simulations at
least qualitatively.
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Figure 5-26: Transversal residual stress measured by hole drilling before and after applying
compressive and tensile loads (x =distance from weld toe; same colour measured on same
specimen).
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5.5 Equivalent stress ratio

The simulation results in Figure 5-21 and Figure 5-22 show how the tensile residual stresses
shift the stresses at the weld toe towards tension. Consequently, the stress ratio at the weld
toe is higher than the applied nominal load ratio. To verify if this stress ratio at the weld toe
determined by numerical simulations can be used for fatigue assessments, a third series of
fatigue tests is performed in addition to the as-welded and stress-relieved specimens. For
these tests, stress-relieved specimens are tested with loads that cause the same stresses at
the weld toe as in the as-welded specimens. The necessary equivalent forces are
determined using the simulation results as follows.

From the simulation without residual stresses the stress at the weld toe is determined
depending on the applied external force. The values are plotted in the green curves in Figure
5-27. For small loads the factor between nominal stress and the calculated stress at the weld
toe is 1.8 for the K-butt weld and 2.3 for the longitudinal stiffener. For loads over 100 kN the
stress at the weld increases non-linearly.
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Figure 5-27: Stress at the weld toe depending on the applied force calculated on the models without
residual stresses for the K-butt weld and the longitudinal stiffener.

The values at the weld toe are approximated by a polynomial curve.

From the simulations with residual stresses, red curves in Figure 5-21 and Figure 5-22, the
upper and lower stress at the weld toe is read out depending on the applied load range and
ratio.

Using the polynomial function, for each of these upper and lower stresses the force is
determined, which has to be applied on the model without residual stresses to obtain the
same stresses as with residual stresses.

The resulting equivalent forces are plotted in Figure 5-28 for the K-butt weld and in Figure
5-29 for the longitudinal stiffener. The black curves show the forces according to the nominal
load ratios. These correspond to the loads applied on the as-welded and stress-relieved
specimens. The curves for the equivalent forces (red) are the forces to apply on a model
without residual stresses in order to obtain the same stress at the weld toe as with residual
stresses.

These are also the forces applied in the third fatigue tests series on stress-relieved
specimens to obtain the same stresses at the weld toe as on as-welded specimens.
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Figure 5-28: Regular loads for different load ratios and equivalent loads to apply on a model without
residual stresses in order to obtain the same stresses at the weld toe as with residual stresses (K-butt

weld).

For the longitudinal stiffener the green curve in Figure 5-27 runs almost horizontally
at -400 MPa. The curve is based on the simulation results without residual stresses. With
residual stresses and R = -~ the stresses at the weld toe exceed this value (compare Figure
5-22). The result are unrealistic compressive, equivalent loads in Figure 5-29 (bottom right).
These loads are not considered in the fatigue tests.
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Figure 5-29: Regular loads for different load ratios and equivalent loads to apply on a model without
residual stresses in order to obtain the same stresses at the weld toe as with residual stresses
(longitudinal stiffener).
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6 Fatigue test results

Fatigue tests have been conducted on the K-butt weld and longitudinal stiffener specimens,
in as-welded and stress-relieved conditions. The initiation of macroscopic cracks was
detected by DIC. Hence, for each load ratio R three S-N curves were established: for total
fatigue life, for initiation of macroscopic cracks and for crack propagation. The S-N curves
refer to the nominal stress range calculated by dividing the applied force range by the cross-
section of the specimen.

6.1 K-butt weld

The resulting S-N curves for total fatigue life until complete rupture of the specimens are
shown in Figure 6-1. The S-N curves are fit to the test results by linear regression and are
described by the Basquin equation:

Ao

N = Ng (E)_k (6.1)

with the reference stress range Aoy at the reference number of load cycles N, = 2-10° and
the exponent k which defines the slope of the S-N curve in the double-logarithmic
representation. The values for Ag; and k are given in Table 6-1.

In the as-welded condition, the curves for R =0 and R = -1 are close together. The results for
R = -3 lie about 30 % higher. All three curves have a slope exponent of approximately 3
which is the usual value for welded details. The curve for R = -~ is considerably steeper and
differs from the others. In contrast, for the stress-relieved specimens the curves for the
different load ratios lie far away from each other. The curve for R = 0 is similar to the as-
welded condition with a slightly shallower slope. For R = -1 and R = -3 the curves run much
higher and have a slope exponent k > 5. For R = -~ only a run-out was produced, although
the applied load was relatively high (309 MPa).

The S-N curve for FAT 71 which would apply for this type of weld according to the IW
recommendations (Hobbacher 2016) is plotted as reference.

Table 6-1: Reference stress range Aoy (Ntoml‘R =2 106) and slope exponent k for S-N curves for total
fatigue life of the K-butt weld specimens.

as-welded stress-relieved

load ratio R Aoy k Aop k
R=0 118 3,3 132 3,8
R=-1 113 2,6 215 5,1
R=-3 158 3,0 337 6,0

R=-x 201 1,7 - -
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Figure 6-1: S-N curves for total fatigue life of as-welded (top) and stress-relieved (bottom) K-butt weld
specimens (P symbol for run-out) (Friedrich 2020).

6.1.1 Crack initiation

The initiation of macroscopic cracks was assessed by DIC according to the procedure
presented in section 5.2. Crack initiation was determined when a crack of 2 mm could be
detected. The resulting S-N curves for crack initiation are shown in Figure 6-2. The
parameters describing the S-N curves according to equation (6.1) are given in Table 6-2. The
number of plotted results is smaller than in Figure 6-1 because it was not possible to
determine crack initiation for all tested specimens. In some tests the DIC system failed. In
others, mostly with low load ratios (R = -3 or R = -«), cracks initiated on the bottom side of
the specimen not covered by DIC. The distribution of the results is similar to the S-N
diagrams for total fatigue life in Figure 6-1. In as-welded conditions, the curves for R = 0 and
R = -1 are close together with a slope of approximately 3. The results for R = -3 lie slightly
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higher with a similar slope. For R = -« the slope is again steeper. For the stress-relieved
specimens, the distance between the S-N curves is larger and the slopes are shallower. For
R = 0 at high load ranges the results are similar to the as-welded condition. For low load
ranges the stress-relieved specimens show longer crack initiation periods and the S-N curve
has a shallower slope than in the as-welded condition. For R = -3 the results lie too close
together to determine a representative S-N curve by linear regression.
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Figure 6-2: S-N curves for crack initiation for as-welded (top) and stress-relieved (bottom) K-butt weld
specimens (Friedrich 2020).
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Table 6-2: Reference stress range AUR(Nmitzation,R =2- 106) and slope exponent k for S-N curves for
crack initiation of the K-butt weld specimens.

as-welded stress-relieved

load ratio R Aog k Aoy k
R=0 89 2,9 127 4.1
R=-1 86 2,6 204 5,5

R=-3 134 3,6 - -

R=-x 113 2,4 - -

6.1.2 Crack propagation
The crack propagation phase is determined by subtracting the crack initiation from the total
number of load cycles until rupture:

Npropagation = Ntotal - Ninitiation (6.2)

The resulting S-N curves are plotted in Figure 6-3 and the parameters defining the S-N
curves are listed in Table 6-3. In the as-welded condition the curves are in the same range of
the crack initiation curves, indicating a similar proportion of crack initiation and propagation in
the total fatigue life. For the stress-relieved specimens the crack propagation periods are
shorter than the crack initiation and the difference between the load ratios is less
pronounced. In fact, the stress-relieved results lie close to the as-welded curves for the
corresponding load ratio. For R = -3 in stress-relieved conditions cracks did occur only for
relatively high loads. The results lie too close together to determine a representative S-N
curve by linear regression. The smaller numbers of load cycles (Nyopagation = 2-10°) are close
to the as-welded results.

Table 6-3: Reference stress range AJR(Npmpagatme =2 106) and slope exponent k for S-N curves
for crack propagation of the K-butt weld specimens.

as-welded stress-relieved

load ratio R Aoy k Aog k
R=0 86 3,1 68 2,8
R=-1 83 2,5 105 3,2

R=-3 139 3,5 - -

R=-x 161 1,4 - -
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Figure 6-3: S-N curves for crack propagation for as-welded (top) and stress-relieved (bottom) K-butt
weld specimens (Friedrich 2020).

6.1.3 Discussion

The presented fatigue test results show a clear influence of the welding residuals stresses.
The as-welded results distinguish themselves from the stress-relieved. In the as-welded
condition the S-N curves lie relatively close together because the tensile residual stresses
reduce the influence of the load ratio. In the stress-relieved condition the influence of the load
ratio is more pronounced. By plotting all results in one S-N diagram, it becomes visible that
the residual stress influence is more evident for lower load ratios (Figure 6-4). For tensile
loading (R = 0) the results in as-welded and stress-relieved conditions are similar. With
increasing compressive loads (R = -1 and R = -3) also the difference between as-welded and
stress-relieved increases.
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Figure 6-4: S-N curves for total fatigue life for as-welded and stress-relieved K-butt weld specimens
(™ symbol for run-out) (Friedrich 2020).

By plotting all results together it becomes also visible that the S-N curves have different
slopes and consequently cross each other. The slope can be interpreted as the increase of
the damaging effect with an increase of the stress range. If by increasing the stress range
the damaging effect increases rapidly, the endurable number of load cycles decreases faster
and the slope of the S-N curve is shallower. If with increasing stress range the damage
increases slowly, the reduction of endurable load cycles is slow and the S-N curve steep.

These differences in the slopes and the crossing points of the curves can be explained by
looking at the simulation results for the stresses at the weld toe. In the following plot three
exemplary sets of S-N curves, crossing each other, are plotted together with the simulation
results (Figure 6-5). From the results it can be seen that the S-N curves cross when the
upper and lower stresses at the weld toe are the same. Thus, when the stress range and
ratio at the weld toe are the same.
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Figure 6-5: Crossing S-N curves and respective simulation results of the stresses at the weld toe
(same colours indicate same load ratio and residual stress condition).

The simulation results do also explain the different slopes. In the first example (Figure 6-5,
top), with residual stresses and compressive load (R = -<) the upper stress at the weld toe is
constant at 200 MPa independently of the applied load range. The lower stress is negative
for loads greater than 120 MPa. Assuming that the damage is caused mainly by the tensile
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portion of the load, the damage induced by loads greater than 120 MPa will stay the same, or
at least similar. Thus, also the endurable number of load cycles will be the same and the S-N
curve will be relatively steep. Without residual stresses and alternating load (R = -1), half of
the applied load range is tensile. With increasing load range, the tensile portion of the load
increases constantly. So with increasing loads also the damaging effect will increase. Thus,
the number of endurable load cycles will decrease with increasing loads causing a shallower
slope of the S-N curve compared to R = -=~. Due to the double logarithmic scale and the large
differences in the numbers of load cycles, a direct comparison between the S-N curves is
possible only when they fall closely together. From the third example, as-welded and stress-
relieved tensile load (R = 0), it appears that even slight changes of the slope, that could
otherwise be interpreted as scatter, are explainable by the stresses at the weld toe. For small
stress ranges, with residual stresses the upper and lower stresses are higher due to the
superimposed tensile residual stresses. With increasing loads the difference between the
curves with and without residual stresses decreases and for high loads stresses on the
model without residual stresses result higher than on the model with residual stresses. In
accordance with this, the S-N curves have slightly different slopes. For small stress ranges,
the as-welded specimens fail earlier than the stress-relieved. While for high loads, the stress-
relieved specimens tend to fail earlier.

The stresses in the considerations above are determined at the weld toe and should
therefore affect mainly crack initiation. In fact, the fatigue test results for crack initiation show
a clear difference between as-welded and stress-relieved specimens (Figure 6-2). Crack
propagation seems to be less affected by residual stresses. All test results for crack
propagation on as-welded and stress-relieved specimens are plotted in one S-N diagram in
Figure 6-6. For each load ratio the results from both residual stress conditions lay relatively
close together. This indicates that residual stresses have little effect on the duration of crack
propagation.

R = 0 (as-welded)

R = 0 (stress-relieved)
R = -1 (as-welded)

R = -1 (stress-relieved)
R = -3 (as-welded)
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Figure 6-6: S-N diagram for crack propagation in as-welded and stress-relieved K-butt weld
specimens.
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Crack propagation detected by DIC for the same load range on as-welded and stress-
relieved specimens is compared in Figure 6-7. On the as-welded specimen a single crack
forms close to the centre of the specimen and expands to both sides. On the stress-relieved
specimen several cracks form over the length of the weld. The cracks unify and in the end
the resulting duration of crack propagation is similar to the as-welded specimen.

as-welded stress-relieved

Npropagation = 160000
mm] 25 10 5 lo -5 -10 -15 -20 .25 25 20

[ [ I I [ [ 1 [ .
0.50 055 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00

strain in loading direction [%]

Figure 6-7: Crack propagation determined by DIC on an as-welded and a stress-relieved K-butt weld
specimen (R = -3, nominal stress range = 309 MPa) (Friedrich 2020).

6.2 Longitudinal stiffener

The S-N curves for total fatigue life until complete rupture of the longitudinal stiffener
specimens are plotted in Figure 6-8 and the parameters describing the curves according to
equation (6.1) are given in Table 6-4. The design curve for this weld geometry is again
FAT 71 according to the IIW recommendations (Hobbacher 2016) and it is plotted as
reference. In the as-welded condition the curves for R = 0 and R = -1 lie close together and
have the same slope. For R = -3 the curve is close to the first two curves up to 200 MPa. For
higher load ranges the number of endurable load cycles stays constant and the S-N curve
rises vertically. For compressive loads (R = -~) failures are observed only between 160 MPa
and 195 MPa. For lower and higher load ranges only run-outs were obtained. The stress-
relieved curves clearly show the influence of the different load ratios. Except for tensile loads
(R = 0) the curves run higher than the as-welded curves and have a shallower slope. For
compressive loads (R = -~) only a run-out was produced.
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Figure 6-8: S-N curves for total fatigue life of as-welded (top) and stress-relieved (bottom) longitudinal
stiffener specimens (» symbol for run-out) (Friedrich 2020).

Table 6-4: Reference stress range Aoy (Ntoml‘R =2 106) and slope exponent k for S-N curves for total
fatigue life of the longitudinal stiffener specimens.

as-welded stress-relieved

load ratio R Adp k Aop k
R=0 97 3,1 110 3,5
R=-1 110 3,1 192 5,6
R=-3 115 2,8 281 8,6

R = - - - - -
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6.2.1 Crack initiation

The S-N curves for the initiation of macroscopic cracks are shown in Figure 6-9 and the
values describing the S-N curves are listed in Table 6-5. The results for the as-welded
specimens are qualitatively similar to the previous curves for total fatigue life. The curves for
R =0 and R = -1 lie close together. For R = -3 the curve runs vertical above 200 MPa. For
R = -~ cracks were detected only between 160 MPa and 195 MPa. For the stress-relieved
specimens the influence of the different load ratios is clearly visible. The curves run higher

and with a shallower slope than in the as-welded condition.
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Figure 6-9: S-N curves for crack initiation for as-welded (top) and stress-relieved (bottom) longitudinal
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Table 6-5: Reference stress range AO’R(Nmitiation,R =2- 106) and slope exponent k for S-N curves for
crack initiation of the longitudinal stiffener specimens.

as-welded stress-relieved

load ratio R Aog k Aoy k
R=0 61 2,8 95 3,7
R=-1 83 3,0 176 6,0
R=-3 95 3,0 274 11,7

R = - - - - -

6.2.2 Crack propagation

The number of load cycles for crack propagation is calculated by subtracting the number of
load cycles until initiation of a macroscopic crack from the total number of load cycles. The
resulting S-N curves are shown in Figure 6-10 and the values describing the S-N curves are
given in Table 6-6. For the as-welded specimens, the curves for load ratios from R = 0 to
R =-3 overlap. Thus, no influence of the load ratio is apparent. For compressive loads
(R = -=) the results lie close together and higher than for the other three load ratios. The
stress-relieved specimens show clear differences for the different load ratios. For tensile
loads (R = 0) the crack propagation phase is slightly shorter than in the as-welded condition.
For R=-1and R = -3 the curves lie considerably higher than for the as-welded specimens.

Table 6-6: Reference stress range AO‘R(Npmpagation_R =2 106) and slope exponent k for S-N curves
until crack initiation of the longitudinal stiffener specimens.

as-welded stress-relieved

load ratio R Aoy k Aoy k
R=0 88 3,2 83 3,2
R=-1 85 3,0 126 3,4
R=-3 84 2,8 207 4.1

R = - - - - -
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Figure 6-10: S-N curves for crack propagation for as-welded (top) and stress-relieved (bottom)
longitudinal stiffener specimens (result for R = -3 (stress-relieved) at Npropagation = 1.7 10° not included

in linear regression) (Friedrich 2020).
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6.2.3 Discussion

The S-N curves for the longitudinal stiffeners present some peculiarities which can be
explained with the help of the simulation results. The correlation between the fatigue test
results and the simulation results for three exemplary cases are shown in (Figure 6-11). As
for the K-butt weld, the crossing of the S-N curves coincides with the crossing of the
calculated stresses at the weld toe. For as-welded R = -3 the S-N curve has a distinctive
shape with a vertical branch above 200 MPa stress range. From the simulation results it
appears that for these loads the upper stress is constant at approximately 260 MPa while the
lower stress is negative. Assuming that only tensile loads contribute to the fatigue damage,
the endurable number of load cycles will not change, although the applied stress range is
increased. The third example (Figure 6-11, bottom) compares tensile loads (R = 0) on the as-
welded and stress-relieved specimens. With residual stresses the stresses at the weld toe
are shifted towards tension. For increasing loads the stresses for both residual stress
conditions converge and above 180 MPa they are the same with and without residual
stresses. This is in agreement with the S-N curves. For higher loads, as-welded and stress-
relieved results coincide while for small loads the stress-relieved specimens tend to fail later.

Overall, the results for the longitudinal stiffener show little scatter and where the results are
distributed linearly, they are well approximated by the linear regression curves. An exception
are the results of the stress-relieved R = -1 load ratio between 200 and 250 MPa. Here the
results do not seem to follow the straight line of the remaining results. This could be due to
the normal scatter in this kind of tests. But remarkably, it coincides with the load where,
according to the simulation, the weld toe begins to be affected by plastic strains. This is
indicated by a slightly changing slope in the upper and lower stresses, green curves in Figure
6-11 (centre, right).

Another remarkable S-N curve is the one for compressive loads R = -~ in as-welded
conditions (Figure 6-12). Here the specimens fail only between 160 and 195 MPa. From the
simulation results it appears that the upper stress decreases for loads greater than 100 MPa
and raises again above 220 MPa. Assuming that only the tensile part causes the fatigue
damage, the highest damage and thus shortest fatigue life should result when the lower
stress becomes compressive. At this point the tensile portion of the stress range would reach
a local maximum. In this case the simulation results at the weld toe agree only qualitatively
with the fatigue tests. Therefore, the simulation results are plotted also for the first two nodes
below the weld toe. Here the welding residual stresses result higher than on the surface and
the results correlate better with the fatigue tests.
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Figure 6-11: Crossing S-N curves and respective simulation results of the stresses at the weld toe
(same colours indicate same load ratio and residual stress condition).
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Figure 6-12: S-N diagram and respective simulation results at different depth below the weld toe for
compressive loads R = -« (as-welded).

For compressive loads (R = -<) the upper stress corresponds approximately to the residual
stresses, as no load is applied to the specimen except for boundary conditions. The
decreasing upper stress in Figure 6-12 (right) implies that residual stresses are reduced
under compressive loading, which was already shown by residual stress measurements in
section 5.4.2. This is also the reason for the constant upper stress and the vertical part of the
S-N curve for the as-welded R = -3 specimens (Figure 6-11). A reduction of the residual
stresses occurs when the von Mises stress exceeds the yield limit and plastic strains form.
Strains measured by DIC before, during and after applying a compressive load are plotted in
Figure 6-13. Under load the highest compressive strains occur at the weld toe and to the
sides of the stiffener. After unloading, compressive strains persist on the sides of the
stiffener. Also at the weld toe strains remain compressive. From the DIC measurements it
cannot be determined whether these are plastic strains or elastic strains caused by the
surrounding compressive field. Elastic compressive strains would reduce the tensile residual
stresses at the weld toe. Plastic compressive strains could cause tensile residual stresses
themselves.

Onominal = 0 MPa (N = O) Cnominal = -205 MPa (N = 1) i Orominal = 0 MPa (N = 1)

-25
[mm]

-0.25 -0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 0.25
strain in loading direction [%]

Figure 6-13: Strain measured by DIC at the end of the longitudinal stiffener before, during and after
applying a compressive load (Friedrich 2020).
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Information on the residual stress reduction is obtained from the simulations (Figure 6-14).
Before loading, residual stresses are tensile at the weld and compressive on the sides of the
specimen. Under load the highest compressive stresses occur on the edges of the specimen.
After loading the compressive residual stresses on the sides of the specimen and the tensile
residual stresses at the weld are reduced.

Onominal = =0M Pa

Onominal = =0 MPa
-390 -180

-285 -75 135 31 0
stress in loading direction [MPa]

-200 MPa (N

Ornominal =

Figure 6-14: Calculated stress (including residual stresses) at the end of the stiffener before, during
and after applying a compressive load

The calculated von Mises stress for three different compressive loads is plotted in Figure
6-15. The yield limit is exceeded first on the sides of the stiffener. Only for higher loads it is
reached at the weld toe. Looking at the stresses at the weld toe, blue curve in Figure 6-12
(right), the upper stress decreases for nominal stresses of more than 100 MPa. Here, plastic
strains start to occur on the sides of the specimen. The curve increases again for loads
exceeding 220 MPa, when plastic strains start at the weld toe (Figure 6-15, right).
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Figure 6-15: Calculated von Mises stress at the end of the stiffener under different compressive loads
(grey areas exceed the yield limit of 385 MPa).
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These stresses at the weld toe will influence crack initiation. But the residual stress influence
is also visible in the S-N diagram for crack propagation (Figure 6-16). For the stress-relieved
specimens the influence of the load ratio is clearly visible. In the as-welded condition crack
propagation seems to be independent of the applied load ratio, with exception of
compressive loads (R = -«). Crack lengths measured on as-welded specimens tested with
load ratios of R =0, R =-3 and R = -« at the same nominal stress range are compared in
Figure 6-17. For R = 0 and R = -3 the development of the crack is similar. For compressive
loads (R = -«) the crack length visible on the surface is initially comparable, as long as the
crack grows in front of the weld (Npropagaion < 150000). As it extends into the girder, crack
propagation is slower than for the other two load ratios.

350 @® R=0 (as-welded)
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Figure 6-16: S-N diagram for crack propagation for as-welded and stress-relieved longitudinal stiffener
specimens.
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Figure 6-17: Crack propagation determined by DIC on as-welded specimens tested with different load
ratios R (nominal stress range = 182 MPa) (Friedrich 2020).

This is in line with the simulation results in Figure 6-18. The plots show the stress including
welding residual stresses at different depths up to 3 mm below the weld toe. According to the
simulations the highest stresses do not occur at the surface but about 1 mm below the weld
toe. Up to a load range of 200 MPa, stresses between 1 and 3 mm are tensile independently
of the applied load ratio R. Thus, a crack should see similar stresses and grow similarly as
long as it is in front of the weld. When the crack leaves the weld and grows to the sides into
the girder, the crack tip is not located within this field of tensile residual stresses anymore
(compare Figure 6-14). Here the crack growth is slowed down in particular for R = -« as no
tensile load is applied. These considerations do not include residual stress redistribution due
to the propagating crack or actual crack tip opening.

Despite the fact that crack growth is accelerated by tensile residual stresses, from the S-N
diagram (Figure 6-16) it appears that the fastest crack growth is achieved on stress-relieved
specimens with tensile loading (R = 0). This S-N curve runs even lower than in the as-welded
condition. A reason could be the slightly higher distortions of the stress-relieved specimens.
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But, the distortion should affect also crack initiation. From the DIC measurements it appears
that the crack development is different for the as-welded and the stress-relieved specimens.
Exemplarily the crack development for a nominal stress range of 145 MPa at R = 0 is shown
in Figure 6-19. On the as-welded specimen the crack grows quickly to a length of about
18 mm at which it covers the entire front of the weld. Then the crack length increases only
slowly and the crack tip stays at the weld toe, before leaving the weld and advancing into the
girder (Npropagaion > 300 000). On the stress-relieved specimen, initially the crack grows
slower, but it proceeds steadily from the weld into the girder. In the end the crack
propagation phase is shorter than on the as-welded specimen. A similar development of the
crack length was observed also on other specimens tested at different stress ranges and a
load ratio of R = 0.
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Figure 6-18: Upper and lower stresses at different depths below the weld toe calculated for the
longitudinal stiffener model with residual stresses.
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Figure 6-19: Crack propagation determined by DIC on an as-welded and a stress-relieved specimen
under tensile loading R = 0 (nominal stress range = 145 MPa) (Friedrich 2020).

The test results presented in chapter 65.2 has been published by the author of this thesis in
(Friedrich 2020).
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6.3 Equivalent stress ratio

In these tests stress-relieved specimens are loaded with equivalent forces to obtain the same
stresses and stress ratios at the weld toe as on the as-welded specimens. The necessary
loads have been determined using the numerical simulations as described in section 5.5.
The results will allow to compare the influence of welding residual stresses determined on
the specimen surface to that of elevated stress ratios. Furthermore, the tests serve to verify if
the residual stresses determined by the applied simulation approach are suitable to assess
the residual stress influence on fatigue.

6.3.1 K-butt weld

The results of the fatigue tests with equivalent stress ratios are compared to the results from
the as-welded specimens in Figure 6-20. The S-N diagram shows the number of load cycles
for total fatigue life of the specimens. Overall, the results of the tests with equivalent loads
are in good agreement with the as-welded specimens. For alternating loads (R = -1) at high
stress ranges the number of load cycles is underestimated using the equivalent loads.
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Figure 6-20: S-N diagram for total fatigue life for as-welded specimens and stress-relieved specimens
with equivalent loads resulting in the same stresses at the weld toe (» symbol for run-out).

The S-N diagram for the initiation of macroscopic cracks is plotted in Figure 6-21. The results
obtained with the equivalent loads are again in agreement with the as-welded specimens.
Both test series show the same distribution of the different load ratios. Single tests show
larger discrepancies from the as-welded results. This may be caused by the determination of
crack initiation which adds more sources of imprecision compared to the results for total
fatigue life.

The resulting S-N diagram for crack propagation is plotted in Figure 6-22. The crack
propagation phase for the equivalent loads are shorter than on the as-welded specimens,
especially for low load ratios (R = -3 and R = -«) but also for R = -1 at high stress ranges.

Overall, it was possible to reproduce the results of the as-welded specimens using the
equivalent loads determined from the numerical simulations. While for crack initiation the
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numbers of load cycles agree with the as-welded specimens, crack propagation phase is
underestimated using the equivalent loads. This indicates that the tensile residual stresses
determined on the surface affect crack initiation, but are higher than those acting during
crack propagation. Thus, the stress ratio is not constant over the duration of the fatigue tests.
The difference in the crack propagation increases for lower load ratios. Here the shift towards
tension from the regular loads to the equivalent loads is particularly high, compare Figure
5-28. In the final result for total fatigue life the error from the underestimated crack
propagation phase is however relatively small.
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Figure 6-21: S-N diagram for crack initiation for as-welded specimens and stress-relieved specimens
with equivalent loads resulting in the same stresses at the weld toe (K-butt weld).
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Figure 6-22: S-N diagram for crack propagation for as-welded specimens and stress-relieved
specimens with equivalent loads resulting in the same stresses at the weld toe (K-butt weld).
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6.3.2 Longitudinal stiffener

The results of the fatigue tests with equivalent loads on stress-relieved longitudinal stiffeners
are compared to the as-welded results in Figure 6-23. The resulting numbers of load cycles
are in good agreement with the as-welded specimens. For R = -3 the characteristic kink at
200 MPa is reproduced. For compressive loads (R = -«) the numbers of load cycles do not
coincide exactly. However, the results show qualitative agreement as the specimens failed
only between 164 and 200 MPa with run-outs below and above these values.

350 -
300 |

N
0
o

@® R=0(as-welded) |[: i :
A R=-1(as-welded) e AN
R = -3 (as-welded) [ N iamol o

B R=-00(as-welded) | "
@ R =0 (equivalent) N
A R=-1 (equivalent) |.: :
.

n]

: : : \ ..... ...

100

nominal stress range [MPa]
o
o
[

R = -3 (equivalent) ..........
R =-cc (equivalent) | : :
*FAT 71 (k = 3) :

50 :
10% 10° 10° 107
load cycles Ntot

al

Figure 6-23: S-N diagram for total fatigue life for as-welded specimens and stress-relieved specimens
with equivalent loads resulting in the same stresses at the weld toe (» symbol for run-out).

Seven of the stress-relieved specimens used in the equivalent load tests were made of base
material from a different charge than the rest of the longitudinal stiffener specimens. For
these specimens the material of the K-butt weld specimens was used. The steels were of
type S355J2C+N and S355J2+N. Yield strength was 394 MPa for the K-butt weld and 370
MPa for the longitudinal stiffeners. Compared to the other longitudinal stiffeners the distortion
of these specimens was smaller, also after stress-relieving. The specimens also showed a
more abrupt rupture of the specimen at the end of the tests. These differences might be
caused by the less pronounced Liders plateau, compare Figure 3-11 and Figure 3-14. The
specimens were distributed on three different load ratios. No systematic difference in the
fatigue test results was observed compared to the other specimens.

The S-N diagram for crack initiation is shown in Figure 6-24. Overall, the results for the
equivalent loads agree with the as-welded. For tensile loads (R = 0) the number of load
cycles is overestimated slightly. Also for compressive loads (R = -~) the crack initiation
phase is longer than on the as-welded specimens.
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Figure 6-24: S-N diagram for crack initiation for as-welded specimens and stress-relieved specimens
with equivalent loads resulting in the same stresses at the weld toe (longitudinal stiffener).

The S-N diagram for crack propagation is plotted in Figure 6-25. The results of the as-welded
specimens are reproduced by the equivalent loads. For R = 0 crack propagation periods are
slightly underestimated. For R = -~ the results show a narrow distribution, close to the as-
welded results. For R = -3 the equivalent loads produce a vertical branch above 200 MPa as
for crack initiation. This is not the case for crack propagation of the as-welded specimens.
The equivalent forces are calculated to reproduce the stresses on the surface, at the weld
toe. Since for R = -3 the upper stress is constant for load ranges above 200 MPa, also the
upper equivalent forces are constant (Figure 5-29). Consequently, with the equivalent loads,
crack initiation and propagation result in a constant number of load cycles for load ranges
exceeding 200 MPa. On the as-welded specimens the constant upper stress at the surface
leads to the vertical distribution of the test results for crack initiation. According to the
simulations, some millimetres below the weld toe the tensile portion of the stress range still
increases when the applied load range is above 200 MPa (Figure 6-18). Therefore the S-N
curve for crack propagation for R = -3 in as-welded conditions results linear.
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Figure 6-25: S-N diagram for crack propagation for as-welded specimens and stress-relieved
specimens with equivalent loads resulting in the same stresses at the weld toe (longitudinal stiffener).

Overall, the results for the equivalent loads and the as-welded specimens are in agreement
for crack initiation and crack propagation. This indicates that on the longitudinal stiffeners
crack propagation is influenced by residual stresses of a similar magnitude as the residual
stresses at the weld toe.
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7 Approach to consider welding residual stresses

In chapter 6 a correlation between the stresses at the weld toe obtained from the numerical
simulations and the fatigue test results was found. The crossing of the calculated stresses
depending on the applied load coincides with the crossing of the S-N curves. The different
slopes of the S-N curves could be explained considering the tensile portion of the calculated
stress ranges. Furthermore, the calculated stresses were used to determine equivalent loads
applied on stress-relieved specimens to reproduce the as-welded fatigue test results.

It was found that the residual stress influence on crack initiation and propagation is different
for the K-butt weld and longitudinal stiffener specimens. On the longitudinal stiffeners tensile
residual stresses affect crack initiation and propagation. On the K-butt weld the tensile
residual stresses determined at the weld toe affect crack initiation but are higher than those
influencing crack propagation. Nevertheless, the number of load cycles for total fatigue life
could be reproduced for both specimen geometries using the equivalent forces based on the
stresses calculated at the weld toe.

The simulation results help to understand and interpret the experimental results. The
agreement between simulation and experimental results also confirms the validity of the
applied simulation approach. Furthermore, it indicates that the simulation results should be
suitable to predict the influence of welding residual stresses and load ratios on fatigue.

On this basis, an approach is developed that uses the results of the welding simulations to
predict S-N curves considering the influence of welding residual stresses and the applied
load ratio. The approach consists in calculating the welding residual stresses at the weld
using numerical welding simulations as described in chapter 2. Then, the stresses at the
weld toe, with and without residual stresses, are calculated for different load ranges and
ratios, compare section 5.3. The S-N curve for a defined load ratio and residual stress
condition (e.g. R = 0, as-welded) is determined in fatigue tests. Using the simulation results
the S-N curve is transferred from nominal stress range to the stress range at the weld toe.
The stress ratio at the weld toe is considered through a correction factor. For the target load
ratio and residual stress condition, for which the S-N curve will be predicted, the stresses at
the weld toe are calculated. Based on these stresses and the previously determined S-N
curve for stresses at the weld toe the endurable number of load cycles is determined. From
these numbers of load cycles the predicted S-N curve for nominal stress is formed.

In the following the single steps of the approach are described exemplarily for the K-butt weld
specimens. In the example, the fatigue test results for a load ratio of R = 0 in as-welded
conditions are used to predict the S-N curve for R = -3 in stress-relieved conditions.

1. Welding residual stresses are calculated with the simulation approach presented in
chapter 2. Alternatively, other validated and suitable simulation approaches could be
adopted. A necessary requirement is that after the welding simulation also the loading
can be simulated.

2. Loading is simulated to calculate the stresses at the weld toe as described in section
5.3. The loads should reflect the actual loading conditions. In the example of the K-butt
weld specimen, axial forces and the boundary conditions as in the testing machine are
applied. The different load ratios are simulated with and without residual stresses to
determine the upper and lower stresses at the weld toe depending on the applied
nominal stress range (Figure 7-1).



114 7 Approach to consider welding residual stresses

= R=0 R=-1 R=-3 R =-00
o

= 400 —

© 7 g /

2 200 = = s —— ?LN -

3 N " =~

2 0 ~ N

g \ \ \ -

= -200 - N A

g m—— with residual stresses \ \

@ 400 H ™= without residual sttresses ~

iz 0 200 400 O 200 400 O 200 400 0 200 400

nominal stress range [MPa]

Figure 7-1: Calculated upper, lower and mean (dashed) stresses at the weld toe for different load
ratios R (K-butt weld).

3. The S-N curve for a defined load ratio and residual stress condition, here R =0 and as-
welded, is determined (Figure 7-2).
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Figure 7-2: Fatigue test results for K-butt weld specimens.

4. Using the simulation results, the nominal stress range is transformed to the stress range
at the weld toe including a factor to consider the stress ratio at the weld toe Ry (Figure
7-3). For each nominal stress range applied in the fatigue tests the upper and lower
stress at the weld toe is read out from the simulation results. The stress ratio Ry is
determined and used to determine the following correction factor:

f(Ris) = -0.8 - Rig + 0.8 for Rig < -1
f(Rie) = -0.4 - Reo + 1.2 for -1 < Re < 0.5 7.1)
f(Rtoe) =1 for Rtoe >0.5

For Rye > -1 the factor corresponds to the enhancement factor for stress ratio in the case
of “low residual stresses” according to the IIW recommendations (Hobbacher 2016),
where it is used to adapt the design S-N curves valid for R = 0,5 to other stress ratios.
Here, the correction factor according to equation (7.1) is used to weight the stress range
at the weld toe so that for decreasing stress ratios the stress range is considered only
partially effective. Therefore, the stress range is divided by the correction factor:

Aoy
AO—effect:ive - m (72)
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For Rie < -1 the slope of the function defining the factor is doubled. In this way it is taken
into account that the compressive portion of the stress range contributes less to the
fatigue damage. The effective stress ranges, including the correction factor, are plotted
in the S-N diagram at the number of load cycles of the corresponding nominal stress
range (Figure 7-3, left). The values are approximated by linear regression in the double
logarithmic S-N diagram.
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Figure 7-3: Fatigue test results transferred from nominal stress to effective stress considering the
stress ratio at the weld toe through the correction factor defined in equation (7.1).

5.  From the simulation results for the target S-N curve, here R = -3 and stress-relieved, the
stresses at the weld toe are determined for a number of supporting points (Figure 7-4).
The stress ranges are corrected by the factor according to equation (7.1) and allocated
on the linear regression curve in the S-N diagram. The supporting points are chosen at
the same loads that were used for the simulations, with an increment of the nominal
stress range of 18 MPa corresponding to an increment of the applied force range of
10 kN.
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Figure 7-4: For a set of supporting points the effective stress range is determined considering the
stress ratio at the weld toe through the correction factor defined in equation (7.1) and it is allocated on
the previously defined linear regression curve in the S-N diagram.

6. The points in the S-N diagram are transformed from effective stress range to nominal
stress range (Figure 7-5). The nominal stress range is that of the supporting points in
Figure 7-4 and thus known. The resulting points form the target S-N curve and can again
be approximated by a linear regression.
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Figure 7-5: The target S-N curve (R = -3, stress-relieved) is transformed from effective to nominal
stress range, which is known for the supporting points in Figure 7-4.

7. Steps 5 and 6 are repeated for other load ratios and residual stress conditions to predict
the S-N curves.



7.1 K-butt weld 117

The approach is summarized in Figure 7-6.

[ 1. Welding simulation ]

Y

[ 2. Calculate stresses at the weld toe under loading ]

and residual stress condition

Y

4. Transfer S-N curve to effective stress range at the weld toe
considering the stress ratio at the weld toe

[3. Determine S-N curve for a defined load ratio]

5. Determine effective stress ranges at the weld toe for target S-N
curve and correspondent number of load cycles from (4.)

Y

[ 6. Transfer predicted S-N curve to nominal stress range ]

[ 7. Repeat (5.) and (6.) for further load ratios and ]
residual stress conditions

Figure 7-6: Approach to predict S-N curves for different load ratios and residual stress conditions.

7.1 K-butt weld

The resulting S-N curves for the K-butt weld are plotted in Figure 7-7. All predicted results
are based on the S-N curve for tensile loads (R = 0) in as-welded conditions. On the as-
welded specimens the load ratio has only little influence on the resulting S-N curves.
Nevertheless, the differences in the test results are recognizable also in the predicted curves.
For R = 0 the prediction is in good agreement with the test results. This was expectable since
these tests are the base for all predicted curves. For R = -1 the prediction lies between the
results for R=0 and R = -3, as in the test results, but the prediction does not present the
relatively steep slope of the R = -1 tests. For R = -3 the prediction matches the test results,
except for high stress ranges. For R = -~ the prediction reflects the relatively steep slope and
lies close to the test results. At 220 MPa the predicted curve bends upwards. Here the
calculated stress ratio at the weld toe becomes lower than Ry, = -1 and the slope used to
calculate the correction factor according to equation (7.1) increases.

In the stress-relieved condition the influence of the load ratio is more distinct and this is
represented also in the predicted curves. For R = 0 the prediction agrees with the tests. For
low stress ranges the results lie slightly above the as-welded condition, which is in
agreement with the test results. For R = -1 and R = -3 the prediction matches the test results,
although the slope is too steep.
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Figure 7-7: Fatigue test results and prediction based on R = 0 (as-welded) for as-welded (top) and
stress-relieved (bottom) K-butt weld specimens (» symbol for run-out).

7.2 Longitudinal stiffener

The S-N curves for the longitudinal stiffener are predicted in the same way. Starting from the
(longitudinal stiffener) fatigue test results for R = 0 in as-welded conditions and using the
simulation results for the different load ratios (Figure 5-22). The resulting S-N curves are
compared to the fatigue test results in Figure 7-8. For the as-welded condition with load
ratios of R = 0 and R = -1 the predictions are in good agreement with the test results, with the
values for R = -1 slightly above R = 0. For R = -3 the transition into the vertical part of the
S-N curve is predicted at a higher stress range than in the fatigue tests. For R = -~ the
agreement is qualitative. The predicted curve shows a distinctive Z-shape. A local minimum
in the number of load cycles is predicted for a stress range of 140 MPa. Although the
prediction does not coincide exactly with the test results, the shape of the curve matches the
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observation that the specimens failed only between 160 and 195 MPa and ran out below and
above these values.

For the stress-relieved specimens, predictions and test results show a higher influence of the
applied load ratio. For R = 0 the prediction matches the test results: for high stress ranges
the values correspond to the as-welded condition, while for low stress ranges the stress-
relieved results lie slightly more to the right. For R = -1 and R = -3 the predictions are close to
the test results at high stress ranges. The slope is slightly steeper and for lower stress
ranges the endurable number of load cycles is underestimated. For R = -~ the prediction
shows failures for loads above 250 MPa. These would be caused by tensile residual stresses
resulting from compressive loads exceeding the yield limit (compare Figure 5-22). Only one
specimen was tested, at 309 MPa, resulting in a run-out.
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Figure 7-8: Fatigue test results and prediction based on R = 0 (as-welded) for as-welded (top) and
stress-relieved longitudinal stiffener specimens (» symbol for run-out).
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8 Discussion

The influence of welding residual stresses on fatigue was investigated using numerical
simulations and experimental tests to develop an approach to predict the influence of welding
residual stresses on fatigue.

A numerical welding simulation approach using a prescribed temperature heat source was
described and the influence of various simulation parameters on the resulting residual
stresses was assessed. The simulations were used to design small-scale specimens
containing a multilayer K-butt weld with tensile transversal residual stresses at the weld toe.
Residual stresses were measured using X-ray diffraction and hole drilling on this specimen
geometry and on longitudinal stiffener specimens. Fatigue tests were conducted in which,
besides the total fatigue life, the initiation of macroscopic cracks and the following crack
propagation were detected using DIC. Including the loads from the tests in the numerical
simulations a correlation between the fatigue test results and the calculated stresses was
found. Based on these findings an approach to consider the influence of welding residual
stresses in fatigue analysis was developed.

The numerical welding simulations were used to calculate residual stresses after welding.
They form the base of the proposed approach to include welding residual stresses in fatigue
assessments. For this reason the simulations should work without experimental calibration
and a simple prescribed temperature heat source was chosen. The simulated temperature
distributions in the weld will therefore not be realistic. The parameter study showed that the
resulting residual stresses are influenced only little by the selected simulation parameters.
Simulations with a double ellipsoid Goldak heat source, calibrated with temperature
measurements and macrographs, did not yield much different or more accurate results for
the investigated geometries (results included in appendix 12.2). The experimental
investigations showed that the results obtained with the simplified simulation are suitable for
fatigue assessments. However, residual stresses within the plate or weld have not been
verified. Furthermore this thesis focused on arc welding (MAG) of mild steel (S355) and the
simulation procedure should not be applied for other welding processes or materials with
significantly different properties without further validation.

On the longitudinal stiffener model an unrealistic peak on the first element in front of the weld
occurred in the calculated residual stresses. A variation of the element size in front and
inside the weld, different heat sources or radii at the weld toe did not eliminate this error.
Results close to the weld are influenced by the temperature distribution around the heat
source, phase transformation and element activation after being reached by the heat source.
Furthermore, the sharp notch at the weld toe represents a singularity in the FE model which
will lead to unrealistic results. Stresses directly at the weld toe should therefore be assessed
with caution. X-ray diffraction measurements at the longitudinal stiffener indicated that
transversal residual stresses decrease towards the weld toe. Despite the peak at the first
node, this can also be observed in the simulation results. However, the values calculated at
the weld toe are in the same magnitude as the maximum in front of the weld and could thus
be interpreted as a conservative approximation. Alternatively, stresses could be determined
at a node in front or below the weld toe. But considering the steep gradients the result would
be arbitrary and not necessarily more correct. The error due to the singularity at the weld toe
is relativized since all simulations, with and without residual stresses, are performed on the
same geometry and mesh. In the final approach the stresses at the weld toe are not used as
absolute values but as comparative values for the different load cases. Although this
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pragmatic procedure was suitable for the investigated specimens and FE models, further
verifications are necessary to ensure the general validity of the approach and transferability
to other geometries.

It was shown that the general assumption that small-scale specimens do not contain
substantial residual stresses is too simplified. They may contain relatively high tensile
residual stresses also without any external constraint. However, for transversal welds (e.g.
cruciform joint, butt weld) the maximum may be located in front of the weld and not have a
noticeable effect on fatigue. By modifying the weld pass sequence, transversal residual
stresses at the weld toe can significantly be increased. In the presented investigations this
was used to produce test specimens which presented a clear residual stress influence on
fatigue. On the other hand, it shows that in practice the weld pass sequence can have a
significant and possibly undesired influence on residual stresses and strength properties.

In the fatigue tests DIC was used to detect macroscopic crack initiation and monitor crack
propagation. Over visual inspection this procedure offers the advantage that the
measurements are automated and the data is saved for post processing. Compared to other
methods that measure a certain physical quantity from which crack initiation is derived, e.g.
strain gauges, it offers the advantage that the crack is visualised. In this way the location and
number of cracks can be determined and their development over time can be tracked. Crack
initiation was defined relatively coarse at a length of 2 mm. This length could reliably be
determined. The detected length depends on the threshold value of strain above which a
crack is assumed. A value of 1% was used which was in agreement with the beach marks.
On some specimens elevated strains were observed before exceeding the threshold value. A
lower value, e.g. 0.5%, would lead to an earlier crack detection. Though, the overall result
would not change significantly.

The correlation between the calculated stresses and the fatigue test results, i.e. the crossing
points of the stresses at the weld toe and of the S-N curves, indicates the validity of the
numerical results. The agreement was not exact for every case, but considering the scatter in
the measured residual stresses and in the fatigue tests, the agreement was remarkable. This
allowed to use the simulations to analyse and understand the test results in a way that would
not have been possible only by measurements.

In the fatigue tests the residual stress influence resulted different for both investigated
geometries. On the K-butt weld specimens residual stresses affected mainly crack initiation.
However, also crack propagation showed differences. The as-welded specimens usually
showed a single crack while on the stress-relieved specimens multiple cracks formed. The
duration of the crack propagation phase resulted similar in the end. On the longitudinal
stiffener specimens residual stresses influenced the duration of both crack initiation and
propagation. Haigh diagrams for crack initiation, propagation and total fatigue life, showing
the mean stress sensitivity and thus the residual stress influence for both weld geometries,
are included in appendix 12.3.

In the tests with equivalent stress ratios the as-welded results were reproduced based on the
stresses from the numerical simulations. This confirmed the validity of the applied simulation
approach. Furthermore, the tests confirmed the findings on the different residual stress
influence on crack initiation and propagation for both specimen geometries. The tests also
showed the different influence of welding residual stresses compared to elevated mean
stresses. On the K-butt weld specimens, where residual stresses affected mainly the crack
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initiation, applying the high tensile stresses from the weld toe resulted in a shorter crack
propagation phase compared to the as-welded tests. On the longitudinal stiffeners, crack
initiation and propagation were in agreement with the as-welded results since tensile residual
stresses affected both phases. However, the results for total fatigue life were in good
agreement with the as-welded tests for both specimen geometries.

In the developed approach to include welding residual stresses in fatigue analysis, the stress
ratio at the weld toe is taken into account by a correction factor. For Ry > -1 the factor is
based on the IIW recommendations. For lower stress ratios the curve describing the factor is
continued with a different slope (Figure 7-4). Thus, the curve has a kink at Ry, = -1 which
implicates that stress ratios below this value are less damaging. Theoretically, such nonlinear
behaviour could be expected at Ry, = 0, where the stress range changes from fully tensile to
partly compressive. The slope and the stress ratio, where the correction factor changes,
were determined iteratively to achieve the best agreement between the predicted and the
experimental S-N curves. The change of slope causes a nonlinear shape of the predicted S-
N curves. This is necessary to predict the vertical branch of the R= -3 (as-welded)
longitudinal stiffener results. For these specimens the stress ratio at the weld toe reaches a
value of Ry. = -1 at a nominal stress range of approximately 250 MPa (Figure 5-22). For
higher load ranges, the von Mises stress reaches the yield limit and plastification occurs at
the weld toe. As mentioned above, the stresses calculated at the notch of the weld toe do not
represent correct absolute values. Nevertheless, the observed plastifications could explain
the nonlinear behaviour when the loads reach these values. However, for most of the
investigated combinations of residual stresses and load ratios, the stress ratio at the weld toe
does not cross the value of Ry, = -1. In the majority of cases stress ratios lie above or below
this value for all applied nominal stress ranges (compare Figure 5-21 and Figure 5-22). A
similar factor was proposed by Hensel et al. (2017) in an approach based on effective mean
stresses determined by the nominal mean stress and estimated stabilised residual stresses.

The developed approach allows to predict S-N curves for different load ratios and residual
stress conditions based on numerical simulations and the S-N curve for a defined load ratio.
If no experimental data for the specific geometry is available also a design S-N curve, e.g.
FAT class according to IIW, could be used instead. Since these curves are established for
high probabilities of survival also the predicted curves should be conservative.
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9 Conclusions

Numerical welding simulations were successfully applied to investigate welding residual
stresses and their influence on fatigue. Although a simple prescribed temperature heat
source was used in the simulations, the calculated residual stresses lay within the scatter of
the measurements. The correlation between the fatigue tests and the numerical simulations
confirmed the validity of the results. Crossing points and different slopes of the S-N curves
could be explained by the calculated stresses at the weld toe. Furthermore, the calculated
stresses were applied to perform fatigue tests on stress-relieved specimens with the
equivalent stress ratios of the as-welded specimens. Overall, numerical welding simulations
offer a practical and profitable addition to experimental techniques for research involving
welding residual stresses.

Small-scale specimens without structural constraints may present considerable tensile
welding residual stresses. These are preserved also after cutting orthogonal to the weld to
produce test specimens of reduced width. Depending on the weld pass sequence, tensile
transversal residual stresses can form at the weld toe of cruciform joints or K-butt welds and
thus have a relevant influence on fatigue. This might be used for experimental investigations,
but have undesired effects for other applications.

The presented procedure using DIC allows to detect the initiation of macroscopic cracks and
monitor crack propagation in fatigue tests. It is applicable on resonance testing machines
and welded specimens.

The influence of welding residual stresses on fatigue depends on the weld geometry.
Residual stresses affected crack initiation and propagation differently for both investigated
geometries. On the K-butt weld specimens residual stresses affected mainly crack initiation.
On the longitudinal stiffener specimens residual stresses influenced both crack initiation and
propagation. Overall, this differentiated effect on crack initiation and propagation
distinguishes the influence of residual stresses on fatigue from that of mean stresses.

Despite this different influence on crack initiation and propagation, it is possible to assess the
residual stress influence based on the stresses at the weld toe. For the investigated K-butt
weld the tensile residual stresses from the weld toe resulted in an underestimation of the
crack propagation phase. On the longitudinal stiffener, according to the simulations residual
stress some millimetres below the weld toe are in the same magnitude as on the surface and
thus affect also crack propagation. For both geometries, assuming the stresses from the
weld toe as effective through crack initiation and propagation, resulted in only a small error in
total fatigue life.

The presented approach allows to predict S-N curves for different welding residual stress
conditions and load ratios R based on numerical simulations without residual stress
measurements. In this way it allows to consider the influence of welding residual stresses in
fatigue analysis. In research involving fatigue tests the approach could be used to assess if
results are affected by welding residual stresses and stress-relieve treatments or costly
residual stress measurements might be required. In fatigue design it could help to possibly
take advantage of low stress ratios in welded structures.
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10 Outlook

The presented numerical and experimental investigations contribute to the knowledge about
residual stresses and fatigue. The proposed approach offers a new and practical utilisation
for numerical welding simulations. From this, possible future works might be derived.

The proposed simulation approach with a prescribed temperature heat source does not take
into account the actual welding energy input. The approach was applied here for hand, metal
active gas welding. It has to be verified if this procedure is applicable for variations of heat
input or different welding processes. Furthermore, the application to high strength steels may
be investigated as residual stresses might result more relevant.

On the cruciform joint models a decrease of the transversal residual stresses towards the
weld toe was observed. This is often attributed to phase transformation. But the simulations
showed this occurs also without phase transformation. This indicates that the decrease might
in part be caused by geometrical or heat distribution effects which might be studied. On the
longitudinal stiffener the stress evaluation at the weld toe resulted problematic. Stresses
were read out directly at the weld toe, in the notch, which is not completely correct because
of the singularity and the unrealistic residual stress distribution at this location. It should be
verified how this might be improved, what restrictions apply to the mesh size and exact
modelling of the weld toe.

To make practical use of the developed approach to consider welding residual stresses in
fatigue analysis the general reliability of the numerical welding simulations should be verified.
The requirements and quality criteria for the simulations have to be defined in detail, possibly
by adopting existing standards on the execution and validation of numerical welding
simulations or by defining a specific guideline and requirements. Furthermore, it would have
to be verified how the approach may be adopted within the framework of current standards
and regulations on fatigue design.

The presented fatigue tests were performed with constant amplitude loading. As shown,
residual stresses may be altered under loading. Variable amplitude loading, as it occurs in
many real applications, will probably have an impact on the residual stress influence on
fatigue. This may also include static preloads. Exemplarily a longitudinal stiffener specimen
was tested after preloading with a tensile force (appendix 12.4). The specimen showed a
prolonged fatigue life compared to the as-welded specimens. Further investigations might
verify if this behaviour is reproducible in the simulations and if the presented approach is
adoptable for variable amplitude loading.

The fatigue tests focused on small-scale specimens without external constraints. In large
structures constraints will affect residual stresses and possibly their influence on fatigue. This
might be investigated by large-scale experimental tests or numerical simulations to verify
how the presented approach is applicable to larger structures.

The adopted procedure using DIC to monitor cracks allowed to determine the initiation of
macroscopic cracks. To improve the comparability of the results and the applicability of the
procedure it should be further developed. This might include a systematic study of the strain-
threshold value defining cracks, the detectable crack length assumed as crack initiation or
the comparison with alternative methods such as strain gauges.
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12.1 Variation of the number of weld passes
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10 passes 18 passes
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Figure 12-1: Variation of the number of weld passes for three plate thicknesses (last weld pass
marked red).
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Figure 12-2: Calculated transversal residual stress depending on the number of weld passes for
different plate thicknesses t (compare Figure 12-1).
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12.2 Simulations with calibrated double ellipsoid heat source

12.2.1 K-butt weld
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Figure 12-3: Comparison of temperatures from measurements (thermocouples T1-T3 at different
distances from the weld toe) and simulation with calibrated double ellipsoid heat source (right: detail of
the temperature peak at the fourth weld pass) (Friedrich and Ehlers 2019a).
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Figure 12-4: Comparison of a macrograph of the weld (left) and maximum temperatures calculated
with the calibrated heat source (right) (Friedrich and Ehlers 2019a).



12.2 Simulations with calibrated double ellipsoid heat source 133
top =—©— simulation-1
=== simulation-2
250g . .
simulation-3
200 === simulation-4
T ' ==& simulation-5
% 150 calibrated heat source
§ ';' == == yniform temperature transversal
§ o (to the weld)
2@
£S
i)
o
bottom
300ﬂ =——©— simulation-1
¥\ == simulation-2
250 %40 simulation-3
- &%\ === simulation-4
% 2006 3 —=f— simulation-5
& = \ calibrated heat source o
g % 150 3 = = :uniform temperature Q'a\
2 43 o | ] X-ray
c — 100 = O  hole drilling
3 S
2 50 o M
o transversal
0 (to the weld)
50—
0 5 10 15 20

distance from weld toe [mm]

Figure 12-5: Transversal residual stress calculated with a calibrated heat source and applying a
uniform prescribed temperature to the weld cross-section (simulation 1-5 refers to specimen numbers
according to Figure 3-10) (Friedrich and Ehlers 2019a).
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Figure 12-6: Longitudinal residual stress calculated with a calibrated heat source and applying a
uniform prescribed temperature to the weld cross-section (simulation 1-5 refers to specimen numbers
according to Figure 3-10) (Friedrich and Ehlers 2019a).
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12.2.2 Longitudinal stiffener
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Figure 12-7: Comparison of temperatures from measurements (thermocouples T7-T9 at different
distances from the weld toe) and simulation with calibrated double ellipsoid heat source (right: detail of
the temperature peak).
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Figure 12-8: Comparison of macrographs of the weld (top) and maximum temperatures calculated with
the calibrated heat source (bottom) on the cross-section (left) and at the end of the stiffener (right).
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Figure 12-9: Residual stress calculated with a calibrated heat source and applying a uniform
prescribed temperature to the weld cross-section.
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12.3 Haigh diagrams
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Figure 12-10: Haigh diagram for reference stress range Aoy at N,,.,; = 2 - 10° load cycles (Table 6-1
and Table 6-4).
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Figure 12-11: Haigh diagram for reference stress range Aoy at Nijiqrion = 2+ 10° load cycles (Table
6-2 and Table 6-5).
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Figure 12-12: Haigh diagram for reference stress range Aoy at Ny, opagation = 2 10° load cycles (Table
6-3 and Table 6-6).
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12.4 Preloaded longitudinal stiffener
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Figure 12-13: Fatigue test result for a preloaded longitudinal stiffener specimen.



