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Abstract
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This thesis uses nominal and notch stress concepts to evaluate the fatigue strength of load-
carrying fillet welded joints (LCFWJs) made of high-strength steel. The study
investigates the effect of different reference radii on fatigue strength assessments and, to
enhance the accuracy of FAT recommendation for joints made of thin plates, proposes an
alternative FAT class with a revised slope. The notch stress method is found to be reliable
in assessing LCFWJs’ fatigue strength.

Moreover, to reduce scatter value when evaluating welded joints, the 4R method is
employed to compare with various assessment techniques, including nominal stress,
effective notch stress (ENS), hypothesis of effective equivalent stress ( EES), and theory
of critical distance (TCD) methods. The results confirm the 4R method’s applicability for
assessing the welded joints. Indeed, this study shows that altering the reference radius
does not enhance the 4R method's effectiveness in reducing the scatter band.
Furthermore, in terms of achieving this, TCD might offer a reasonable method for
evaluating the weld root fatigue strength of the joints.

Additionally, when assessing the fatigue strength of LCFWJs using the 4R method, the
lack of information regarding residual stresses at the weld root represents the primary
obstacle to overcome. These residual stresses are an essential parameter in the 4R method
and need to be accurately determined or, if this is not possible, at least roughly estimated
in terms of direction and magnitude. As a result, welding simulation becomes necessary
to overcome this challenge and gain insights into the effects of residual stresses on the
joints’ fatigue strength. The thesis uses finite element modeling (FEM) and experimental
measurements to determine the deformation and residual stress induced during the
welding process. To this aim, FEMs and experiments are performed to analyze the
influence of plate thickness and welding sequence on welding deformation. In doing so,
the study reasonably predicts the influence of welding consequences on the structure and
recommends employing FEM to determine the residual stresses. These outcomes can
subsequently serve as input for evaluating the fatigue strength of joints using techniques
like the 4R method. Furthermore, implementing FEM in this manner can lead to reduced
experimental expenses and time savings.

Keywords: welded joints, ultra-high-strength steel, notch stress, fatigue, simulation
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Nomenclature

Latin alphabet

Aeff

Fﬁoca

I'ref

N N< X

weld throat thickness (without penetration)
effective weld throat thickness (with penetration)
Young’s modulus

emissivity

yield strength of material

front heat apportionment of heat flux

rear heat apportionment of heat flux
strength coefficient

heat transfer coefficient

negative inverse slope

fatigue notch factor

elastic stress concentration factor

multiplication factor foe finding a design curveRat 97.7%.

leg length

fatigue life

slope of a curve in a log-log plot

strain hardening exponent

survival probability

penetration depth

power input

volumetric heat flux density at the maximum level
inherent convection

radiation

rear power density distributions of the heat flux
front power density distributions of the heat flux
stress ratio

local stress ratio

ultimate tensile strength

reference radius

radius of the upper cone

radius of the lower cone

local surface temperature

room temperature

scatter ratio

plate thickness

transient time

x-coordinate

y-coordinate

z-coordinate

upper length of the cone

Unit

cycles
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mm

notch stress-based fatigue strength assessment method

Z lower length of the cone
Greek alphabet
é range
0 strain
B true strain
Q elastic strain
Q plastic strain
welding efficiency
flank angle
Poisson’s ratio
v* welding velocity
! actual notch radius
1 stress
& true stress
¥ Stefan—Boltzmann constant
3 bending moment
X notch stress
h axial force
i nominal stress
k reference fatigue strength
Jes residuaktress
hw stress in a weld throat
i shear stress
Subscripts
avg average
char characteristic
max maximum
mean mean value
min minimum
Abbreviations
2D two-dimensional
3D three-dimensional
4R
ANOVA Analysis of Variance
AW as welded
DOE design of experiment

MPa
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FAT
FEA
FEM
FFS
GMAW
HAZ
HSS
nw
LCFWJs
MSSPD
p-value
R-O
SCF
TCD
TIG
Stdv
SWT

fatigue strength corresponding to two million cycles
finite element analysis
finite element model
Fossil-Free Steels
gas metal arc welding
heat-affected zone
high-strength steel
International Institute of Welding
load-carrying fillet-welded joints
minimization of sum of squared perpendicular distances
hypothesis testing in ANOVA
Ramberg-Osgood
stress concentration factor
theory of critical distance
tungsten inert gas
standard deviation
Smith—Watson—Topper
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1 Introduction

1.1 Background and motivation

World trade has consistently witnessed the considerable influence of steel on competitive
construction and machinery markets due to its economic profitability, high structural
performance, environment-friendly features, and sustainability. Steel serves a vital
function as a structural material in offshore structures, cranes, transportation equipment,
working machines, and civil engineering. During the fabrication process, especially in the
assembly phase of sheet metals, welding is typically used to form a joint and speed up the
manufacturing process. Welded joints are more likely to suffer residual stresses and
deformations due to unequal heating and cooling rates. The presence of tensile residual
stresses can affect the mean stress level under cyclic loading, causing it to elevate. As a
result, when the joint is subjected to compressive cyclic loads, fatigue crack initiation and
propagation might be observed. Welding deformation can lead to the product failing to
meet its required specifications. For instance, geometrical imperfections in the structures,
including misalignments and distortions, play a stress-raising role and undermine the
construction integrity. Additionally, an abrupt transition between the base material and
the weld metal, lack of full penetration, an infusible weld root, and the presence of
possible flaws can, under cyclic load conditions, present a risk of crack propagation
through the weld or base metal. Fatigue strength assessment, therefore, is critical in
designing joints made via a welding process, while fatigue strength capacity must be
accurately evaluated to meet the standard criteria. Figure 1.1 shows the fatigue properties
of welded joints compared with the base material and notched members. Generally, when
compared to other components, welded joints are more susceptible to fatigue failure
(Maddox, 2011).

Carbon dioxide emissions have increased sharply for the past 70 years. Plus, according
to 2017 data, manufacturing accounts for 12% of worldwide greenhouse gas emissions
(U.S. Department of Energy, 2017). Hence, measures to reduce carbon dioxide emissions
from industry are top of company agendas, with businesses encouraged to make
significant cuts. In looking to meet their emission reduction requirements, therefore,
manufacturers attempt to avoid over-dimensioning and redundant material usage by
designing lightweight and optimized structures in different applications. In consideration
of structural integrity, efficient methods of assessing fatigue strength capacity for
structural components in service recommend finite rather than infinite fatigue life, which

is an example of avoiding structural over-dimensioning. High-strength and ultra-high-
strength steel (HSS/UHSS) materials usage is a clear example of reducing the weight and
increasing the load-bearing capacity of weight-critical steel structures, which satisfies the
requirements of designing lightweight and optimized structures. Researchers have
observed notable differences between components made of mild steels and UHSS
manufactured by the welding process in terms of material strength increases at heat-
affected zones (HAZ), fusion lines (Amraet al, 2016, 2019; Bjork, Ahola and
Tuominen, 2018), and metallurgical mismatch effects (Ramal, 2019; Neuvonen,
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Skriko and Bjork, 2020). Since UHSS use represents a reasonably new design issue, a
detailed examination from design and fabrication perspectives can exhibit characteristics
of these materials in steel structures. Moreover, Fossil-Free Steels (FFS) represent an
advancement in steel making, as they are manufactured without fossil fuels and by
utilizing carbon-free methods, leading to a significant emissions reduction, and ensuring
their place as a component in the transition to a more sustainable and eco-friendly future.
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Figure 1.1: Welding effects on fatigue strength capacity, after Maddox (2011).

Although at first glance the high strength of UHSS materials leads to a rise in cyclic and
static stress levels in steel structures, investigations reveal that the fatigue performance of
welded joints is not necessarily dependent on this parameter — see Figure 1.2. It is critical,
therefore, to recognize the nature of welded UHSS components to understand the fatigue
behavior of the material for structural applications (Skoglund, Leander and Karoumi,
2020).

Fillet welding is one of the most common joint types in intersecting plates and, hence,
requires special attention in the context of fatigue design. The loading conditions of
welded joints play a vital role in developing and growing cracks. Load-carrying fillet
welded joints (LCFWJs) and non-load-carrying fillet weld joints (NLCFWJs) maintain a
dependence on their loading conditions (see Figure 1.3). However, weld root fatigue
strength in LCFWJs can be challenging to assess accurately due to the difficulty in
detecting cracks developing and growing under loading conditions. In comparison with
welded joints failing from the toe, the fatigue strength of LCFWJs is lower. Additionally,
the non-availability of post-weld treatments (PWTSs) for root failure makes them more
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sensitive than NLCFWJs. Proper design methodologies, therefore, are necessary to
prevent root crack failure, as early detection of such failures is not feasible.

Throughout this dissertation, the fatigue strength of LCFWJs and their failing from weld
roots is evaluated using nominal and notch stress approaches. This analysis is based on
detailed research data collected from the published literature. The thesis aims to compare
conventional methods, such as nominal stress, with novel approaches, such as the 4R
method, via which different parameters such as applied stress ratio, the ultimate capability
of the material strength, residual stress, and notch stress range are considered for
evaluating fatigue strength. Additionally, the effect of the material’s yield strength and
geometrical parameters — such as weld penetration depth, plate thickness, and weld throat
thickness on fatigue strength — are also studied. Furthermore, this work examines residual
stresses and deflection in LCFWJs to characterize the critical areas of failure in LCFWJs.

Base material
| ——
cF 4
D Notched members
5 — o0 —
=
5 - 4
)
-]
2
© L
L Welded joints
—‘F,t\
L —
L

Ultimate tensile strength of steel ——

Figure 1.2: An evaluation of the fatigue strength of base materials, notched members, and welded
joints in the as-welded condition considering the ultimate strength of the materials after Maddox
(2011).
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Figure 1.3: Sketches showing crack zones: (a) LCFWJ, (b) NLCFWJ.

1.2 Objectives of the study

Developing or adopting an effective and reliable method along with stress analyses for
evaluating the fatigue strength of components is one of the main challenges of fatigue
design (Hultgreret al, 2021), especially for welded joint designs involving complex
loading conditions. Although engineers have carefully followed the most conservative
methods to make safe-side predictions of fatigue strength capacity as a common practice,
optimizing structures has become increasingly important, with the necessity of realizing
the fatigue behavior of welded joints in high demand. This thesis endeavors to find the
best strategy for evaluating the fatigue strength of LCFWJs failing from the root side. In
spite of the broad application of LCFWJs in steel structures, a thorough evaluation to
consider the effects of geometrical parameters and yield strength has yet to be performed.
Additionally, according to prior findings (Sundermeyer, Fricke and Paetzold, 2015;
Ahola, Skriko and Bjork, 2019; Braun, Milakoiret al, 2020), the notch stress approach
might not be efficacious for assessing weld root fatigue strength.

The research questions and prime objectives of this work are defined according to the
lack of consistency and absence of numerous key details within existing guidelines, the
fatigue design standards for root failure in LCFWJs, and the significance of fatigue
strength evaluations in welded joints made of UHSS joints. This thesis aims to use
nominal and notch stress approaches to re-evaluate the fatigue strength of LCFWJs failing
from weld roots. Additionally, the yield strength of the material and geometrical
parameters — such as weld penetration depth, weld throat thickness, and plate thickness —
are considered for assessing fatigue strength, while a comparison between the notch stress
and nominal stress method is also performed. Furthermore, to study the effect of
geometrical and welding parameters on the welded joints, the residual stress and
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deflection in LCFWJs are identified using a numerical approach. Figure 1.4 summarizes
the objectives of the study and research questions, followed by a list of publications.

Objective

Adopting nominal and notch stress methods to evaluate the fatigue strength of LCFWJ made of
UHSS, considering root side failure, and identifying the residual stress and deflection of the joint for
studying the effect of geometrical and welding parameters on the welded joints.

Research questions Publications
Q1. How effective are conventional methods in terms of P-1 P-II
evaluating the fatigue strength of LCFW/s failing from the root
side?
P-1 P-II

Q2. How can notch stress concept improve the evaluation of
fatigue strength in LCFW/s failing from the root side?

!

P-1I

Q3. What parameters are more critical for improving fatigue P-1
strength capacity considering LCFWJs?

Q4. How do the residual stress and deflection behave in LCFWJ P-1IT
during welding?

Figure 1.4: The objectives of the study and research questions, followed by a list of publications.

1.3 Scope and limitations

A detailed study is carried out to collect fatigue test data for LCFWJs failing from the
weld root. The data gathered indicates information concerning specimens under as-
welded conditions subjected to uniaxial constant amplitude loading. Furthermore,
geometry measurements and macro graphs are gathered using collected data.
Additionally, experiments are performed to fabricate LCFWJs, so that residual stresses
and deflections induced by the welding process can be measured. It should be noticed that
residual stresses on the surface of the joint are measured.

The gas metal arc welding process (GMAW) produces fillet welds on thin-walled UHSS
components. The experiments in this study are, therefore, conducted by robotic GMAW
alone to prepare fillet welds for uniform geometrical and metallurgical quality. It is also
possible to achieve similar results through hybrid laser/arc welding or shielded metal arc
welding. However, it should be noted that geometries, material properties, residual
stresses, etc., at the critical point of the weld depend on the process.

In most cases, fillet welds are employed to join a transverse or longitudinal plate to a base
plate. Based on the load condition, there are two types of transversely fillet-welded joints:
load-carrying and non-load carrying. This work focuses on the fatigue behaviors of load-
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carrying fillet welded joints (LCFWJs). Additionally, all experiments take place within a
room-temperature environment.

To manage the content appropriately in this thesis, a structural stress approach has been
excluded. Moreover, linear elastic fracture mechanics (LEFM) was not included in the
study to maintain a focus on methodologies that do not involve crack propagation
considerations.

1.4 Scientific contribution

This thesis examines LCFWJs made of UHSS, considering failure at the root side for
evaluating fatigue behavior using analytical, numerical, and experimental approaches.
The fatigue strength of the joints is assessed using nominal and notch stress methods
under uniaxial loading conditions through P-lI and P-Il. Additionally, the effect of
geometrical parameters on fatigue strength capacity is studied.

Weld root fatigue strength has been evaluated using several local approaches and theories
(Khurshidet al, 2017; Luo, Zhang and Bao, 2019; Waat@l, 2020), however, no study

has examined the interaction between geometrical parameters, residual stresses, and
loading conditions with weld root fatigue strength specifically. For LCFWJs, this work
demonstrates the application of a novel notch stress method known as ‘the 4R method,’
considering several parameters and their interactions with the specimen’s fatigue
strength. Using the extracted data from the literature, the 4R method calculates the fatigue
strength of the joints, before the obtained results are then compared with other
approaches, such as critical distance (TCD), equivalent effective stress (EES), and
effective notch stress (ENS). P-1l provides the examination outcomes.

Predicting residual stresses at the weld root can enhance fatigue strength estimation in
several ways. Residual stresses influence load distribution and, by understanding these
stresses, engineers can better predict how a load will be redistributed during cyclic
loading, leading to more precise fatigue strength estimations. Moreover, residual stress
may cause high local effective mean stress relevant for crack propagation. Identifying and
quantifying these stress concentrations allows for a more detailed analysis of potential
failure points. Additionally, incorporating residual stress data into fatigue analysis
enables a more comprehensive assessment of structures, which leads to improved fatigue
strength estimations and a better understanding of the structure’s performance. Residual
stresses and deflection induced during the welding process of LCFWJs manufacturing are
simulated and studied. In P-lll, residual stress and deflection are simulated, with
verification procedures undertaken using the experimental results.
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1.5 Structure of the thesis

The thesis consists of six chapters. The first chapter describes the thesis topics, explains
the background and motivation, and provides the study’'s scope and limitations. The
theoretical foundations of the methods discussed in the thesis are presented in Chapter 2.
The study covers methods such as the nominal stress method, hypothesis of effective
equivalent stress (EES), effective notch stress method (ENS), theory of critical distance
(TCD), and the 4R method. The second chapter provides design guidelines for evaluating
welded joints’ fatigue strength. Experiment setups, numerical methods, and a literature
review for collecting data are described in Chapter 3. Chapter 4 describes numerical
analyses, experimental results, and fatigue analyses. A discussion of the significance of
the research findings is presented in Chapter 5, which also answers the research questions
and addresses the key objectives defined in the thesis. The main conclusions of the thesis
are presented in Chapter 6.
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2 Theoretical background

The purpose of this chapter is to present the theoretical foundations for this thesis. A brief
description of the nominal stress method applied in this study for analyzing fatigue
strength is presented in section 2.1. Sections 2.2, 2.3, and 2.4 introduce different notch
stress approaches to evaluate the fatigue strength of LCFWJs. Current fatigue design
guidelines and codes are introduced in section 2.5. Section 2.6 presents the 4R method
and its background.

2.1 Nominal stress method

2.1.1 Overview of the method

To evaluate fatigue strength, the nominal stress method involves stress that disregards the
stress concentration factor (SCF) created by structural discontinuity and weld geometry.
SCFs quantify the increase in stress at specific locations, often found near welds, which
can lead to potential failure points. The nominal stress method uses the S—N curves (FAT
Classes), which are characterized by influences of SCF on fatigue capacity and make
fatigue life prediction possible. Approximately 81 structural details are listed in the [IW
recommendations (Hobbacher, 2016). FAT is defined as the characteristic stress range of
two million cycles.

IIW guidelines (Fricke, 2013) set out the requirements for applying nominal stress to
assess weld root fatigue (see Figure 2.1). Codes and guidelines define notch cases for
different joints (e.g., (Hobbacher, 2016)). Relatively low FAT classes (FAT 36-40),
corresponding to 97.7% survival probability at two million cycles, are used for analyzing
weld root fatigue strength. The low fatigue class results from a sharp notch and initial
crack caused by the non-fusible weld root while disregarding local bending effects
(Fricke, 2013). The nominal stress method is helpful for simple cases requiring a
simplified stress calculation. The nominal stress approach implicitly considers some
effective parameters, such as misalignment effects. However, other parameters, such as
weld throat bending, are ignored, or only partially taken into consideration. According to
the recommendations and codes (Fricke, 2013; Hobbacher, 2016), a more rigorous
method is recommended when the stress distribution is more complicated, or when the
effects of notches are significant.
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Figure 2.1: Axial misalignmen#of cruciform fillet welded joint.

2.1.2 Nominal weld stress

Nominal stresses are commonly calculated using formulas that include load parameters,
such as bending moments and forces. Moreover, section properties, such as modulus and
area, are used to calculate nominal stress. FEM is an alternative approach to obtaining
nominal stress. IIW recommends that stress raisers should be considered in the analysis.
A typical cruciform fillet welded joint with particular weld stress is shown in Figure 2.2:

(a) based on averaged stress componeigarid i corresponding to the stress normal

and shear stress, respectively) in the weld throat, weld s¥gsss calculated. As
illustrated in Figure 2.2 (b) and (c), averaged stress comporégnémd ip can be
computed using vertical or horizontal leg sections shortened to the throat thickness
Vector addition is applied to integrate the stress components into the nominal weld stress

€6, 1€
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~
5\]\
™
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~
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From the nominal stresg; in the plate, a stress component can be calculated based on
equilibrium conditions. In complex cases, an FEM can also calculate stress components
based on stresses or forces in the weld. The nominal weld stress in the cruciform joint can
be obtained using Equation (2.2).

) o o
€e= fan ¥t &g (2.2)
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Where &, and éxyare the axial force and bending moment, respectively.the weld
throat area, andis assigned to the plate thickness.

a e A
On,W b
=nominal weld stress i
OL On= 0m+0b

\ “ : T
} T —
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Figure 2.2: Nominal stresses in the weld and plate in a cruciform fillet-welded joint (Fricke, 2013)

2.2 Notch stress approaches

2.2.1 Effective notch stress method (ENS)

In the existing literature, various techniques depend on stresses obtained from weld toe
or root notches. Among these methods, the effective notch stress (ENS) is a commonly
utilized method for fatigue assessment of welded joints with thicknesges ®fmm.

When implementing the ENS method, a radius 8f1.00 mm is used, and there is no
need to consider additional support effects. The term "effective"” in the name is important,
as it suggests that the notch stress can be directly employed for an assessment
(Baumgartner, 2017).

Fictitious notch radii are mainly used in the ENS method (see Figure 2.3) (Radaj, Sonsino
and Fricke, 2006; Fricke, 2012; Hobbacher, 2016). In this approach, the stress in a notch
is reduced by averaging it over a certain depth attained by a fictitious notch rédius:
(Fricke, 2013). Compared to nominal stress methods, the ENS method incorporates
effective parameters, such as local geometry and local stress distribution. This is a vital
advantage of the ENS method. However, it should be noted that the weld geometry can
be idealized, especially at the weld root. Plus, other effects, such as residual stresses, can
indirectly be covered by the chosen S—N curves.
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Figure 2.3: Fictitious notch rounding, after (Hobbacher, 2016).

Modeling the notch root can be achieved in two ways: by using a keyhole or a U-shaped
notch. However, using a U-shaped notch leads to a reduction in high-stress concentration
(Fricke, 2012). Consequently, it is likely that there is an underestimation of the notch
stress for assessing fatigue strength on the root side (see Figure 2.4). Hence, for this thesis,
it was decided to use the keyhole notch shape.

U-shaped notch keyhole

4N
Y

Figure 2.4: U-shaped notch and a keyhole around the weld root of a non-penetrating fillet weld.

2.2.2 Reference radius of 0.05 and 0.30 mm

Asrref = 1.00 mm can produce a change in cross-section stress and has an adverse effect
on the fatigue assessment of a thin plat®% mm) (Fricke, 2013);ef = 0.05 mm was
adopted. The concept oks = 0.05 mm is developed based on the fracture mechanics
approach (Sonsinet al, 2012), meaning thater = 0.05 mm is a proportional value of

the stress intensity factor. The FAT values determineddior 0.05 mm, therefore, are
specified for an assessment of crack-like notches. The applicatian=00.05 mm for
evaluating the fatigue strength of steel overlap joints welded by spot and laser-beam
(Zhang, Eibl and Singh, 2002) has been presented. Additionally, aluminum and
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magnesium overlap joints manufactured by MIG and TIG have been evaluated according
to rrer= 0.05 mm, respectively (Karakas, Morgenstern and Sonsino, 2008; Sehaino
2008).

To analyze joints with plate thicknesses between 3 mm and 8rmm0.05 mm is
relatively small. Meanwhileyer = 1.00 mm presents a large value in several cases. Thus,

a radius ofref = 0.30 mm was proposed (Sonsino, Bruder and Baumgartner, 2010), with
FAT values provided for steel and aluminum joints. It should also be noted that the FAT
values are obtained entirely by utilizing analytical approaches (Sonsino, Kafl3ner and
Fricke, 2009). Reference radii are evaluated based on the endurable stresses they produce.
For a radius of 0.30 mm, a difference of FAT classes was detected between failures at the
root and toe — as (Baumgartner, 2017) showed.dor 0.05 mm. Figure 2.5 shows the
recommended FAT values (design S—N curve) for reference radii. Both principal and von
Mises stress hypotheses are provided in the Figure. The study conducted by (Sonsino,
Bruder and Baumgartner, 2010) shows the effects of thickness on the slope of S-N lines.
They considered a shallower slope<5) withrf = 0.30 mm to analyze steel joints with

thin plate under axial loading. Detailed instructions on how to implement the ENS are
provided in section 3.3.

= = = Principal Stress Hypothesis
700 4 S von Mises Stress Hypothesis |1

S

300

200

Stress range FAT,Ac (MPa)
(N=2x10%, R= 0.5, P_= 97.7%)

100 b . -
0.05 030 050 1.00

Reference radius L (mm)

Figure 2.5: A recommendation for FAT values based on a reference of 0.30 mm for steel
(Sonsino, Bruder and Baumgartner, 2010).

2.3 The Theory of Critical Distance (TCD)

Various researchers have recently provided significant support for the theory of critical
distance (TCD) as a local stress-strain approach. TCD is extensively described in (Taylor,
2008), while its usage for fatigue was evaluated (Susmel, 2008). Furthermore, the TCD
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has gained further support from more advanced studies and a comprehensive description
of the method can be found in (Taylor, 2000; Shahri and Sandstrom, 2010; Susmel and
Taylor, 2011; Wanet al, 2017).

Regarding notched components, the TCD evaluates the influence of stress gradients using
the linear-elastic stress distributions acting on the material near the presumed locations
where cracks might initiate (Taylor, 2002; Crepal, 2005). The central feature of TCD
involves calculating the required design stress using a specified length parameter that
considers the microstructural characteristics of the material under evaluation. The TCD
can be expressed through various formalizations, including the Point Method (PM), Line
Method (LM), Area Method, and Volume Method (Crapial, 2005; SUSMEL, 2009).
(Peterson, 1959) and (Neuber, 1958) first presented the PM and the LM, respectively, to
make high-cycle fatigue evaluation of notched metallic materials using the critical
distances formulated based on a substantial number of experimental results. Furthermore,
(Tanaka, 1983) and (Taylor, 2008) introduced a simple method to predict the length
parameter as the critical distance based on linear elastic fracture mechanics and plain
material fatigue strength. The PM, as a straightforward method, makes the assumption
that the stress used for predicting the fatigue damage extent is equal to the linear elastic
stress computed at a specific distance from the assumed crack initiation location. In the
current study, the evaluation of the fatigue strength of LCFWJs is performed using the
PM version of the TCD. The TCD implementation utilized in this research can be found
in (Rohani Raftaet al, 2022).

2.4 Hypothesis of Effective Equivalent Stress (EES)

Hypothesis of effective equivalent stress (EES) concept, proposed by Sonsino (Sonsino,
1995), takes into account the stresses present in different interference planes of a surface
element. It assumes that failure in ductile materials under multiaxial stress conditions is
primarily caused by shear stresses. Considering the interaction of shear stresses in
different interference planes, an effective shear stress is calculated which is subsequently
utilized to determine the effective equivalent stress. The effective equivalent stress
involves stress concentration, and the size effect factor which reflecting the effect of the
maximum stressed material volume on the local stress. The formulation and additional
details regarding EES can be found in (Sonsino, 1995).

The EES, a notch stress concept, is a widely used approach for defining the stress state in
a localized area under uniaxial, in-phase, and out-of-phase loading. The EES calculates
local coordinate stresses from nominal stress and SCF, employing the egigation

- » €4 According to the distortion energy hypothesis, whicBjs= &, ,3% Fa+ &5

the local reference stress is determined. To obtain further information on the EES
application, refer to (Sonsino, 1995).
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2.5 Codes and guidelines for assessing fatigue strength

Since the middle of the #entury, welded joints have undergone significant research.
Fatigue design codes and guidelines have been crucial for guiding engineers in their work.
These codes and guidelines provide a set of best practices for engineers to use in designing
structures that must withstand cyclic loadings, such as bridges, buildings, and ships. They
outline methods for assessing stress levels in a structure and provide recommendations
for reducing fatigue and the risk of failure. Here is a list of design codes and guidelines
from across Europe:

x Recommendations for Fatigue Design of Welded Joint and Components by
International Institute of Welding (IIW) (Hobbacher, 2016).

X Guide to Fatigue Design and Assessment of Steel Products (BS7608:2014 +A1,
2015).

x Eurocode 3 (EC3): Design of steel structure — Part 1-9: Fatigue (EN, 2005).

Steel applications are governed by a variety of standards and guidelines, including:

x European standard for the fatigue design of cranes (EN 13001-3-1, 2018).

x European standard for the fatigue design of unfired pressure vessels (EN 13445-
3, 2018).

x Recommended practice for offshore structures by Det Norske Veritas
Germanischer Lloyd (DNV-GL) (DNVGL-RP-C203, 2016).

Under yield strength 700 MPa (EN 1993-1-12, 2007), an extension of EC3 and BS7608
can apply to HSS grades. UHSS grades with yield strengths up to 960 MPa are allowed
by [IW Recommendations (Hobbacher, 2016).and DNV-GL (2016).

2.6 4R method

Regarding assessing fatigue performance, residual stress, the applied stress ratio, and
material strength are critical issues undertaken by various research. In the context of the
interaction between residual stresses and mean stresses, it is important to note that
residual stresses can influence the service life by altering the local mean stresses.
Additionally, tensile residual stresses combined with cyclic mean stress can accelerate
fatigue crack initiation and propagation, significantly affect the fatigue life of the joint.
Weld root fatigue strength has been assessed using various local methods, producing a
number of different theories and concepts (Khurgtiel, 2017; Luo, Zhang and Bao,

2019; Wanget al, 2020). However, studies that analyze interactions between geometrical
parameters, residual stress, and load conditions on weld root fatigue strength have yet to
be carried out. Current guidelines and design codes (BS7608:2014 +Al, 2015; DNV,
2016; EC3, 2016; Hobbacher, 2016) still need to give detailed answers on weld root
fatigue strength. (Nykanen and Bjork, 2015, 2016) presented an ENS-based approach
called ‘the 4R method,” which merged with the Smith—Watson-Topper (SWT) mean



30 Theoretical background

stress correction to remedy these shortcomings for steel welded joints. Using the 4R
method, residual stresls- . wnotch stress ranggl -( ), ultimate material strength-

and applied stress rati®are all incorporated into an analysis of fatigue strength. Plus, a
fatigue evaluation of ground fillet welded joints (Aha@gal, 2021) and TIG-dressed

joints (Mettaneret al, 2020) was performed to demonstrate the application of the 4R
method on mild notches. This method has been used to examine steel welded joints under
variable amplitude loads considering different steel materials and grades (Ngkahen

2017; Bjorket al, 2018; Ahola, Skriko and Bjork, 2020).

The basic principle of the 4R method is to employ the notch stress g@gngensidering

a reference radius, based on Neuber's concept of a fictitious notch. Geometry
measurements can determine the actual weld toe radius for use as a reference radius.
Without geometry measurements, conservative assumptions can be drawn upon. For
example,ref =1.00 mm can be chosen for welded joints in the AW condition. A
conversion from the linear elastic ENS range to cyclic elastic-plastic behavior is carried
out at the notch root using the Ramberg—Osgood model with the kinematic hardening rule
which can be defined as follows (Dowling, 2012):

€ € \¢
= (+ A= — 4+ (:/ (23)

cé e (2.4)
2 * | r

Al Al Al éé
&=t =t 21

Y Y, and Yyrefer to the true plastic and elastic strain, respectivélg;assigned to the

true stress, is defined as Young’'s modulus,is known as the strength coefficient, and

J is the strain-hardening exponent. Equation (2.4) uses similar symbols as shown in
Equation (2.3). Howevernjdefines related range value¥and * "describe cyclic strain-
hardening exponents and strength coefficients, respectively. In the event that the cyclic
parameters are not recognizédandn are replaced bi' andn'. Neuber's rule are used

to determine the maximum stresg a sand the minimum stress; ( 4 respectively, as
follows:
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where the notch stress range obtained using ENS concept is defingd,ldy is the
external stress ratio, and the local residual stress is knowRsgsd he initial residual
stress state was assumed with conservative assumptions, see Section 3.4.

A graphical representation of the theory — as mentioned earlier — and equations for
calculating the local stress ratio are shown in Figure 2.6. The critical aspedis:Qfor
are as follows:

x Under external constant amplitude loading, the linear elastic effective notch
stressé, fluctuates cyclically; hence, a time-stress history is captured.

X Based on the joint condition, it is possible to classify local residual steggg)t.
into tensile or compressive. The local residual stress can be explained by the initial
stress at the notch root. For example, the starting point of the R—O curve is
obtained in Figure 2.6 (C), while the relaxation of residual stresses can be
considered by altering the starting point at the R—O curve.

X Hysteresis loops and local cyclic behavior are determined by the effective notch
stress range and the initial residual stress. A local maximum and minimum stress
(&35 eand &, y) for the notch are then determined.

Residual stresses can be significantly affected by a single tension or compression
overload (Leitner, Khurshid and Barsoum, 2017; Schulatell, 2020). As depicted in

Figure 2.6, when dealing with compressive residual stresses, the stabilization of residual
stress noticeably raises the mean stress level of the local stress ratio. Reducing the high
residual stress, on the other hand, does not exert a significant effect on the mean stress
level, as local yielding occurs with the maximum loading even at the low level of loading.
However, it is important to highlight that the provided example is demonstrated for a
cyclic loading at the low stress ratio, i.®,= 0.10. When higher stress ratios are
considered, the effect of residual stress on cyclic behavior and, consequently, on fatigue
strength is reduced. According to the maximum and minimum stresses, the local stress
ratio 4g 3 o s determined from the local cyclic behavior:

AEQC:LU (27)

€10
Afterward, the local stress ratio is incorporated into the SWT correction — typically
expressed usin@; g sY¥p = constant — whereégis defined as the amplitude of the local
strain. By modifying the SWT equation, a mean stress-corrected reference notch stress
range (&, 3 g is determined as follows:
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Figure 2.6: A cyclic response of welded joints subjected to constant amplitude loads is illustrated.
(a) effective notch stress considering external loading, (b) local residual stresses, and (c) loops
showing cyclic behavior for welded joints (Ahola, Skriko and Bjork, 2020).
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3 Materials and Methods

Section 3.1 describes the literature review framework and data series of experimental
fatigue tests collected from different research. Section 3.2 presents basic procedures for
statistical analysis. The ENS method, including the numerical FE models, is provided in
section 3.3, then section 3.4 focuses on implementing the 4R method. In section 3.5,
experimental studies and simulations of the welding process are set out in detail. Finally,
section 3.5 presents experiments, measurement procedures, and FE models for simulating
welding.

3.1 Literature review on fatigue test data

Tables 3.1 and 3.2 summarize the experimental evidence derived from the literature for
constant amplitude fatigue tests. Additionally, Table 3.3 shows the research used in this
thesis for collecting fatigue data points. Figure 3.1 depicts all data based on nominal weld
stresses. It is worth mentioning that the lack of information regarding weld shape and
weld metal hardness in the literature accounts for their absence in Table 3.

Table 3.1: An overview of data extraction.
Yield strength of material 250 MPaC | C 1157 MPa

Sheet thicknesses 6mm¢ | (28 mm

Welding procedure MAG, MIG, TIG, MMA, LaserMAG, FCAW, MCAW
Number of test series 45

Number of single tests 211

Table 3.2: Test data series for fatigue tests.

Yield Strength (MPa) pw? Flank

Material  Filler "™ 2™ mm) R ange  Process
Al 315 * 16 544 01 04 45  MAG
A2 315 - 16 677 08 04 30  MAG
A3 315 * 16 705 075 04 60  MAG
A4 315 * 16 877 08 04 45  MAG
A5 315 x 16 516 115 04 45  MAG
Bl 413 485 9 403 1 0 45 MMA
B2 397 485 20 898 1 0 45 MMA
c1 315 510 16 778 1 0 45 MAG
C2 315 510 16 778 1 075 45  MAG
DI 693 . 12 554 0 01 50 x
D2 693 * 12 541 0 01 40 x
D3 693 * 12 48 0 01 50 !
D4 693 x 12 618 0 01 50 x
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D5 693 * 12 4.94 0 0.1 55 *
D6 693 * 12 4.30 0 0.1 55 *
El 325 * 22 7.07 0 0 45 MAG
E2 325 * 22 7.07 5.5 0 45 MAG
F 292 * 16 3.20 4 0 40 Laser-MAG
G1 356 460 10 5.47 0 0 45 FCAW
G2 356 460 10 5.47 0 0.5 45 FCAW
G3 595 550 10 6.42 0 0 45 FCAW
H 345 * 12 6.68 0 0.1 45 MCAW
11 392 565 28 6.58 1.73 0.05 45 MAG
12 392 494 28 464 552 0.05 25 MAG
J 554 491 24 6.46 231 0.05 45 MAG
K1 362 * 15 3.54 1 0.5-0.75 45 FCAW
K2 362 * 15 5.66 0 0.5-0.75 45 FCAW
L1 534 407 16 5.75 2.19 0.05 50 MAG
L2 534 665 16 5.82 143 0.05 50 MAG
L3 534 407 16 6.04 572 0.05 40 MAG
L4 534 665 16 530 4.02 0.05 50 MAG
L5 534 407 16 5.88 6.3 0.05 30 MAG
L6 534 665 16 595 558 0.05 35 MAG
M 306 * 16 4.24 3 0.1 45 MMA
N 744 * 16 8.98 0 0.2 45 MIG
O 395 530 14 4.24 15 0.5 45 MAG
P 345 * 10 5 0 0.1 45 SMAW
Q1 297 425 6 2 0 0 30 TIG
Q2 297 425 6 2 1 0 30 TIG
Q3 297 425 6 2 15 0 30 TIG
Q4 297 425 6 2 2 0 30 TIG
R 250 * 10 7.07 0 0 45 *
S 960 930 9 4 1 0.1 45 GMAW
T 1157 930 8 4 0 0.1-0.5 45 GMAW
U 370 * 8 5.68 0 0.5 45 *

*Information/data not available.
1Weld throat thickness (without penetration).
2Penetration depth.
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Table 3.3: List of research used in this thesis.
ID Ref. ID Ref.

(Saiprasertkit, Hanji and Miki,

A1-A5 (Kainuma and Mori, 2006) L1-L6 2012)

(Furuya, Y., Nishikawa, H.,
B1-B2 Hirukawa, H., & Nagashima, M (Vishnuvardharet al, 2016)
1980)

Cl1-C2 (Kainuma and Mori, 2008) N (Frank, 1971)
D1-D6 (Song, Liu and Razavi, 2018) O (Singhet al, 2003)

(Anami, Yokota and Takao,

E1-E2 P (Sgrensert al, 2006)

2008)
= (Hanji, Miki and Saiprasertkit, 01-04 (Singhet al, 2003)
2012)
B (Braun, Schefferet al, 2020) (Yamaguchi, Terada and
G1-G3 R Nitta, 1968)
H (Zonget al, 2017) S (Ahola, Bjork and Barsoum,
2019)
1112 (Hanji, Miki and Saiprasertkit, T (Ahola, Skriko and Bjork,
2012) 2019)
K1-K2 (Mori et al, 2010) U (Jakubczak and Glinka, 1986)

This study examines as-welded LCFWJs that have been subjected to axial loading for
root failure causes. Considering a constant amplitude, a knee point is positidfed at
cycles following IIW recommendations (Hobbacher, 2016). The finite life region of
small-scale specimens is analyzed and the stress range after the knee point is not
considered. The applied approaches in this research consider geometric parameters, so
only research articles providing detailed explanations of specimen geometry were
reviewed for analysis. Figure 3.1 shows the relationship between nominal stress range
(A @) and fatigue life using Equation (2.2). Additionally, the geometrical parameters of
LCFWJs are utilized in the ENS analysis, as presented in Figure 3.2.
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Figure 3.1: Data points on fatigue derived from the literature are presented in Table 3.2.

o
Fictitious notch radii

Figure 3.2: Geometrical parameters.

3.2 Basic procedures for statistical analysis

The nominal stress method is used to determine the fatigue strength of LCFWJs. To
determine characteristic design and mean strength, the standard fitting procedure
statistically assesses data points. Using the least square linear regression (Equation (3.1))
the survival probability as = 50% — as the mean fatigue strength — is first calculated.
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HK y= HK FIHK ¢ (3.1)

Where | gives the slope of a curve in a log-log plot when takihg Gdk a function of
H K:@ The response is assigned tbK g @nd H K@ is known as the independent
variable. Equation (3.2) is used to find a design cur# at97.7%.

HKoposa HKagod (s SP (3.2)

G is a multiplication factor given in the IIW recommendation (Hobbacher, 2016) and
5 P @ khe standard deviation of ld K ¢l9¢urade, Huther and Lefebvre, 2008). Based
on statistical analysis, the mean stress life curve is derived from:

?t

0y= 2 10° 1554, ° (3.3)

4

where the nominal stress range is defined¢8y and obtained by Equation (2.2 is
the permissible number of cycles corresponding.&. The reference fatigue strength
(FAT) at 2x10 cycles is assigned tgé: The slope parameter of the S—N curveis

3.3 Implementation of notch stress approach

In notch stress analysis, local stress levels are calculated at rounded weld roots or toes
based on elasticity theory. FEA based on a two-dimensional plane strain element is
performed to determine the fatigue-effective notch stress at the weld root. The maximum
principal stress and von Mises equivalent stress criteria can be used to assess notch
stresses. A smaller FAT class is employed when using the von Mises equivalent stress in
sharp notches because the equivalent stress typically lessens.

This thesis uses the [IW recommendation (Fricke, 2012; Hobbacher, 2016) for
implementing the mesh of the root side. According to the recommendation, mesh
refinement is applied around the weld root. The specification of the root side mesh can
be seen in Figure 3.3. The FE modeling steps and as follows:

x 2D FE models (plane strain)

X the double-symmetry is applied

X keyhole shape is considered for modelirg
x the quadratic shape function

x linear-elastic analysis
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X the refinement of mesh at a weld toe and weld root

Keyhole Shape
Quadratic shape function .
Approx. 100 Elements over 360

-

Figure 3.3: Mesh generated for notch stress simulation.

According to the suggestions mentioned earlier, 2D FE models involving a quarter of the
structure are made, then SCFs of LCFWJs are obtained. It is assumed that there are no
misalignments or SCFs caused by bending loads (Radaj, Sonsino and Fricke, 2006). It is
assumed that the fatigue strength of the weld root is much higher under bending load than
axial loading. Minor plate bending stresses, therefore, do not majorly contribute to the

computation of ENS (Aholat al, 2022). Thus, usinger, fatigue notch factok can be
calculated by SCK ;so thatKy= K¢ (). Equation (3.4) can be used to convert the
fatigue data points from the nominal stress system to the notch stress system.

Ao, =K(-Ao; (3.4)

Figure 3.4 indicates the FEM based on a specimen geometry adopted from (Frank, 1971)
(N-type). This example shows the procedure of computing fatigue notch facgors
which can be translated &3, The thesis also uses variaug (0.30 mm and 0.50 mm)

to demonstrate the applicability of the notch stress method for evaluating the fatigue
strength of LCFWJs with different plate thicknesses. Chapter 4 provides resultsfrom

= 1.00 mm, 0.50 mm, and 0.30 mm. Detailed information about the procedure of
computing fatigue notch factors S&Fk.can be found in (Fricke, 2012; Hobbacher, 2016).
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Maximum Principal Stres
Unit: MPa
Kt=4.81

4.814.46 4.14 3.81 3.48 3.15 2.82 2.50 2.17 1.84 1.51 1.18 0.85 0.53 0.20 -0.13

Figure 3.4: The principal stress distribution and notch stresses of the N-specimen are
estimated by applying a nominal stress of 1 MPa.

3.4 Implementation of 4R method

4R parameters
Residual stress:

Previous research (Sonsino, 2009b) suggests that the welded component in an as-welded
condition could potentially have tensile residual stresses that match the yield strength of
the material 8). However, thin specimens exhibit lower residual stress levels (Farajian,
2013; Schubnelket al, 2020). Additionally, parameters such as welding sequence,
transient temperature, and joint type, which probably change the residual stress state,
should be considered (Leggatt, 2008; Chen and Guedes Soares, 2016). Considering the
as-welded condition, in LCFWJs, the residual stresses in the weld toe differ from those
in the weld root. According to (Kainuma and Mori, 2008), the tensile residual stress in
the weld toe is equivalent to the yield strength in some cases. In contrast, in the weld root,
the residual stress level can be diminished by almost 50%. Although this thesis studies
the residual stresses in the LCFWJs, the assumption mentioned &g + B) will

also be used to evaluate the fatigue strength of the welded joint.



40 Materials and Methods

Effective notch stress:

Various techniques are available for determining SCFs in welded joints. These include
FEMs and analytical formulas as presented by (Ushirokawa and Nakayama, 1983;
Anthes, Koéttgen and Seeger, 1993; Brennan, Peleties and Hellier, 2000). Additionally,
recent studies (Dabiet al, 2017; Brauret al, 2022) have explored using artificial neural
networks to predict SCFs, showing how they can function as a reliable tool for computing
this factor in various welded joints. In this study, the SCF was computed using FEM and
the ENS was calculated using Equation (3.4). Section 3.3 details the procedure for
obtaining SCF and applying the ENS method.

Behavior pattern of material and applied stress ratio:

The literature review provided fatigue data that includes key information on the materials
used in the test, such as the base metal’s yield and ultimate strength. The 4R method
involves examining the elastic-plastic material behavior analytically to determine the
local stress ratio calculated based on the local minimum and maximum stresses.
Understanding material behavior is important in the 4R fatigue analysis as it helps to
explain the local maximum and minimum stresses that determine the local stress ratio.
The strain amplitude was not taken into account in the fatigue assessment. Thus, the
uncertainties associated with the derived strain amplitudes did not impact on the results
(Ahola et al, 2021). Research (Baumel and Seeger, 1990) has been carried out to
ascertain the strength coefficiett £ 1.65. Rm) and elastic-plastic strain hardening
exponentif = 0.15) for unalloyed mild steels. (Baumel and Seeger, 1990) introduced the
Uniform Material Law, which serves as a theoretical model describing the behavior of
materials subjected to large plastic deformations. Despite the promising findings (Bjork
et al, 2018), which have been used to assess the fatigue strength of welded joints, it
should be noted that relying solely on a simplified model for predicting R—O parameters
may not deliver accurate yield/proof or ultimate strengths for the predicted R—O curve.
This is because the parameters used to define the R—O curve are typically based on
ultimate strength values. Based on earlier work (Aletlal, 2021), this thesis employs

an alternative approach to predicting the R—O parameters due to insufficient material data.
The applied material model ignores ratcheting and shakedown effects in the R—O curve,
which could be related to high plastic strain amplitudes or multiaxial loading. Hence, the
study only focuses on fatigue-tested specimens under uniaxial loading at intermediate
life. According to Dowling (2012), to drive the valuestbfindn, the ultimate and yield
strengths — with the corresponding elongation — are taken into consideration. The process
starts by using the engineering streé§sand strain () to calculate the true stres§ @nd

strain (Y8via the equations$= H@ + Yéand Y& H(@ + Y. When the plastic

strain is low, the engineering stress and strain values are not significantly different from
the true stress and strain values. Hence, engineering values can be applied to predict the
parameters. The R—O parameters are then determined by taking into account the plastic
strain at the identified yield and ultimate strengths, as outlined below:
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3.5 Experiment

This section explained the fabrication process of the specimens based on the Design of
Experiment (DOE). Moreover, the FEM development and validation process of the
simulation was described, considering experimental tests. The primary objective was to
record temperature history during welding and measure residual stress and deflection in
the joints. In addition to investigating the welding process and analyzing the effects of
geometric parameters on welding-induced deflection, the validated residual stresses
predicted by FEM can be used as input for the 4R method. This application was aimed at
enhancing the accuracy of the fatigue strength assessment.

3.5.1 Material

A high-strength steel grade known as Strenx 700MC — a thermomechanically rolled steel
— offers remarkable strength, toughness, and weldability as a quenched and tempered steel
grade. 700MC typically does not require preheating during welding due to its material
characteristics. Furthermore, the inherent toughness of 700MC reduces the risk of
cracking during the welding process, making preheating less critical. Additionally, the
fine-grained microstructure commonly found in 700MC steel enhances its weldability.
700MC was utilized as the base metal and optical emission spectroscopy (OES) analysis
was conducted to ascertain its chemical composition. Table 3.4 presents the obtained
chemical composition and mechanical properties of 700MC. Moreover, the specification
of the filler material (ESAB OK Aristorod 69) can be found in Table 3.4.

Table 3.4: Chemical composition and mechanical properties of 700MC and filler
material.

Chemical composition (wt.%)

Base material

C Si Mn P S V Cu Cr Ni Mo

006 0.15 162 <0.01 <0.15 0.03 0.16 0.05 0.030.01

Filler material

009 053 154 - - - - 026 123 0.24
Mechanical Yield strength Tensile strength Elongation
properties (MPa) (MPa) (%)
Base material 700 750-950 13

Filler material 715 805 17
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3.5.2 Design of experiments and welding process

The Taguchi method is a popular approach for conducting DOE to evaluate how design
parameters impact response data (Tsui, 1992). This method utilizes orthogonal arrays and
standardized arrays to identify the minimum number of tests required to determine the
influence of a parameter on the performance of the process (Freddi and Salmon, 2019).
Table 3.5 shows a Taguchi array of eight runs at two levels for three factors (plate
thickness, leg length, and welding sequence) designed using Minitab statistical software
(Lesik, 2018).

Table 3.5: Design factors and levels for cruciform welded joints.
Plate thickness Leg length

Specimen ID* Welding sequence

(mm) (mm)
6-L5-C1 6 5 Case 1**
12-L5-C1 12 5 Case 1l
6-L9-C1 6 9 Case 1l
12-1L9-C1 12 9 Case 1l
6-L5-C2 6 5 Case 2**
12-L5-C2 12 5 Case 2
6-L9-C2 6 9 Case 2
12-1.9-C2 12 9 Case 2

*The name of the specimen is defined by three components. The initial component
represents the thickness of the plate, followed by the leg length as the second
component and the welding sequence assigned to it as the third component.

**The welding sequences cases 1 and 2 are specified in Figure 3.5.

Two specimens were produced with varying thicknesses; namely, 6 mm and 12 mm. To
ensure consistency in the weld profile and metallurgical quality assurance, a robotic Gas
Metal Arc Welding (GMAW) system was utilized during the welding process. Figure 3.5
illustrates the geometrical parameters, dimensions, specimens’ welding preparation, and
tack welds’ locations. Before starting the single-sided welding process, the flange and
web were tack-welded at the beginning and end of the sample. The experimental setup
included the following technical details:

The torch angle was 45°.

PA position (flat) was considered.

During welding, one side of the flange was clamped (see Figure 3.8).

After finishing the welding in one path, the next pass was initiated only when the
sample temperature had equilibrated with the room temperature.

X The welding process was accomplished via four single passes, and after each pass,
the specimen was rotated to facilitate welding in a different direction.

X X X X
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Table 3.6 summarizes the welding parameters used in the experiment.

Table 3.6: Welding process factors.

Leg Voltage  Welding Current .W|re Heat i Shielding
length V) speed (mmis) A) diameter input gas
(mm) (mm)  (kJ/mm)

5 25.4 12 285 1 0.48 Ar+CO2
9 25.4 4 285 1 1.45 Ar+CQO2

The heat input was calculated according to European standard EN EN.1-011-2.
European Standard: welding recommendations for welding of metallic materials Part
1. General guidance for arc welding2001). According toEN 1011-2. European
Standard: welding recommendations for welding of metallic materials Part 1: General
guidance for arc welding2001), the thermal efficiency factor of GMAW is 0.8.

W2(3) _ wi(1)

Top

Note: All fillet welds
to be Smm

Bottom

(b

Figure 3.5: The joint examined in the thesis: (a) geometrical parameters of the specimen (all
dimensions in mm), and (b) welding sequence and direction for case 1(the corresponding values
for case 2 shown in parentheses). Apart from the plate thickness, all other dimensions are identical
for specimens with a thickness of 12 mm.
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3.5.3 Measurements of temperature, deflection, and residual stress

Figure 3.6 illustrates the monitoring of temperature variation during the welding and
cooling processes, with several K-type thermocouples (indicated as ‘TC’ in the figure)
used for this purpose.

Middle of the specimen Middle of the specimen
w23 [ ] WID
12
e —]—l—r— (TC 1)
(TC 4)—~| 8 = 7 =—(TC3)
wa@) | | W3@)
The thickness of 6 and 12 mm The thickness of 6 and 12 mm
with a leg size of 5 mm with a leg size of 9 mm
(a) (b)

(c)

Figure 3.6: Locations of the experimental measurement: (a) thermocouple placement for a plate
thickness of 6 mm and 12 mm with a leg length of 5 mm, (b) thermocouple placement for a plate
thickness of 6 mm and 12 mm with a leg length of 9 mm, and (c) a specimen view of 12-L5-C1

with attached thermocouples.

Angular distortion measurements were taken using Hexagon ROMER Absolute Arm (a

3D laser scanning machine) with a scanner accuracy of 0.04 mm. The angular distortion
was derived from the vertical displacement of the flange edge, measured before and after
welding. Moreover, the device was used to measure the leg length and throat thickness.
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At the mid-section of the flange, residual surface stresses were measured using an X-ray
diffraction system (Stresstech G3 X3000) with a collimator diameter of 1.00 mm. The
GMAW system, the specimen and the scanned model are presented in Figure 3.7.

Figure 3.7: Experimental evaluation: (a) the robotic GMAW used for experiments, (b) the
specimen, and (c) the 3D-scanned geometry of the joint considered in this thesis.

3.6 Computational weld mechanics modeling

A numerical model was created using Simufact Welding software, which uses
sequentially coupled thermo-mechanical analysis and was experimentally validated. The
purpose of the numerical model is to evaluate welding residual stresses and distortions.
The process was evaluated via a series of sequential steps. Firstly, the transient
temperature field was characterized using thermo-elastic-plastic analysis. Next, a
mechanical analysis using non-linear elastic-plastic analysis was carried out to calculate
the deflections and residual stresses. In this analysis, the transient temperature field was
taken into consideration. Figure 3.8 shows the FEM of the cruciform joint, which consists
of a finite element mesh composed of 26,832 eight-node-brick elements. A fine mesh was
used in the weld zone, with a minimum size of 1.00 mm x 1.25 mm x 1.25 mm. A coarse
mesh was used in areas with smaller thermal gradients to reduce the number of elements.
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(Vertical)

PN

X
(Longitudinal) (Transverse)

_______________________ Local joint as a tack weld

Figure 3.8: FE model used in this research.

3.6.1 Heat source and thermal analysis

In FEM, the heat input was defined by Goldak’s model (a double ellipsoidal heat source
model) (Goldak, Chakravarti and Bibby, 1984) coupled with a conical heat source model
(Zain-ul-abdeinet al, 2010). Combining the conical heat source with Goldak’s model
facilitates the prediction of the fusion line so that the conical heat source reaches a more
in-depth direction. Plus, the Goldak heat source melts the material more in the width
direction. These models were used to describe the moving volumetric heat flux. Figure
3.9 (a) illustrates the Goldak heat source model, which was originally used for the thermal
analysis of a butt welded joint. Figure 3.9 (b) displays the coordinate transformation
applied to the cruciform welded joint. Equations (3.6) and (3.7) were utilized to describe

the front and rear power density distributions of the heat flux for the welded joint.

633FR: 3:¢ 3;¢6 3¢

: Ve — -  E

NG :L_>?3/_éexp FF :E F =6 F—5(C (3.6)
633ER: 2 € -6 gt

p )= —— < .

ML LY :L_>?3/_éexp FF 5 F 5 F—5 ¢ (8.7
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let :=(TFT,F&,PM,;=(UFUWcosa+ (VF\sina and <= KUF

W) sin a+ ( VF \j) cos a where( T, U, \j) denotes the location where the torch is
located in the T U Y coordinate system. The welding efficiency, power input, welding
velocity, and transient time are represented by the synfb@s§ = J @ respectively.

For this study, is set at 0.8 (Fet al, 2016). Figure 3.9 (a) depicts the heat source
geometry for the modeled welding process, which is characterized by the parameters
Ty =5 >=J @ It is possible to partition the heat qux between the front and rear

partltlons to ensure continuity of the heat source vﬁjh %-
al., 2014, 2016).

» Y, %,
X3 Ys *X,

(b)

Figure 3.9: Application of a double ellipsoidal heat source model for cruciform welded joints: (a)
Goldak’s model and (b) coordinate transformation.

A mathematical definition of the volumetric heat flow density into the material for
analyzing welding processes is recommended to be a conical source model (Ferro,
Zambon and Bonollo, 2005; Gilles, EI-Ahmar and Jullien, 2009; Kik, 2020):

16+ LE

ALLY)= LATFF——
( ) L I'f(\)

(3.8)

th

() = I+ (‘F‘) (3.9)

Figure 3.10 depicts the graphical presentation of the heat source models employed in this
thesis and their implementation. HereBy,defines the volumetric heat flux density at the
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maximum level. In the 3D coordinate systeiny = J @represent point coordinates. The
radii of upper and lower cone are parameterahd N respectively, while\zand
correspond to cone length parameters.

(b)

Goldak’s model

/

N /
\\\ Va

\ Conical heat source model

(©)

Figure 3.10: The heat source models utilized in this thesis: (a) the conical heat source model, (b)
the conical heat source model used in fillet welded joints, and (c) Goldak’s model combined with
the conical heat source model.

Newton’s law and Stefan—Boltzmann’s law were used to account for inherent convection
( Mj and radiation {4 heat dissipation from all the exposed surfaces of the specimen into
the surrounding environment. These laws are described by equations (3.10) and (3.11),
respectively.

N= FI'(€FE) (3.10)

M= Fré[(€+273.15)¢ F( €+ 273.15) (3.11)
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The equation variables are defined as follows:

T represents the local surface temperature.
6, denotes the room temperature (25°C).
h* is the heat transfer coefficient.

eis the emissivity.

1 is the Stefan—Boltzmann constant.

X X X X X

For the thermal analysis in this thesis, the heat transfer coeffit¥eas kept constant at

20 9/1 2 °%while the emissivityAwas set to 0.85 and the Stefan—Boltzmann constant
éwas 5.67x1¢ 91 i2-4 The thermal material properties, such as density, heat
capacity, and thermal conductivity, were obtained from the Simufact material software
and were temperature-dependent — as shown in Figure 3.11. As can also be seen in this
Figure, the presence of a peak in the specific heat of steel followed by a decrease is a
characteristic feature that occurs during phase transformations. This behavior is
associated with changes in crystal structure and atomic arrangements as steel transitions
from one phase to another.

3.6.2 Mechanical analysis

The temperature fields obtained from the thermal analysis were utilized in combination
with thermo-mechanical properties and mechanical boundary conditions for the
mechanical analysis, which also utilized the same finite element meshes applied in the
stress analysis. The fixturing conditions, which aimed to restrict the rigid body movement
of the specimen during welding, were also taken into account — as depicted in Figure 3.8.
To perform a mechanical analysis, it is crucial to consider the materials’ temperature-
dependent properties, including Young’s modulus, the thermal expansion coefficient, and
the yield stress. For the 700MC steel grades, these properties were obtained from the
Simufact material software (simufact engineering gmbh, 2021). The material model
utilized in this study is a nonlinear elastic-plastic model with an isotropic strain hardening
law. The Poisson’s ratio was kept constant at 0.30 and the temperature-dependent
properties were taken from Simufact material software. The latent heat for the material
was assumed to be 256,400 J/kg, while the solidus and melting temperatures were taken
as 1,463°C and 1,510°C, respectively. A graphical representation of the material
properties is presented in Figure 3.12.
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Figure 3.11: Thermal properties of 700MC (simufact engineering gmbh, 2021).
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Figure 3.12: Temperature-dependent Young's modulus, yield stress, and thermal
expansion for 700MC (Bhattt al, 2015; simufact engineering gmbh, 2021).

According to previous studies (Derqg al, 2003; Deng, 2009), phase transformation-
induced strain does not significantly affect the deformation and residual stresses in low-
carbon steel. Moreover, the results of the Vickers hardness test (HV3 method) on the three
samples (6-L5-C1, 6-L5-C2, and 12-L9-C1) shown in Figure 3.13 indicate that there are
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minor variations in the hardness of the heat-affected zone (HAZ), fusion zone, or
penetration profile. This research, therefore, did not take into account the transformation
strain resulting from volumetric change and transformation plasticity strain @ehg

2003).

280

Hardness
----Variation range of hardness

260 b

240

Hardness (HV)

0 2 4 6 8 10 12 14 0 2 4 68 10 12 14

. 0 2 4 6 8§ 10 12
Distance (mm) Distance (mm) Distance (mm)
(@) (®) ()

Figure 3.13: Hardness profile of (a) 12-L9-C1, (b) 6-L5-C2, and (c) 6-L5-C1.

Equation (3.12) describes the total strain incremeiftdd the sum of three components:

@= @%+ @*+ @' (3.12)

The quantities@%fepresent increments of elastic strain whi@*tand @%¥denote
increments of plastic and thermal strain, respectively.
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4 Results

4.1 Nominal stress approach

By analyzing the fatigue data in the nominal stress system, as presented in Figure 4.1, the
mean and characteristic fatigue strengthBsat 50% and 97.7% were computed. It is
worth mentioning that in this thesis, the statistical analysis was performed using the whole
point cloud, which has led to different slope results. Figure 4.1 illustrates the scatter ratio
(6) between fatigue strengthsRat= 90% and 10%. Notably, the resulting design curve
derived from a free regression analysis Witk 3.18 shows reasonable agreement with
FAT 36 when coupled witlk = 3 — as recommended by IIW (Hobbacher, 2016). The
data presented in Figure 4.1 reveals a good agreement between the fatigue data points and
FAT 36, with only a few data points falling below the S—N curves. The observed large
scatter in the results could be attributed to the interaction of stress ratio, various
thicknesses, misalignment, and weld quality. As shown in Figure 4.2, data from (Braun,
Scheffer,et al, 2020) indicate that the fatigue strength differences between the stress
ratios ofR = 0 andR = 0.50 are minor. Moreover, an examination (Ahola, Skriko and
Bjork, 2019) of the effect of stress ratig) (on welded joints made of HSS under load-
carrying conditions confirms that these joints are not deeply sensitive to stresR)tatio (
The mean stress sensitivity in welded joints might be influenced by high tensile stresses.
Moreover, the material strength might affect the mean stress sensitivity, but it is a
complex issue that involves multiple variables.

' ' ' Al I2
FAT 36 (K =3)

so0f p \L - - — mean fatigue strength (K=3.18) ] ® A2 J
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Figure 4.1: Nominal stress method for evaluating the fatigue data points.




54 Results

200
180 |
160
140

120 |
100 -

— FAT 36
—— AGC,97.7% =55
A6¢,97.7% = 54

Ao (MPa)

= 801 $235J2+N Steel

60 [
FAT 1:T,

R K
0 3 55MPa 1.11

@ 05 3 54MPa 110

40

10* 10°

10° 107
Nf(cycles)

(a)

—— FAT 225
A6¢,97.7% =229
e A G C,97.7% =226

800

600

= 500F
A
2 00l Fyey=1.00 mm
-
S
< S235J2+N Steel
300 -
R K FAT 1:T,
® 0 3 229MPa L1l
@05 3 226MPa 110
10 10° 108
Nf(cycles)

(b)

Figure 4.2: Data points derived from (Braun, Scheéfeal, 2020) for stress ratie = 0 andR =
0.50 (a) the nominal stress system, and (b) the notch stress system.

4.2 Notch stress approach

Figure 4.3 presents the fatigue data evaluation using the notch stress methmg=with
1.00mm, as described in section 3.3. To evaluate the data, the IIW recommendations
suggest using FAT 225 for principal stresses. However, according to (Sonsino, 2009a),
when assessing the notch stress approachrwith 1.00 mm, von Mises stresses with

FAT 200 could be considered. Figure 4.3 indicates that the design S—N curve is
unconservative. Notably, the data in the graph shows that a majority of the uncovered
data points — approximately 90% — are associated with plate thicknesses ranging from 8
mm to 10 mm. Additional analysis in this study suggests that, contrary to previous
research, usingl % o7.790= 168 (with a smaller FAT class, such as FAT 160) may vyield
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more conservative results. The results from figures 4.1 and 4.3 demonstrate that
employing the notch stress approachq(E 1:2.27) instead of the nominal stress concept

(1: 6 =1:2.54) has resulted in an 11% reduction in the scatter range. This study utilized
the mean fatigue strength wis= 50% and- = 3, resulting in a stress range of 290 MPa

at Nf = 2x1@ cycles, with a negative inverse slop® 6f 3.08, although a simplifying
assumption oK = 3 was made in this study.

4000

3400 FAT 225 (K =3) i
2800 AN - -- - - mean fatigue strength 1
s A6¢,97.7% = 168 MP =3
2200 [~ h,_.» oC %o a(K=3) ]
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Figure 4.3: The data points analyzed using the ENS system, with the corresponding legend shown
in Figure 4.1.

4.2.1 Reference radius of 0.30 mm

Since the current FAT class (FAT 225) with= 1.00 mm has produced nonconservative
estimates, evaluating this condition with other suggested FAT classes and different radii
(rret = 0.30 mm) is essential. Figure 4.4 depicts the evaluation of LCFWJs’ fatigue
strength, wherein failure initiates from the root with a thickness range of 3 tirl0

mm. It is worth mentioning that a thin plate is considered to have a thickrte%g ofim,

based on a recommendation provided by (Baumgartner, Hobbacher and Rennert, 2020).
The results suggest that the recommended S—N curve (Sonsino, Bruder and Baumgartner,
2010) is conservative fod < 1 while, at high load levels, the S—N curve underestimates
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the fatigue strength of the weld root. Although the data points used in this approach are
fewer than in the previous one, the scatter range decreases and becomes 1:1.83. A
statistical analysis of the data points shows that ugibgr.7%.= 255 with - = 3 (with a

lower FAT class, such as FAT 250) can cover all the data points, resulting in conservative
outcomes at both low and high load levels and at the same time as maintaining the same
scatter range obtained by using FAT 320 vith= 5, as recommended by (Sonsino,
Bruder and Baumgartner, 2010). The statistical analysis of the data reveals that the
negative inverse slope @fk 97.7%= 255 is 3.1. However, for simplification, a value-of

= 3 is utilized. This suggestion also maintains consistency in the curve slope with FAT
225 recommended fores = 1.00 mm.

Figure 4.4: The data derived from the thickness between 5'mfh10 mm in the notch stress
approachrtes = 0.30 mm).

Figure 4.5 illustrates the evaluation results of LCFWJs, covering a thickness range of 5
mm to 28 mm to provide an overall perspective on the applicatiog f0.30 mm for
assessing root failure. The graph indicates th&é7.7%= 240 combined with = 3 covers

all fatigue data. However, when Figure 4.3 is compared with Figure 4.5, whichdises

= 0.30 mm, there is an increase in the scatter range from 1:2.27 to 1:2.34.
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Figure 4.5: The fatigue data in the notch stress approach gtk 0.30 mm, with the
corresponding legend shown in Figure 4.1.

4.2.2 Reference radius of 0.50 mm

This thesis also aims to bridge the gap betwegr 0.03 mm ands = 1.00 mm by
conducting an analysis using a reference radius of 0.50 mm. A thickness range of 6 mm
to 28 mm is investigated for evaluating the fatigue strength of LCFWJs by mging

0.50 mm. Figure 4.6 displays the results of the LCFWJs assessmenidisiigh0 mm.

Based on the graph, it is evident that, for most thicknessks;. 7= 240 with principal
stresses ankl = 3.6 is a conservative choice, except for a few points corresponding to a
plate thickness of 10 mm. However, compared to the results obtained using FAT 225 with
K = 3 andres = 1.00 mm, there is a 5% scatter range increase. Furthermore, the graph
below depictsii .97.700= 220, which was obtained from the statistical analysis uéing

3 to ensure uniformity among the slopes of the S—N curves and reduce the scatter range
from 1:2.37 to 1:2.30
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Figure 4.6: Analyzing fatigue data in the notch stress systgm 0.50 mm).

To compare the results of Figure 4.5, which corresponds to the reference radius of 0.30
mm, Figure 4.6 is also presented. Statistical analysis of Figure 4.6 reveals a slight
decrease in the scatter value, lessening from 1:2.34 in Figure 4.5 to 1:2.30. Figure 4.7 is
presented to evaluate the effectiveness of the notch stress methodswitB.50 mm

over a thickness range of 5 mhh ” 10 mm. The figure displays the scatter band obtained
from the statistical analysis, considerig: o7.79%= 210 with - = 3. A comparison can be
made between the data in this graph and the data in Figure 4.4, which illustrates a
reduction of approximately 6.5% in the scatter value. Additionally, for plate thicknesses
ranging from 8 mm to 10 mm am < 1%, % 97.79= 250,K = 3.8 provides a reasonably
conservative estimate. Based on the presented data, it may be appropriate to decrease the
value ofK from 3.8 to 3 for(i% 97.79s= 250 to maintain consistency with the curve slopes

of the recommended FAT classes in the [IW guidelines and to encompass all data points.
The findings from Figure 4.6 demonstrate a reduction in the range of scatter from 1:2.37
to 1:2.30 wherK is reduced from 3.6 to 3. Conversely, Figure 4.7 illustrates a 5% increase
in scatter value whekK is decreased from 3.8 to 3.
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Figure 4.7: The fatigue data obtained from the thickness between 5tnirh0 mm in the
notch stress approache{= 0.50 mm).

4.3 4R method

Figure 4.8 displays the outcomes of the analysis performed on the data points applying
the 4R method. Additionally, the 4R master curve recommended for evaluating welded
joints, which combinedl % 97.700= 327 and- = 5.83, is shown (Bjorkt al, 2018). The

A @ 5 g, Oyare statistically evaluated by minimizing the sum of the squared perpendicular
distances (MSSPD) (Deming, 1943). As the graph shows, it can be observed that the
recommended curve aligns well with most of the data points. Nonetheless, there are some
data points, particularly those beyond,®hich are not covered by the curve. MSSPD

is used to conduct linear regression analysis to address the fatigue data points not covered
by the master curve. The mean and characteristic fatigue strenBihs51% and 97.7%

are then calculated. In Figure 4.8, the analysis result® bf7.79,= 235 with a slope
parameter oK = 4 ensure conservative results. The calculated value of the free slope
parameter characterizing the design curve and mean fatigue strength is 3.95; however, in
this study, this is simplified td = 4. Additionally, the survival probabilities 8 = 90%

and 10% are calculated to determine the scatter réfje-(as shown in Figure 4.8.
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Figure 4.8: Evaluation of fatigue data using the 4R method. The legend of the data points is
provided in Figure 4.1.

Considering the received scatter range, master curve, and design curve, it may be
appropriate to validate the S—N curves obtained by assuming the residual stress equals
the material yield strength as the worst-case scenario. In this thesis, therefore, the level of
residual stresses in some specimens is determined by considering previous studies
(Furuya, Y., Nishikawa, H., Hirukawa, H., & Nagashima, 1980; Kainuma and Mori,
2008) that investigated the behavior of welding residual stresses. The results of the sample
evaluation with varying residual stresses using the 4R method are depicted in Figure 4.9.
Based on the findings displayed in the graph, the 4R method could be reliable for
conservatively determining the weld root fatigue strength of LCFWJs. Additionally, the
data points for specimens with varying residual stresses fall within the scatter band
previously established via statistical analysis.
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Figure 4.9: Evaluation of the data point using the 4R method considering the level of residual
stresses derived from the research Furuya, Y., Nishikawa, H., Hirukawa, H., & Nagashima, 1980;
Kainuma and Mori, 2008)

Various fictitious radii can be used to determine the ENS to reduce the scatter band and
adjust the existing S—N curves for evaluating the fatigue strength of the weld toe and root.
In this thesis, the influence of differemis on the results of the 4R method is investigated

by testingrrer= 0.50 mm and 0.30 mm. Table 4.1 presents a comparison of summary
statistics for assessing the fatigue strength of LCFWJs using various radii. There is a
slight decrease in the scatter value associatedrifith1.00 mm compared tes = 0.50

and 0.30 mm. However, the differences are not significant.

Table 4.1: Statistical results for the 4R method with different radii.

I'ref (MM) mean fatigue strength (MPa) FAT char (MPa) L € K
1.00 355 234 1:1.82 4.0
0.50 400 239 1:1.99 35

0.30 415 244 1:1.96 3.5
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4.3.1 4R method in comparison with other methods

Comparing the 4R method with the nominal stress and ENS method:

Figures 4.1 and 4.3 are utilized for comparison with the 4R method to evaluate the
performance of the nominal stress and ENS method. Figure 4.8 shows that the 4R method
decreases the scatter band by nearly one-third compared to the nominal stress method.
Specifically, the scatter band decreases from 1:2.54 to 1:1.82.

Figure 4.3 shows the results obtained from the ENS method, which allows for a
comparison with the 4R method assessment. The plot indicatedl thatzo, = 168
coupled withK = 3 is conservative when evaluating the root failure of LCFWJs
employing the ENS method. The results of the ENS method also indicate an 11% decrease
in the scatter range when compared with the nominal stress method fréré«1:2.54)

to (1: 6 = 1:2.27). Additionally, the results suggest that the 4R method performs better
in decreasing the scatter band, producing a 20% reduction in the scatter value.

Comparing the 4R method with the hypothesis of effective equivalent stress (EES)

To compare the results obtained from the 4R method, EES is utilized to assess LCFWJs
that fail from the root. Figure 4.10 displays the evaluation of the fatigue data points
utilizing EES. The statistical evaluation of the fatigue data is conducted using FAT 200
with K = 3, based on the IIW recommendation for the equivalent von Mises stress, while
considering a referencgs= 1.00 mm. As depicted in Figure 4.10, it is evident that certain
data points with thicknesses ranging from 8 mm to 12 mm are not covered by FAT 200
with K = 3. Nonetheless, the curve yields a satisfactory performance, ensuring a
reasonably conservative estimation to evaluate other thicknesses. In order to provide a
comprehensive overview of utilizing EES for evaluating root failure in LCF\RGJs,

50% and 97.7% for the mean strength and characteristic design are defined, respectively.
Additionally, 0% 97.7%= 150 withK = 3 is employed to generate a conservative S—N curve
that can be used to estimate the weld root fatigue strength of LCFWJs for all thicknesses.
By comparing the results obtained from Figure 4.10 with those from the 4R method
shown in Figure 4.8, it is evident that utilizing the 4R method reduces the scatter value
by 20%. Moreover, the scatter ratios in the outcomes acquired via the EES (Figure 4.10)
and ENS methods (Figure 4.3) are found to be similar, with the figures almost identical
in terms of the positioning of individual points. Nonetheless, there is a slight difference
in the FAT classes obtained through these methods.
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Figure 4.10: The EES for evaluating the fatigue data. (The legend of the data points is provided
in Figure 4.1).

Comparing the 4R method with TCD

This section employs the TCD approach to assess data points and compare them with
those obtained using the 4R method. The identification process recommended by
(Karakauy Zhang and Sonsino, 2018) and (Baumgarghex, 2015) is applied, wherein

the critical distance lengtl== 0.8 mm andt = 0.05 mm are utilized to define the
minimum scatter ratio for evaluating the fatigue strength of LCFWJs.

The results obtained through the TCD approach uséng 0.05 mm and== 0.80 mm

are illustrated in Figure 4.11. Based on the statistical analysis of the data points, it can be
concluded that utilizingOZ%e7.7%6 = 65 with - = 3.19 may provide a conservative
estimation for evaluating the weld root fatigue strength of LCFWJs with consideration of
principal stresses. It is evident that the TCD method has the potential to reduce the scatter
ratio for assessing the weld root fatigue strength of LCFWJs. The statistical analysis
shows that there is a decrease in scatter ratio when using the TCD methed1(2.16)
compared to the ENS (6: = 1:2.27), EES (16 = 1:2.26), and nominal stress method

(1: 6 = 1.:2.54). Additionally, the findings presented in Figures 4.8 and 4.11 suggest that
the 4R method has a tendency to show a lower scatter val6e {11:1.82) when
compared with the TCD method @:= 1:2.16).
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Figure 4.11: Evaluation of the fatigue data using TCD. The legend of the data points is provided
in Figure 4.1.
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4.4 Deflection and residual stress in LCFWJs

This section provides the result of the welding process simulation, including the
verification procedure of the simulation and deflections and residual stress induced.

4.4.1 Verification of the welding simulation process

Temperature profiles

To ensure accurate analysis, it is vital to assess the validity and reliability of the thermal
transfer analysis, as distortion and residual stress are vulnerable to transient thermal
fields. Additionally, non-uniform temperature distribution can result in welding-induced
imperfections. An evaluation of the thermal transfer analysis, therefore, is crucial before
conducting further analysis. Figure 4.12 displays the temperature histories of specimen
6-L9-C2 for the four weld lines at TC 1 up to TC 4, distinguishing between experimental
measurements and FEA. In terms of temperature distributions, the FEA results
demonstrate fair agreement with experimental measurements in terms of temperature
distributions. The difference between peak temperatures in weld lines obtained from
experiments and FEA was approximately 9%, indicating a small degree of error. Based
on the temperature histories recorded from FEM, it is evident that the heating and cooling
rate behavior closely approximates the results obtained from experiments. Figure 4.12
demonstrates that the thermal profiles of the joint vary considerably between the right and
left sides. The temperature profile presented in Figure 4.12 (a) indicates that the peak
temperatures on the right side of the joint exceed 700°C. In contrast, at its peak, the
temperature on the left side only reaches around 200°C. During welding, a high-
temperature gradient is produced across the thickness of the joints, resulting in the
deflection of the welded joints. In Figure 4.12 (b), thermocouple TC3, which is the nearest
thermocouple to the weld zone, indicates the maximum temperature.

Figure 4.13 presents the results of the thermal analysis of the first welded joint in
specimen 6-L9-C2. Figure 3.6 shows where the thermocouples are located. Considering
the micro-sample analysis, the isothermal contour in Figure 4.13 (b) indicates a
reasonable qualitative consistency with the penetration profile, the heat-affected zone
(HAZ), and the fusion area.
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Figure 4.12: Temperature profile of 6-L9-C2 at different locations, experiments (circle), and FEM
(solid line): (a) TC 1 to TC 4 in thetlveld line, (b) TC 1 to TC 4 in"2weld line, (c) TC 1 to
TC 4 in the 3 weld line, and (d) TC 1 up to TC 4 in th& weld line.

Figure 4.13: FEA of the joints for 6-L9-C2: (a) transient distribution of temperatures ifi the 1
line of weld att = 10 seconds, and (b) isotherms and fusion area.
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Angular deformations

Experimental and FEM results on the deflection distributions along the X-direction are
provided in Figure 4.14. The experimental results validated the FEM in terms of
deflection distributions. Figure 4.14 (a) displays a comparison of deflection for cruciform
joints with a 5 mm leg length, indicating that the level of angular distortion varied for
specimens with thicknesses of 6 mm and 12 mm, even though the welding conditions
were identical. Figure 4.14 (b) displays these variations for welded joints with 9 mm leg
lengths. The figure highlights the influence of flange thickness on angular distortion, as
increasing the plate thickness from 6 to 12 mm reduced angular distortion. The study
showed that welding sequences have a significant impact on angular distortion. By
comparing specimens 6-L9-C1 and 6-L9-C2, it was found that welding sequence C2 is
more effective in minimizing joint deflection. Figures 4.14 (a) and (b) demonstrate that
specimens created using welding sequence C1 had more noticeable deflection. The
difference in heat input distribution caused by welding sequence C2 makes different
thermal expansion and contraction levels, which could explain how welding sequences
affect joint deflection.

Figure 4.14: Experiments and numerical results of deflection for the joints: (a) 5 mm leg length
joints of 6 mm and 12 mm, and (b) 9 mm leg length joints of 6 mm and 12 mm.

According to (Balaram and Chennakeshava, 2018), by adopting the Taguchi method for
DOE, it is possible to conduct an Analysis of Variance (ANOVA) and demonstrate how
local weld parameters impact deflection. Figure 4.15 compares the results of analyzing
the impact of weld parameters on a deflection with the mean deflection (represented by a
red dashed line). Thevalue for plate thickness is less than 0.05, indicating statistical
significance. In contrast, thpevalues for leg length and welding sequence are greater than
0.05, suggesting no significant difference for these factors. Figure 4.15 (a) clearly shows
a trend of decreasing deflection as plate thickness increases, while variations in welding
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sequence or leg length have a lesser impact on the deflection. In summary, plate thickness
is the dominant factor influencing deflection in cruciform welded joints.

Figure 4.15: The one-way ANOVA analysis, (a) the effects of plate thickness, (b) welding
sequence, and (c) leg length on the deflection.

Residual stresses

Figure 4.16 illustrates the locations and orientations of the transverse residual stress
measurements using X-ray diffraction. The purpose was to validate the FEMs of
specimens 12-L9-C1 and 12-L9-C2. The findings from both the experimental
measurements and FEMs are presented in Figure 4.17.

Figure 4.16: Measurement locations and paths of the transverse residual stresses.
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Figure 4.17: Results obtained from Experiment and FEM for the transverse residual stresses: (a)
12-L9-C1 and (b) 12-L9-C2.



70 Results

In general, the accuracy of FEM predictions is considered reasonable when compared to
experimental results. Specifically, the experimental results depicted in Figure 4.17 (a) and
(b) indicate that, at a distance of 5 mm from the weld lines, a uniform distribution of
residual stresses for 2-L9-C1 and 12-L9-C2 is observed. Between 5 mm to 15 mm from
the welding line, the residual stresses in 12-L.9-C1 and 12-L9-C2 were almost identical.
However, in direction 3, the stress level in 12-L9-C2 was 100 MPa lower than in 12-L9-
C1. FEMs and experimental investigations revealed that, as the distance from the starting
point reduced, residual stresses tended to rise. In the predicted residual stresses, the first
three weld lines at the start points of 12-L9-C1 and 12-L9-C2 indicated an overestimation
of approximately 20%.

Furthermore, in the fourth weld line, the experimental measurement of residual stresses
increased by 20% for both specimens. The increase in residual stresses observed in the
fourth weld line could be a result of thermal expansion and contraction between the flange
and the web. However, this increase was not evident in the FEM results for the fourth
weld line. Despite overestimating residual stresses at the start point, the FEA results for
12-L9-C1 and 12-L9-C2 generally underestimated stresses in comparison to experimental
measurements. Direction 4 recorded the highest level of transverse residual stress (410
MPa) for 12-L9-C1. In addition, both specimens with distinct welding sequences did not
show significant differences in residual stress states.

Based on the verified FEM results, the residual stresses near the weld toe amount to
approximately half of the yield strength, which is roughly the same result observed in the
root region of the weld. However, it is worth noting that this determination can be
interpreted as an indirect indication of residual stresses in the weld root. The FEM
verification was carried out using the X-ray diffraction method, which measures residual
stresses at the surface rather than directly at the weld root. Based on the results, the
potential to revise the residual stress level assumption used in the 4R method is apparent.
Instead of relying on the material’'s yield strength, considering half of the yield strength
as a replacement may be more effective. It should be noticed that the presence of scatter
among the measured residual stresses may be influenced by the measurement
methodology. Variations in measurement techniques or equipment calibration have the
potential to impact the results. In future work, neutron diffraction will be employed to
measure residual stress states at the weld root. This measurement will be used to verify
the accuracy of the FEM model. Consequently, the verified residual stress can serve as
an input for the 4R method.
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5 Discussion

This chapter presents an analysis of the obtained results, along with a discussion of the
importance of the findings. In sections 5.1 and 5.2, the applicability of the notch stress
method for evaluating the root fatigue strength of LCFWJs is examined. Moving on to
section 5.3, the simulation of welding processes is investigated. This examination focuses
on exploring how the results can be utilized as input in various approaches, including the
4R method. The findings of this research are summarized in Chapter 5.4.

5.1 Overview of the reference radii investigated

Figure 5.1 displays the reference S—N curves with 3 that were utilized for assessing
LCFWJs, using various radii across a thickness range of 6 mm to 28 mm. The curves take
into account the location of the failure; specifically the root side of the weld. Literature
references (Sonsino, 2009a; Sonsino, Bruder and Baumgartner, 2010) that study the notch
stress approaches, have shown several factors to influence the S—N line slope, including
the loading mode, stress ratio, thickness, stiffness, and stress concentration. Nevertheless,
assessing the interaction between these parameters can be a complex task. As outlined in
earlier sections, the influence of thicknesses can be explained for the reference radii that
have been established. Plus, different S—N curves have been employed to assess the
impact of modifying the reference radii.

Figure 5.1: S—N curves derived for the notch stress approach for 6 mm and 28 mm thicknesses.
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Based on Figure 4.3, it is evident that for LCFWJs experiencing root failure and with a
thickness range oP” 10 mm, the FAT 225 recommended by the IIW is not conservative.
To achieve more conservative results within the notch stress approach, FAT 160 is
proposed based o1k 97.79.= 168 andrer = 1.00 mm.

By observing the conservative results in Figure 4.4, it is apparent that using FAT 250
based oni 197.7%0= 255 with - = 3 may represent a suitable option for evaluating the
fatigue strength of LCFWJs with plate thickness between 5 mm and 10 mm, considering
ref = 0.30 mm. Although to assess the fatigue strength of joints with thin plate thickness
(5 mm ” P” 10 mm), (Sonsino, Bruder and Baumgartner, 2010) initially proposed using
FAT 320 with - =5 for a reference radius of 0.30 mm, the thesis results suggest that a
lower value of FAT 250 may provide more conservative estimates.

Another S—N curve has been proposed for evaluating the fatigue strength of LCFWJs with
a thickness range of 6 mm to 28 miXe7.706= 220), using a reference radiusref=

0.50 mm. However, when comparing the scatter valu@lgfz 70.= 220 to (1 %,97.7%.= 168
coupledrrer = 1.00 mm, the former is approximately 2% higher.

The results show that utilizingss = 0.50 mm with FAT 225 anld = 3 based onii %,97.7%

= 210 is appropriate for assessing the weld root fatigue strength of LCFWJs with plate
thickness between 5 mm and 10 mm. This results in a lower scatter ra6ge {11.80)

than other recommended reference radii and also produces reasonable estimates.

This study considered the effect of different thickness plates on FAT classes, along with
the utilization of various reference radii to demonstrate their effect on fatigue strength
evaluation. It is essential, however, to consider other geometric factors and parameters —
such as residual stress and material — if a comprehensive understanding of fatigue strength
evaluation using the notch stress method is to be achieved.

5.2 Overview of the investigated assessment technigues

Figure 5.2 provides an overview of how the 4R method can be used to assess the weld
root fatigue strength of LCFWJs, taking into account the scatter ratio. It also highlights
distinctions between the various approaches presented in this thesis. The scatter bands
obtained from various evaluation techniques demonstrate that utilizing local concepts can
result in decreased scatter values when compared to the nominal stress approach. In the
case of the 4R method, altering the reference radius considering a specific plate thickness
range does not reduce the scatter range. Using different reference radii, therefore, could
only have a minor impact on the value. Based on the graph, it can be observed that the
ENS, EES, and TCD methods — which are local approaches — report a reduction of
approximately 13% in scatter values in comparison to the nominal stress method.
However, a slight variation in scatter values between these local approaches is apparent.
Despite the minor differences between the scatter values of the local methods, it is
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noteworthy that the TCD method produces slightly lower results than the EES and ENS
methods. Overall, utilizing the 4R method can lead to a significant decrease in the scatter
ratio when evaluating the weld root fatigue strength of LCFWJs. The assessment methods
reviewed in this study resulted in a scatter band reduction.

Figure 5.2: Different technigues used to evaluate the LCFWJs result in varying scatter ratios.

Although the notch stress concept effectively evaluates fatigue strength, the assessment
can be further enhanced via advanced approaches, such as the 4R method, which was
developed based on the ENS concept. These advanced methods consider more effective
parameters as inputs to better illustrate the effect of different parameters on the
assessment outputs. However, considering the method’s applicability and implementation
remains crucial. For instance, straightforward approaches like the nominal stress method
are easily applied, producing results that are trusted and applicable according to relevant
standards. In Figure 5.2, the scatter ratio derived from the 4R method assumes that the
residual stress is equal to the yield strength. Hence, it is imperative to consider the
possibility that using the residual stresses obtained from a verified FEM as inputs for the
4R method might improve results.
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5.3 Overview of the welding process simulation

One of the thesis goals was to employ FEA to investigate welding distortion and residual
stresses in the welded joints, as well as to compare the simulated results with experiments.
The analysis of welding deformation took into account variables such as welding
sequence, plate thickness, and leg length. As proven earlier, FEM analysis can be a
powerful tool for engineers to optimize the welding process and mitigate the adverse
effects of welding, including deformation and residual stresses. Furthermore, the study
demonstrates that the residual stresses obtained from FEM can be utilized as inputs in
various methods — such as the 4R method — to assess the LCFWJs’ fatigue strength. By
accurately predicting residual stresses and deformation via FEA, there is significant
potential for improving the design and performance of welded structures.

Using experimental results to verify temperature distortion during welding simulation can
provide valuable insights into phase transformation during the welding and cooling
stages. This step is significant for further investigation, enabling the effect of phase
transformation on fatigue life to be examined. Furthermore, by analyzing residual stresses
induced during welding, some methods — such as the 4R method — can be used to observe
the effects of this parameter on fatigue life. Further study may choose to prioritize
focusing on residual stress state optimization after welding in order to minimize tensile
residual stresses. Additionally, the deflection observed in a welded joint contributes to
the increased SCFs and localized strains. Consequently, this accelerates the initiation and
propagation of fatigue cracks. Thus, it is worth investigating the effective parameters that
contribute to reducing deflection to enhance fatigue strength.

As mentioned, FEM outputs directly influence fatigue life assessment. Further research
may endeavor to leverage FEM’s potential for generating inputs assessment method
inputs. By utilizing FEM outputs, it becomes possible to enhance the accuracy and
effectiveness of fatigue life assessment. This study utilized indirect methods of assessing
residual stress levels in LCFWJs. Based on residual stresses obtained from X-ray
diffraction, which was applied to the surface of the joints and not to the weld root, the
FEM results were validated. As part of future work, the study aims to directly determine
the residual stresses at the weld root using neutron diffraction and compare the results
with FEM. This approach will enable the 4R method to incorporate residual stresses at
the weld root for more accurate evaluations.

5.4 A summary of the findings

Based on the main findings of the thesis, the following recommendations can be provided:

x After analyzing the data, it was determined that, while the root failure in LCFWJs
can be reasonably assessed by FAT 36, employing the notch stress method with
rret = 1.00 mm leads to a 10% scatter band decrease and a reliable estimate of the
weld root fatigue strength of LCFWJs when employiingg7.79s= 168.
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x Fatigue analysis of LCFWJs can be conducted using 0.30 mm with( % 97.7%
= 240 orrref = 0.50 mm with (0 %,97.790= 220, considering the plate thickness of 5
mm to 28 mm.

X To evaluate the weld root fatigue strength of LCFWJs (the thickness range of 5
mm "t ” 10 mm), the notch stress metha@ll{s7.706= 210) withrrer = 0.50 mm
could be utilized as it results in a lower scatter when comparéd: t9.70.= 255
with rref = 0.30 mm. However, using tiher = 0.30 mm is also justified, as only a
slight scatter occurs.

X The 4R method application proved to be effective in evaluating LCFWJs’ fatigue
strength. The results indicate that employiingy,97.70s= 235 with - = 4 produces
conservative outcomes, accompanied by a scatter range=af:1.82.

x The influence of changing theer on the performance of the 4R method was
examined usingrer values of 0.30 mm and 0.50 mm. However, no considerable
scatter band difference was found.

X Using the TCD method is recommended for assessing the weld root fatigue
strength of LCFWJs by adopting a distance of a = 0.80 mm Wila7.79.= 65
andK = 3.19.

X In terms of reducing the scatter value, the 4R method is an improvement over the
other techniques used in this thesis. The 4R method takes yielding into account
and, therefore, might reproduce the actual fatigue behavior better. However, other
approaches, such as the TCD method, also provide good results for evaluating
fatigue strength.

X The utilization of welding process simulations enables the determination of
residual stress states in the joints. These simulation results can be considered an
essential input to the 4R method, leading to a more comprehensive fatigue
strength evaluation.
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6 Conclusions

This research examined the fatigue strength of LCFWJs failing from the root side using
the nominal stress method. While this method is commonly adopted for evaluating the
fatigue strength of welded joints, acknowledging its limitations when dealing with
LCFWJs failing from the root side is imperative. These joints are sensitive to high SCFs
that might not be adequately considered by the nominal stress method, leading to errors
in fatigue life assessment. Furthermore, the presence of defects — such as lack of fusion
or penetration — should also be considered when assessing fatigue strength. Although the
nominal stress method can provide an initial estimation, to ensure a comprehensive
investigation it is important to take caution and supplement this method with more
advanced techniques.

The application of the notch stress concept can improve the evaluation of LCFWJs failing
from the root side by providing a more accurate assessment of SCFs and their effect on
fatigue strength. The notch stress concept allows for the determination of SCFs at the
weld root, considering the geometry of the joint. Consequently, analysis of the stress state
in the critical area enables a better assessment.

To evaluate the fatigue strength of welded joints, advanced methods like the 4R method
can be used to consider a wide range of parameters. Moreover, these approaches allow
for examining the joints from different perspectives and incorporate a variety of inputs
for a more comprehensive analysis.

Studying the critical parameters used in evaluating the fatigue strength of welded joints
is valuable for optimizing welded structures and minimizing the negative effects of these
parameters. By identifying and addressing key factors influencing fatigue behavior, the
fatigue capacity of the joints can be improved. The thickness of a plate is one example of
a critical parameter presented in this study to influence fatigue strength evaluation,
resulting in changes to FAT classes. Furthermore, FEM enables the examination of
influential parameters induced during welding, such as residual stresses and deflection.
By combining FEM outputs with the 4R method, a comprehensive evaluation of welded
joints can be achieved. This approach allows for an evaluation of joint behavior, including
the effects of residual stresses and deformations, leading to more accurate fatigue strength
assessments.

The results of FEM indicate an acceptable agreement between the simulations and
experimental measurements. The welding simulation reasonably predicts residual
stresses, which can be used as an input for the 4R method. Additionally, results of FEM
match the deflection of LCFWJs observed in experimental tests. Moreover, the welding
simulations provide satisfactory predictions of weld penetration within the fusion zone.
These findings highlight the practicality of the simulation technigues and their potential
to enhance the application of the 4R method.
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