
   

 

 

 

 

 

 

 

 

FATIGUE STRENGTH ASSESSMENT OF BUTT-WELDED ALUMINUM JOINTS 

 

 

 

 

 

 

 

 

Lappeenranta–Lahti University of Technology LUT 

Master’s Programme in Mechanical engineering, Master’s thesis 

2025  

Jesse Turunen 

Examiners: D.Sc. (Tech.) Antti Ahola 

M.Sc. (Tech.) Juho Havia  



   

 

ABSTRACT 

Lappeenranta–Lahti University of Technology LUT 

LUT School of Energy Systems 

Mechanical Engineering 

 

Jesse Turunen 

 

Fatigue strength assessment of butt-welded aluminum joints 

 

Master’s thesis 

2025 

65 pages, 42 figures, 9 tables and 28 appendices 

Examiners: D.Sc. (Tech.) Antti Ahola and M.Sc. (Tech.) Juho Havia  

Keywords: Aluminum, butt-welded joint, fatigue, FE-analysis  

 

This master’s thesis studies different fatigue assessment approaches that are used to evaluate 

fatigue capacity of butt-welded aluminum joints. Differences between welding processes are 

also studied. 5xxx- and 6xxx-series aluminum alloys are used as a base material. 

Studied fatigue assessment approaches include both nominal, and local methods. Design 

codes and standards included in this study are the European standard EN 1999-1-3 Eurocode 

9, the Recommendations for Fatigue Design of Welded Joints and Components from the 

International Institute of Welding and the Aluminum Design Manual from the Aluminum 

Association.  

Welding processes included in this study are gas metal arc welding, gas tungsten arc 

welding, friction stir welding and laser welding. Friction stir welding is found to be slightly 

favourable over other welding processes in terms of fatigue capacity of a welded joint. 

Welding quality of laser welding is found to be poor. 

All included fatigue assessment approaches resulted in conservative results. Local fatigue 

life assessment approaches resulted in a less conservative results than with nominal stress 

method, with some exceptions. Design curve from the Aluminum Design Manual is found 

to be the most effective one, since it provided the least conservative results and the same 

design curve can be implemented for both toe and root failure cases. 

From a material perspective, base material had no clear effect to the fatigue test results when 

nominal stress was used. When TCD PM was applied, it seemed that the base materials with 

high hardness would be slightly more favoured versus base materials with lower hardness 

value. 
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Tämä diplomityö vertailee eri laskentamenetelmiä, joita voidaan käyttää alumiinista 

valmistettujen päittäisliitosten väsymistarkasteluun. Myös hitsausprossien välisiä eroja 

tarkastellaan. Perusaineena on käytetty 5xxx- ja 6xxx-sarjan alumiineja. 

Tässä työssä käsitellään nimellisiä- ja lokaaleja laskentamenetelmiä. Käsitellyt 

suunnittelustandarit ja -suositukset ovat Eurooppalainen suunnittelustandardi EN 1999-1-3 

Eurocode 9, International Institute of Welding:in Recommendations for Fatigue Design of 

Welded Joints and Components, ja Aluminum Association:in Aluminum Design Manual. 

Kokeellisen osuuden koekappaleet ovat hitsattu kahdella eri kaarihitsausprosessilla, 

laserhitsauksella, sekä kitkasekoitushitsauksella. Koetulosten perusteella 

kitkasekoitushitsauksella saadaan aikaan laadukas hitsausliitos väsymistä vastaan. 

Laserhitsauksen hitsauslaatu todettiin huonoksi.  

Kaikki käsitellyt laskentamenetelmät antoivat konservatiivisia tuloksia. Lokaaleilla 

menetelmillä saatiin joissain tapauksessa vähemmän konservatiivisia tuloksia verrattaen 

nimellisen jännityksen menetelmään. Aluminum Design Manual:in sisältämä 

suunnittelukäyrä todettiin tehokkaaksi laskentamenetelmäksi, sillä sen antamat 

laskentatulokset olivat vähiten konservatiivisia, sekä samaa suunnittelukäyrää voitiin 

käyttää sekä kuvun, että juuren puolen väsymisen analysointiin. 

Nimellistä jännitystä käyttäen väsytyskoetuloksista ei ollut havaittavissa selkeää eroa eri 

perusaineiden väsymiskestävyyden välillä. Kriittisen etäisyyden menetelmää käyttäen 

kovien materiaalien väsymiskestävyys oli parempi pehmeämpiin materiaaleihin verrattuna.  
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A50  Elongation at fracture  % 

Cchar  Characteristic fatigue strength MPa 

Cf  Coefficient for stress range  -  
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Jσ  Safety factor   - 

Kf   Stress intensity factor  - 
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nweld  Number of failures from weld -  

Nf  Number of cycles  - 

Nf,ENS  Number of cycles for ENS  - 

Ps  Survival probability  % 

R  Applied stress ratio  - 

Rm  Ultimate tensile strength  MPa 

Rp02  Yield strength  MPa 

r  Distance   mm 

rc  Critical distance  mm 

rref  Reference radii  mm 

rtrue  True radii   mm 

S-N  Wöhler curve  - 

stdv  Standard deviation  - 

t  Thickness   mm 

Tσ  Scatter index   - 

v  Poisson’s ratio  - 
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σ  Applied stress range  MPa 
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∆σENS  Applied stress range for ENS MPa 



   

 

σnA10  Nominal stress amplitude with  

survival probability of 10%  MPa 

σnA90  Nominal stress amplitude with  

survival probability of 90%  MPa 

∆σ0  Plain specimen endurance limit MPa 

∆σ50%  Mean stress range  MPa 

 

Abbreviations 

AA  The Aluminum Association 

AM  Area Method 

AC  Alternating current 

CAFL  Constant Amplitude Fatigue Limit 

EC9  Eurocode 9 

EN  Electrode negative 

ENS  Effective Notch Stress 

EP  Electrode positive 

FAT  Fatigue class 

FEA  Finite Element Analysis 

FSW  Friction Stir Welding 

GMAW  Gas Metal Arc Welding 

GTAW  Gas Tungsten Arc Welding 

HAZ  Heat Affected Zone 

IIW  International Institute of Welding 

LM  Line Method 



   

 

LW  Laser Welding 

MIG  Metal Inert Gas 

NDT  Non-destructive testing 

NS  Nominal stress 

PM  Point Method 

TCD  Theory of Critical Distance 

TIG  Tungsten Inert Gas 

VM  Volume Method 

XFEM   Extended Finite Element Analysis 
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1  Introduction 

This study is part of AluWeld project that is funded by Business Finland. The overall goal 

of this project is to improve the competitive position of welded aluminum structures. LUT 

research groups of Steel Structures, Welding Technology, and industry partners are involved 

in this project. 

1.1  Background 

Aluminum as a pure metal is rarely used industrial applications. Aluminum can be alloyed 

with various elements such as magnesium and silicon to enhance wanted mechanical 

property. In general, aluminum is a great material choice when corrosion resistance and 

lightweight structure is required, but it might require extra caution in the design and 

manufacturing stages. 

From a manufacturing perspective, aluminum can be challenging material to weld. When 

compared to steel, aluminum has lower melting point and higher thermal conductivity. Extra 

caution is required in the welding preparation phase, since the area to be welded needs to be 

clean to avoid contamination and porosity. Furthermore, the protective oxide layer may need 

to be removed before welding process. Various fusion- and solid-state welding processes 

can be used depending on the application.  

From a fatigue design perspective, general structural design principles can be used for 

aluminum joints. Different design codes and standards can be found, for example the 

European standard EN 1999-1-3 Eurocode 9 (EC9), the Recommendations for Fatigue 

Design of Welded Joints and Components from the International Institute of Welding (IIW) 

and the Aluminum Design Manual from the Aluminum Association (AA). General design 

principles are same within these design codes, but there are also differences – especially in 

the fatigue design section. 



13 

 

 

1.2  Research problem 

Research problem of this thesis is that there is not much information available about how 

different fatigue assessment approaches work for a butt-welded aluminum joint, especially 

when manufactured with different welding processes. Nominal stress method has been 

studied before, but different local approaches remain relatively unexplored.  

1.3  Research questions 

The aim of this thesis is to answer the following research questions: 

- What fatigue assessment approaches can be used to evaluate fatigue capacity of a 

butt-welded aluminum joint? 

- Is some welding process found to be more favourable than others in terms fatigue 

capacity of a butt-welded aluminum joint? 

- How do different aluminum alloys perform under fatigue loading? 

1.4  Objectives 

Available design codes and recommendations are studied to find different fatigue assessment 

approaches for butt-welded aluminum joints. Found fatigue assessment approaches are 

compared to each other in terms of how conservative or unconservative the fatigue life 

estimation is. Different welding processes are studied to find differences in resultant fatigue 

capacity of a butt-welded aluminum joint. 

1.5  Scope and limitations 

Design codes and recommendations included in this study are 2nd edition of EC9 (EN 1999-

1-1 2023), IIW (Hobbacher and Baumgartner 2024) and AA (The Aluminum Association 

2020). Studied fatigue assessment approaches are the Nominal Stress- (NS), Effective Notch 

Stress- (ENS) and Theory of Critical Distance (TCD) methods. TCD method is limited to 
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the Point Method (PM). TCD method is not covered in mentioned design codes, but it has 

been recently compared with the ENS method by Grönlund, Ahola, Lipiäinen, Pesonen, 

Björk & Moshtaghi (2025), Wang, Jie, Liang & Zhuge (2023) and others, providing 

successful results in predicting fatigue life of a welded joint.   

Finite Element Analysis (FEA) is used in the ENS and TCD methods. Both applied 

numerical methods can be applied based on scanned or measured joint geometry before 

fatigue testing. 2D-models are created with FEMAP software. FEMAP version 2021.2 is 

used with Simcenter Nastran solver. Joint geometry imported to FEA for each series are 

based on averaged measured dimensions of each series. Models are created with neither 

axial- nor angular misalignment. Possible axial- or angular misalignments that are formed 

during the manufacturing phase are considered with misalignment factors. 

This work is limited to butt-welded aluminum joints. Welding processes used are Laser 

Welding (LW), Friction Stir Welding (FSW), Gas Metal Arc Welding (GMAW) and Gas 

Tungsten Arc Welding (GTAW). Welding processes are automated and typical workshop 

quality is assumed. The welding of the specimens, subsequent process parameters and 

procedures are excluded from this work.  
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2  Theory 

Common welding methods for aluminum include several fusion- and solid-state welding 

processes, each having different strengths and limitations which are discussed later. When 

welding is considered, aluminium can be found problematic due to many reasons, for 

example tendency to hot cracking and porosity. Welding preparations are important, since 

the joint needs to be cleaned and degreased to manufacture a solid weld. Also, the presence 

of oxide film might require extra steps in the preparation face. (Mathers 2002, Pp. 4–9.) 

Welding is considered unfavourable joining method when fatigue life is considered. In 

welded joints, weld toe and -root act as a discontinuity which causes stress concentrations in 

those areas. Since the stress is concentrated into small area, crack is likely to initiate from 

there. As it can be seen from Figure 1, some welding defects can also form discontinuities 

to the weld geometry. (Phillips 2016, Pp. 239–243.) 

When aluminum is welded, tensile strength, elongation and hardness of the joint is degraded 

in the heat affected zone (HAZ). This affects all aluminum alloys, especially cold worked 

alloys. Degradation in the HAZ cannot be avoided, but it can be minimized by keeping the 

heat input low. (Deng, Chen, Zhang, Meng, Liu, Zeng, Liu, Zhang & Zhang 2024, p. 1; 

Phillips 2016, Pp. 217–218.) 

 

 

Figure 1. Discontinuity at weld toe (Phillips 2016, p. 242). 

 

Welding robots are widely used in industry to improve the production rate and quality. One 

major challenge with robotized welding with aluminum is with groove tracking. Groove 



16 

 

 

tracking systems are essential in robotized welding, but since the aluminum reflects more 

light than steel, the reflected light poses problems in form of inaccurate sensor data when 

laser based sensors are used. (Kah 2013, Pp. 291–292.) 

2.1  Welding processes 

2.1.1  Laser welding 

Two variations of LW are keyhole- and conduction welding. Conduction welding is not 

discussed in this study. Keyhole welding can be used to manufacture butt-welded joints. It 

is based on focusing energy to a small spot via laser beam into a metal sheet or plate, from 

which some of the energy transmitted is absorbed into the specimen. Energy absorption 

generates heat, and if the power density is enough, melting and evaporation start to create 

cavity on the focused area (Figure 2a & b). If the power density in the focused area is high 

enough, the cavity grows and the surface of the molten pool is depressed (Figure 2c). If the 

power density is greater than 106 W/cm2, a narrow keyhole will be formed through thickness 

(Figure 2d). After the keyhole is formed, the laser beam is moved along the joining line and 

the molten metal behind the laser beam cools down and forms a deep and narrow weld bead. 

This type of LW is called keyhole welding and it’s used to manufacture butt-welded joints. 

(Katayama 2020, Pp. 25–27.) 

 

 

Figure 2. Formation of keyhole during LW (Katayama 2020, p. 25). 
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LW has some limitations and challenges especially when it comes to butt-welded aluminum 

joints. Butt-welded joints are considered challenging because the groove is hard to track and 

the air gap needs to be consistent. Overcoming these challenges require tight tolerances on 

machining phase to get good joint fit up and the usage of fixtures to mount the workpiece 

during the welding process. Fixtures might lead to complex mounting geometry which 

requires more effort in design phase. (Total Materia 2009) 

Other challenges come from the aluminum itself. Aluminum is a highly reflective material, 

so it absorbs less energy and therefore high-power lasers are required to make up for the lost 

efficiency. When aluminum is on molten state, the weld pool reflects even more light, and 

this creates loss of energy and rapid heat dispersion in the workpiece. A good surface 

preparation before welding can decrease reflections from the surface. Magnesium and zinc 

are problematic alloying elements that are found from 5xxx-, 6xxx- and 7xxx-series 

aluminum grades. During welding process, both alloying elements (magnesium and zinc) 

have tendency to easily vaporize and form a plasma that blocks the laser beam. This can 

cause unwanted results in the weld quality. (Total Materia 2009) 

2.1.2  Friction Stir Welding 

Friction Stir Welding (FSW) is a solid-state manufacturing method that is based on the 

principle of friction. As a solid-state process, the welding process happens below the melting 

point of the used material. Since the melting point is not exceeded, this results in excellent 

weld quality with no porosity and low level of shrinkage and distortions. During the welding 

process, no fumes or toxic gases are released. Filler material nor shielding gas is used during 

the welding process. Resulting weld joint has fine grain sizes that provide great mechanical 

properties. (Akinlabi and Mahamood 2020, Pp. 43–44.) 

FSW process involves three stages: plunging, dwelling and welding. In plunging, a rotating 

tool head is penetrated to the specimen to generate heat (Figure 3a). During dwelling, the 

tool head keeps rotating to generate more heat (Figure 3b). During final stage, welding, the 

tool head moves along the joining line while stirring the material to form the joint (Figure 

3c). (Chauhan, Sharma, Kumar & Singh 2018, Pp. 158–159.) 
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Figure 3. Three stages of FSW (Chauhan et al. 2018, p. 159). 

 

2.1.3  Arc welding processes 

Tungsten Inert Gas (TIG) and Metal Inert Gas (MIG) welding processes are commonly used 

in industry. Both welding processes can produce high-quality welds, and the processes can 

be modified in many ways. Process modifications include for example automation, hybrid 

welding setups and pulsed current. (Mathers 2002, Pp. 7–8.) 

Before welding, the workpiece should be as clean as possible, and the oxide film should be 

removed. During welding process, a welding arc is created between the workpiece and an 

electrode (for MIG) or a non-consumable tungsten electrode (for TIG). The created arc melts 

the workpiece and filler material is fed into the melt pool, while shielding gas protects the 

molten pool from oxygenation. (Mathers 2002, Pp. 4–8.) 

Both welding processes can be used to enable cleaning effect when welding aluminum. 

Cleaning effect removes the oxide film from the surface of the workpiece. Figure 4 shows 

how different polarity types affect the MIG and TIG welding processes. When electrode is 

connected to negative pole (EN), it results in a deep penetration with no cleaning effect, and 

about 2/3 of the heat input is delivered into the workpiece. Electrode in positive pole (EP) 

enables the cleaning effect, reduces the heat input delivered into the workpiece, and the 

resulting weld penetration is wide and shallow. Third option (not available for MIG) is 

welding with alternating current (AC). This combines the previously mentioned properties, 

since it delivers EN and EP in a certain balance. This AC balance can be altered to find 

balance between required level of cleaning effect and weld penetration. As it can be seen 

from Figure 5, if EP cycle portion is increased, it leads to a wider cleaned area, but then the 
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weld penetration from EN cycle is reduced. (Miller Electric Manufacturing Co 2007, 

Lukkari 2001, Pp. 103–105.) 

 

 

Figure 4. TIG polarity (modified from: Lukkari 2001, p. 104). 

 

 

Figure 5. AC balance (Miller Electric Manufacturing Co 2007). 
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2.2  Fatigue assessment approaches 

2.2.1  Nominal Stress method 

NS method is a simplistic method to assess fatigue capacity of a welded joint. It takes into 

the applied load and section area of the joint, but it doesn’t consider possible changes in joint 

geometry. It is included in many fatigue design codes, and it covers different joint types. 

Separate fatigue classes (FAT) are given for steel and aluminum.  

S-N curves are used to represent design curves or fatigue test results on a logarithmic scale. 

Parameters for S-N curve are FAT-class and a slope factor (m), which vary in different design 

codes. S-N curves are based on test results that have survival probability of 97.7%. Figure 6 

illustrates S-N curves for aluminum at constant amplitude loading found from IIW 

(Hobbacher and Baumgartner 2024, Pp. 43–46).  

 

 

Figure 6. S-N curves for aluminum (Hobbacher and Baumgarner 2024, p. 46). 

 

Constant amplitude fatigue limit (CAFL) represents a so-called “knee point”, where the 

slope factor m changes. CAFL is located either at Nf = 5·106 or at Nf = 107 cycles depending 

on the used standard. Conventional assumption is that if the stress level is less than the 



21 

 

 

CAFL, the specimen will have infinite fatigue life. The IIW states that new experimental 

data has shown that the CAFL does not exist for aluminum or austenitic steel, so they 

recommend a slope factor of m2 = 22 after the CAFL at Nf = 107 cycles (Hobbacher and 

Baumgarner 2024, p. 46). 

Number of cycles to failure can be estimated based on NS with the following equation 

(modified from: Hobbacher and Baumgartner 2024, p. 128; The Aluminum Association 

2020, p. 77): 

 
𝑁f = (

FAT

Δσ
)

𝑚

⋅ 2 ⋅ 106 = (
𝐶f

Δσ
)

𝑚

 
(1) 

where ∆σ is the applied stress range and Cf is the coefficient for stress range. 

The fatigue life can be assessed with NS method with Equation 1. EC9 and IIW use the 

notation with the FAT-class (which is defined at Nf = 2·106 cycles), and AA uses the Cf 

notation (which is defined at Nf = 1 cycle). Both notations describe the same thing (stress 

range), but at different point.  

S-N curve parameters for assessing butt-welded aluminum joint with temporary root backing 

without non-destructive testing (NDT) are shown below Table 1. These parameters will be 

used later in this study to evaluate fatigue life with NS method. All studied design codes and 

recommendations cover weld toe and root failures with slight differences between each 

other. Aluminum Design Manual doesn’t consider where the failure initiates, so detail 9 

(groove weld) & detail category C (fully penetrated groove weld without non-destructive 

testing) can be used for both failure locations. EC9 includes a separate detail for FSW joint 

(detail 17.2) and IIW includes a separate detail for LW joint (detail 216a). Figure 7 shows 

design curves that correspond to data from Table 1. 
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Table 1. Parameters to evaluate fatigue capacity of butt-welded aluminum joint. 

Joint type Standard 

 EC9 IIW AA 

Butt-welded 

joint 

Root: 

FAT18, 

m = 3.4 

Toe:  

FAT40,  

m = 4.3 

(detail 7.3.1) 

Root:  

FAT28,  

m = 3 

(detail 214) 

Toe: 

FAT36,  

m = 3 

(detail 212) 

Cf  = 1920,  

m = 3.64 

(detail 9, category 

C) 

LW joint - FAT28, m = 3  

(detail 216a)1 

- 

FSW joint FAT56, m = 7  

(detail 17.2) 

- - 

1 Given detail is not used in this analysis since the poor welding quality. Laser welded joints 

will be assessed as a partially penetrated weld failure. 

 

 

 

Figure 7. Design curves for butt-welded aluminum joint. 

 

As it can be seen from Figure 7, there are differences in the design curves depending on the 

used standard and failure location. CAFL-points for EC9 & AA can be seen at Nf = 5·106 
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cycles and for IIW at Nf = 107 cycles. Design curves show that failure from root side is more 

likely to happen than from toe side. There isn’t significant difference in design curves for 

toe failure between 105 < Nf < 5·106. EC9 design curve for root failure (FAT18, m = 3.4) is 

significantly more conservative than ones found from IIW or AA.  

2.2.2  Effective Notch Stress method 

The ENS method coupled with FEA can be used as an effective tool to evaluate fatigue 

performance of a different kinds of joints manufactured from steel or aluminum. Advantage 

of this method is that it considers local geometry, stress distribution and the total stress at 

the root of a notch while assuming linear-elastic material behaviour. ENS is based on 

replacing the notch at weld toe and root with a fictitious reference radii of rref = 1 mm, rref = 

0.3 mm or rref = 0.05 mm depending on material thickness and failure location. Figure 8 

shows example locations for the rref. (Hobbacher and Baumgartner 2024, p. 30.)  

 

 

Figure 8. Example locations for rref (Hobbacher and Baumgartner 2024, p. 30).  

 

Figure 9 shows what radii are recommended to be used with different plate thicknesses. 

FAT-classes for corresponding radii size and failure location are shown in Figure 10. When 

dealing with thin plates, the reference radii can change the cross-sectional area in a way that 

it has significant effect to the results read from FEA, and therefore smaller radii is 

recommended. (Hobbacher and Baumgartner 2024, p. 30.)  
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Figure 9. Three different radii can be used with ENS (Hobbacher and Baumgartner 2024, 

p. 30). 

 

 

Figure 10. FAT-classes for aluminum against structural hot spot stress (Hobbacher and 

Baumgartner 2024, p. 79). 

 

IIW provides a chart that has recommended sizes for elements near the fictional rounding. 

In case of linear elements, the chart recommends for at least 5 elements in 45° arc. There is 

also mentioned that if the loading and joint geometry don’t vary throughout the analysed 

section, a 3-dimensional case can be analysed as a 2-dimensional case. After these 

preparations, the maximum structural hot spot stress can be read straight from the radii. 

(Hobbacher and Baumgartner 2024, p. 33.) 
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Number of cycles till fatigue failure can be calculated with the following equation 

(Hobbacher and Baumgartner 2024, p. 128): 

 
𝑁f,ENS = (

FATENS

ΔσENS
)

𝑚

⋅ 2 ⋅ 106 

 

(2) 

where Nf,ENS is the number of cycles, FATENS is the used FAT class and ∆σENS is the 

maximum structural hot spot stress at notch. 

2.2.3  Theory of Critical Distance method 

TCD method is used to evaluate the influence of stress gradient effect near the notch root. 

There are different variations to evaluate the stress gradient, which include the Point Method 

(PM), Line Method (LM), Volume Method (VM) and Area Method (AM). Out of the listed 

methods, the PM derived by Peterson (1959) is widely used since it is rather easy to 

implement. (Susmel 2009, p. 200.) 

Effective stress in the PM can be obtained from FEA. Idea of the PM is to locate where the 

maximum principal stress is located, from where a perpendicular line is set, and finally, 

stress value is read at a critical distance along the perpendicular line. Schematic view of PM 

and LM is shown in Figure 11, where the stress level (described as σ) decreases as the 

distance (described as r) from notch increases. Scanned or measured weld bead geometry 

can be used within the FEA-models to get more accurate results. Required equations for the 

PM are shown in Equations 3 – 5. (Taylor 2002) 

 

Figure 11. Schematic view of PM and LM (modified from: Gillham, Yankin, McNamara, 

Tomonto, Huang, Soete, O'Donnell, Trimble, Yin, Taylor & Lupoi 2023, p. 7). 
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The following equation can be used to determine the critical distance rc for PM (Taylor 

2002): 

 
𝑟c =

1

2𝜋
⋅ (

Δ𝐾th

Δσ0
)

2

 
(3) 

where ΔKth is the crack-propagation threshold value [N∙mm-3/2] and ∆σ0 is the plain 

specimen endurance limit [MPa].    

ΔKth parameter inside Equation 3 describes a threshold value for stress intensity. If the stress 

intensity doesn’t reach level of this threshold value, crack propagation is not expected. ΔKth 

parameter depends on material properties and applied stress ratio. IIW includes two charts 

from where ΔKth values can be derived for steel and aluminum. Equation 4 can be used to 

derive ΔKth value for aluminum when the applied stress ratio R is between 0 ≤ R ≤ 0.5. Unit 

for ΔKth (in Equation 4) is N∙mm-3/2. (Hobbacher and Baumgartner 2024, p. 100) 

 Δ𝐾𝑡ℎ = 56.7 − 72.3 ⋅ 𝑅 (4) 

 

Plain specimen endurance limit ∆σ0 (used in equation 3) can be derived either by testing or 

it can be approximated with empirical equations. For example, Equation 5 can be used for 

materials where the Vickers hardness is below 400 HV. Since the only variable in the 

equation is the Vickers hardness, it means that possible heat treatments or microstructural 

changes would only affect the fatigue limit through the measured harness value. (Murakami 

2019, p. 5–8) 

 Δ𝜎0 ≅ 1.6 ⋅ 𝐻v ± 0.1 ⋅ 𝐻v (5) 

where Hv is the Vickers hardness [kgf/mm2]. 
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3  Methods 

This section covers the experimental part of this thesis. LUT Welding Technology laboratory 

and industry partners manufactured a total of 71 butt-welded aluminum joints that are 

measured and fatigue tested at facilities of LUT Steel Structures. TIG and MIG welded 

specimen are welded at LUT Welding Technology laboratory. LW and FSW welded 

specimen are welded by industry partners.   

Different fatigue assessment approaches are used to evaluate fatigue life of each specimen. 

These fatigue assessment approaches include NS, ENS (with rref = 1 mm, rref = 0.3 mm & 

rref = 0.05 mm) and TCD (PM with rref = rtrue). All fatigue tests are conducted with stress 

ratio R = 0.1. 

Each specimen is scanned with a profilometer, and joint geometry is measured. Measured 

data is used to create 2D-models inside FEMAP software. Hardness tests are conducted to 

measure Vickers hardness (HV1) of the welded joint. Hardness values are used to 

approximate the plain specimen endurance limit ∆σ0 (in Equation 5). 

3.1  Materials 

Material properties for included base materials are shown in Table 2. Material properties 

(except HV1) are taken from material specification certifications. Note that shown hardness 

values are calculated as an average from data points near the HAZ close to fusion line where 

most of the cracks initiated. Data for hardness values is available in Appendix 28.  

 

Table 2. Material properties. 

Material Rm [MPa] Rp0.2 [MPa] A50 [%] HV11 

5754 H111 219 119 24 60 

5754 H22 244 176 20 59 

5083 H111 278 - 290 140 - 150 22.5 - 24 76 

6082 T651 337 - 352 288 - 314 14 - 16 78 

1 Averaged value over data points near joint radius  
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Material data for each series can be found from Table 3. First alphabet in the acronyms 

(shown in Table 3) corresponds to the used welding process (F = FSW, L = LW, M = MIG 

& T = TIG) and the following number shows the base material thickness. Alphabets after 

the dash show the used aluminum grade and alloy delivery state. 

 

Table 3. Specimens to be tested. 

Aluminum 

grade 

Alloy 

delivery 

state 

Thickness 

[mm] 

Welding 

process 

Welding 

consumable 

n [pcs] Acr. 

5754 H111 4 FSW - 6 F4-57H1 

5754 H111 8 FSW - 4 F8-57H1 

5754 H111 8 FSW - 4 F8-57H1-p1  

5754 H111 4 LW ER5356 3 L4-57H1 

6082 T651 4 LW ER4043 3 L4-60T6 

5754 H111 4 MIG, EP ER5356 4 M4-57H1 

5754 H22 4 MIG, EP ER5356 4 M4-57H2 

5083 H111 4 MIG, EP ER5356 4 M4-50H1 

6082 T651 4 MIG, EP ER4043 4 M4-60T6 

6082 T651 4 MIG, EP ER5356 4 M4-60T6-2 

5754 H111 8 MIG, EP ER5356 8 M8-57H1 

5083 H111 8 MIG, EP ER5356 4 M8-50H1 

5754 H111 4 TIG, DC+ ER5356 4 T4-57H1 

5754 H22 4 TIG, DC+ ER5356 4 T4-57H2 

5083 H111 4 TIG, DC+ ER5356 4 T4-50H1 

6082 T651 4 TIG, DC+ ER4043 4 T4-60T6 

6082 T651 4 TIG, DC+ ER5356 3 T4-60T6-2 

1 Specimens are welded from both sides with intentional partial penetration, see Figure 13. 
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3.2  Welding, measuring and testing procedure of the specimens 

All welding processes are automated to provide stable welding conditions. Root support is 

used in series that are welded with MIG or TIG. 4 mm specimens are welded with single 

pass to I-groove and 8 mm specimens (except for FSW series) with two passes to V-groove. 

Further joint preparation data is not available. Welding parameters and -conditions are not 

in the scope of this thesis, thus they are assumed to fulfill normal workshop quality.  

Tested specimens are cut out from a larger plate as shown in Figure 12. The width of each 

specimen is 50 mm in the thin section. Welding start and stop positions are cut out to provide 

continuous weld joint. 

 

 

Figure 12. Multiple test samples are taken from each welded sheet. 

 

Series F8-57H1-p is welded using FSW method, and the welding is manufactured with two 

passes. There is an intentional partial penetration left to the specimen, thus a 2 mm section 

in the middle is not welded. This series is included in the fatigue tests but is excluded from 

further analysis, since the reference FAT-class for FSW assumes fully penetrated joint.  
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Figure 13. Partial penetration in F8-57H1-p specimen. 

 

Joint geometries are scanned with a Keyence VR-3200 profilometer. Profilometers’ 

measurement accuracy is ±3 µm in height direction, and ±5 µm in width direction (Keyence, 

n.d.). Weld toe and root side are scanned separately. After both sides are scanned, the 

scanned geometry can be analysed. VR-3000 G2 Series software is used for the analyses. 

All measurements are averaged values of the scanned geometry. Values are averaged over 

20 lines from the middle with a spacing of 0.2 mm between each line. This covers a length 

of 4 mm of the joint. Figure 14 shows an example where the measurements are taken.  

 

 

Figure 14. Scanned surface of L4-57H1 #3 weld toe side. 
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Measured quantities are weld toe and root radii, width- and height of the weld bead and 

angular- & axial misalignment. Figure 15 shows an example of analysed joint, where a root 

side geometry of M4-57H1 #3 is measured. Joint geometry data is shown in appendixes 1-

14. In case of angular- or axial misalignment, misalignment correction factors will be applied 

(shown in Appendix 15). 

 

 

Figure 15. Root side geometry of M4-57H1 #3. 

 

During the study, it was noticed that all LW specimens (series L4-57H1 & L4-60T6) 

contained continuous undercut and high level of angular- & axial misalignment throughout 

the welded joint. Figure 16 shows an example of L4-57H1 #3 toe side geometry from height 

perspective, from which can be seen that the weld bead is inconsistent throughout the 

specimen. Figure 17 shows the cross-sectional area to be analysed, from which can be seen 

that the welded joint contains undercut and angular misalignment of approximately 1.8°. 

Since the poor welding quality, undercut is implemented into the 2D-models.  
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Figure 16. Weld toe side of L4-57H1 #3. 

 

 

Figure 17. Weld toe side geometry of L4-57H1 #3. 

 

TIG welded specimens contained horizontal misalignment between weld toe and root as can 

be seen from Figure 18. Horizontal misalignment is measured and implemented into 2D-

models. Values for horizontal misalignment is shown in appendixes 10-14. 
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Figure 18. Horizontal misalignment between weld toe and root. 

 

Fatigue testing is conducted inside LUT Steel Structures laboratory. Majority of the fatigue 

testing is done with RUMUL VIBROFORTE 700 fatigue testing rig. Few specimens are 

fatigue tested with servohydraulic fatigue testing rig. Fatigue tests are conducted with 

different stress levels, and with a stress ratio R = 0.1. After fatigue tests, failure location of 

each specimen is verified and documented.  

It was noticed that two specimen (T4-57H2 #2 & #3) failed from discontinuity (shown in 

Figure 19) that was formed during the welding process. Discontinuity is likely formed due 

surface contact between molten root and root support. Used fatigue assessment approaches 

do not cover this failure location, but these two specimens will be assessed as a root failure. 

 

 

Figure 19. Failure from discontinuity at root side. 

 

MIG welded series (t = 4 mm) are used to measure material hardness near weld root and toe. 

Presented hardness values in Table 2 are averaged over two or three data points per side. 
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Used data points are located near where the joint radius starts. Figure 20 shows an example, 

where hardness graph from series M4-60T6 is presented (for base material 6082 T651). 

Chosen data points are at x-distances of 3.3 mm, 3.6 mm & 3.9 mm on weld toe side and at 

2.7 mm, 3 mm & 3.3 mm on weld root side. Resultant hardness value is 78 HV1. Same 

procedure is repeated for other base materials.  

 

 

Figure 20. Hardness measurements from series M4-60T6. 

 

3.3  Finite Element Analysis 

FEA is conducted with 2D-models and linear analysis. Data for 2D-models are extracted 

from profilometer measurements shown in appendixes 1-14. Models for ENS are created 

with radii of rref = 1 mm, rref = 0.3 mm & rref = 0.05 mm. Models for TCD analysis are 

created with the true measured radiuses. Possible axial- or angular misalignment is not 

included in the models but will be considered by means of misalignment correction factors 

according to the IIW (Hobbacher and Baumgartner, 2024).  

Material properties used are Youngs modulus of E = 70 GPa and Poisson’s ratio v = 0.33. 

Plate elements are used with thickness of w = 50 mm. A nodal load of 50 N (=1 MPa) is 

applied to the edge of the plate (left side of Figure 21), and the opposite plate edge is fixed 
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(right side of Figure 21). Symmetry condition is used if applicable. Since the load is 1 MPa, 

maximum principal stresses read from the model can be used as a stress intensity factors.  

 

 

Figure 21. FEA model with boundary conditions and a tension load. 

 

Mesh size for ENS models with rref = 1 mm & rref = 0.3 mm at weld toe and root is set to 8 

elements. ENS models with rref = 0.05 mm and TCD models (with rref = rtrue) have 16 

elements at weld toe and root. TCD models have 200 elements (1 element per 0.01 mm) 

along perpendicular line from where the maximum principal stress is read. 

Since the LW series (L4-57H1 & L4-60T6) contained continuous undercut, the undercut will 

be modelled in the ENS models (Figure 22). Data is available in Appendix 27. LW series 

will be modelled only with rref = 0.05 mm, since any larger radius would heavily change the 

geometry of the undercut. 

 

 

Figure 22. Modelled undercut. 
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Since the failure location (shown in Figure 19) of specimens #3 & #4 from series T4-57H2 

differs from covered failure locations, they will be assessed with separate model which 

contains the geometry of the discontinuity. Example of this modelled discontinuity is shown 

in Figure 23. This case will be assessed as a root failure. Data is shown in Appendix 26. 

 

 

Figure 23. Modelled discontinuity. 

 

3.4  Statistical S-N data treatment  

Mean curves are fitted to fatigue test results based on the least square method. Procedure is 

described in IIW (Hobbacher and Baumgartner 2024, p. 104–107). Scatter index (Tσ) and 

safety factor (Jσ) are calculated for each design curve with the corresponding slope factor m. 

Characteristic fatigue strength (Cchar) is calculated for the TCD design curves.  

Scatter index is used to evaluate the level of scatter in fatigue test results. Scatter index is 

calculated with the following equation: (Radaj 2006, p. 16–18). 

 𝑇σ =
σnA10

σnA10
 (6) 

where σnA10 and σnA90 are nominal stress amplitudes with failure probabilities of 10% and 

90% respectively. 
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Safety factor is calculated with the following equation: 

 
𝐽σ =

Δσ50%

FATref
 

(7) 

where ∆σ50% is the mean curve stress range at two million cycles and FATref is the FAT-

class which is used as a reference. 

Characteristic fatigue strength describes the stress range at two million cycles with failure 

probability of 97.7%. It can be calculated with the following equation: 

 log10(𝐶char) = log10(Δσ50%) − 2 ⋅ 𝑠𝑡𝑑𝑣 (8) 

where stdv is the standard deviation. 
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4  Results and analysis 

A total number of 71 fatigue tests were performed. Out of the total 71 fatigue tests, 60 tests 

are included and 11 test are excluded from the analysis. Test result is excluded if the fracture 

initiated from base material or HAZ.  

Failure locations categorized by each welding process are shown in Table 4. In Table 4, 

notation nBM refers to number of base metal failures and npp refers to number of failures from 

partially penetrated area (series F8-57H1-p). Out of the 60 included fatigue tests, 41 (68%) 

specimens failed from root side and 12 (20%) from toe side. Rest of the failures (n = 7) are 

from FSW series, which were not classified. 

 

Table 4. Failure locations of each welding process. 

MIG TIG LW FSW 

nroot = 26 nroot = 15 ntoe = 6 nweld = 7 

ntoe = 6 nHAZ = 2  nBM = 3 

 nrunout = 1  npp = 4 

 nBM = 1   

4.1  Nominal stress method 

Fatigue test results with NS-method are presented in this chapter for each welding process. 

Scatter index and safety factor are calculated for each design curve. Combined view of 

fatigue test results is shown in Figure 24. Parameters for S-N curves are shown in Table 5. 
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Figure 24. Combined fatigue test results, NS. 

 

Table 5. S-N curve data, nominal stress methods. 

Design 

curve 

Parameter FSW  

(n = 7) 

LW 

(n = 6) 

TIG 

(n =15) 

MIG, root 

(n = 26) 

MIG, toe 

(n = 6)  

Mean mfree 37.8 7.2 4.7 14.7 9.3 

 ∆σ50% [MPa] 120 86 71 75 75 

 Tσ 1.09 1.12 1.45 1.47 1.14 

EC9 m 7 3.4 3.4 3.4 4.3 

 ∆σ50% [MPa] 87.8 63 66 59 69 

 Tσ 1.50 1.67 1.51 2.27 1.62 

 Jσ 1.57 3.52 3.67 3.29 1.72 

IIW m N/A 3 3 3 3 

 ∆σ50% [MPa] N/A 59 64 57 64 

 Tσ N/A 1.89 1.58 2.54 2.35 

 Jσ N/A 4.88 2.28 2.03 1.78 
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Table 5 continues. S-N curve data. 

Design 

curve 

Parameter FSW  

(n = 7) 

LW 

(n = 6) 

TIG 

(n =15) 

MIG, root 

(n = 26) 

MIG, toe 

(n = 6)  

AA m N/A 3.64 3.64 3.64 3.64 

 ∆σ50% [MPa] N/A 66 67 60 67 

 Tσ N/A 1.57 1.49 2.15 1.89 

 Jσ N/A 1.84 1.89 1.70 1.87 

 

4.1.1  Friction Stir Welding 

NS-method results for FSW series is shown below in Figure 25. Fatigue test data for FSW 

specimens is available in Appendix 18. 

 

 

Figure 25. FSW, S-N curve. 

 

Series F8-57H1-p is excluded from the analysis, since it contained partial penetration (see 

Figure 13). 3 out of 10 specimens failed from base metal and therefore are also excluded 
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from the analysis. All included specimens were tested with high stress levels (< 115 MPa) 

because otherwise the result would have been a runout (Nf > 107 cycles).  

Parameters for FSW mean curve are ∆σ50% = 120 MPa & m = 37.8. Slope factor of m = 37.8 

fits well into the data (Tσ = 1.12) and makes the mean curve almost horizontal. Based on 

series F4-57H1 and F8-57H1, plate thickness doesn’t have significant effect on the fatigue 

life. 

All data points are above the EC9 design curve, so the NS results are conservative. Safety 

factor for EC9 design curve is Jσ = 1.50. If a slope factor of m = 7 (EC9 design curve) is 

applied, the scatter index increases to Tσ = 1.57. 

4.1.2  Laser Welding 

All LW specimens failed from weld toe side (n = 6). LW specimens contained high amounts 

of angular and axial misalignment, and continuous undercut. Misalignments have been 

considered with misalignment correction factors, which raised the stress range with a mean 

factor of 1.65. Fatigue test data of LW specimens is available in Appendix 17. NS-method 

results are presented below in Figure 26.  

 

 

Figure 26. LW, S-N curve. 
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Parameters for mean curve are ∆σ50% = 86 MPa & m = 7.2. Scatter index is Tσ = 1.12, so 

there is not much scatter between the test results. No significant difference between used 

base materials (5754 H111 & 6082 T651) can be seen.  

All data points are above applied design curves. AA design curve resulted in the least 

conservative results with a safety factor of Jσ = 1.84. Design curves from EC9 and IIW 

resulted in a heavily conservative results with safety factors of Jσ = 3.52 and Jσ = 4.88 

respectively. 

4.1.3  Tungsten Inert Gas 

TIG welded specimens failed from the root side (n = 15), base metal (n = 3) or resulted in a 

runout during the fatigue test (n = 1). Misalignment correction factors were applied to six 

specimens. NS-method results are presented below in  Figure 27. Fatigue test data is 

available in Appendix 16. 

 

 

Figure 27. TIG, S-N curve. 
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Parameters for mean curve are ∆σ50% = 71 MPa & m = 4.7. Scatter index is Tσ = 1.45. No 

significant difference between used base materials can be made since the level of scatter is 

relatively high across the data points. 

All data points are above the design curves, so the NS results are conservative. Design curves 

from IIW and AA resulted in a similar safety factors of Jσ = 2.28 and Jσ = 1.89 respectively. 

Design curve from EC9 resulted in the most conservative results with a safety factor of Jσ = 

3.67. 

4.1.4  Metal Inert Gas 

MIG welded specimens failed from toe side (n = 6) and from root side (n = 26). Misalignment 

correction factors were applied to nine specimens. Series with 4 mm base plate were 

observed to have more angular misalignment than the ones with 8 mm base plate. NS-method 

results for toe and root failures are presented in Figure 28 and in Figure 29 respectively. 

Fatigue test data is available in Appendix 19. 

 

 

Figure 28. MIG toe failures, S-N curve. 
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For toe side failures, parameters for mean curve are ∆σ50% = 75 MPa & m = 9.3. Scatter index 

is Tσ = 1.14, so there is not much scatter between the test results. No significant difference 

between used base materials (5754 H111 & 5083 H111) can be seen with this sample size. 

All data points are above the design curves, so the NS results are conservative. All design 

curves resulted in a similar safety factors (1.72 < Jσ < 1.87). 

 

 

Figure 29. MIG root failures, S-N curve. 

 

For root side failures, parameters for mean curve are ∆σ50% = 75 MPa & m = 14.7. Scatter 

index is Tσ = 1.47. Specimens in series M4-60T6 had an average root radius of 0.87 mm 

which resulted in a good fatigue test result. Mean curve parameters for this series (M4-60T6) 

are ∆σ50% = 88.8 MPa & m = 98.2, which is well above the average mean curve across other 

MIG welded series. 

All data points are above the design curves, so the NS results are conservative. Design curves 

from AA resulted in the least conservative results with a safety factor of Jσ = 1.70. Design 

curves from IIW and AA cross each other at stress range of ∆σ = 120 MPa. AA design curve 
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is less conservative than design curve from IIW when the stress range is below this crossing 

point.  

4.2  Local methods 

S-N curve data for local methods is shown below in Table 6. 

 

Table 6. S-N curve data, local methods 

Design curve Parameter LW 

(n = 6) 

TIG 

(n =15) 

MIG, root 

(n = 26) 

MIG, toe 

(n = 6)  

ENSrref=1 m N/A 5 5 3 

 ∆σ50% [MPa] N/A 144 137 124 

 Tσ N/A 1.43 1.67 2.24 

 Jσ N/A 2.03 1.92 1.75 

ENSrref=0.3 m N/A 5 5 3 

 ∆σ50% [MPa] N/A 197 198 182 

 Tσ N/A 1.45 1.65 2.23 

 Jσ N/A 1.79 1.80 1.91 

ENSrref=0.05 m 5 5 5 3 

 ∆σ50% [MPa] 331 331 375 342 

 Tσ 1.36 1.47 1.58 2.20 

 Jσ 2.07 1.66 1.87 2.14 

TCDfix m N/A 8 8 8 

 ∆σ50% [MPa] N/A 153 169 149 

 Tσ N/A 1.60 1.41 1.16 

 Jσ N/A 1.37 1.51 1.33 

TCDfree m N/A 8.4 8.4 8.4 

 ∆σ50% [MPa] N/A 154 170 149 

 Tσ N/A 1.60 1.40 1.16 

 Jσ N/A 1.26 1.39 1.23 
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4.2.1  Effective notch stress 

A total number of 31 2D-models were created for the ENS approach. Kf factors were 

extracted from the models and are listed in Table 7. 

 

Table 7. Kf factors from the ENS models 

Avc. rref = 1 mm rref = 0.3 mm rref = 0.05 mm 

 Toe Root Toe Root Toe Root 

M4-57H1 1.574 2.001 2.057 2.843 3.292 5.646 

M4-57H2 1.583 2.025 2.135 2.953 3.424 5.676 

M4-50H1 1.56 1.967 2.031 2.882 3.079 5.445 

M4-60T6 1.567 1.889 2.01 2.69 2.956 4.821 

M4-60T6-2 1.593 2.004 2.146 2.953 3.501 5.744 

M8-57H1 1.915 2.218 2.801 3.156 5.295 5.992 

M8-50H1 1.915 2.242 2.783 3.209 5.162 5.899 

T4-57H1 1.327 1.988 1.497 2.729 1.797 4.653 

T4-57H2 1.357 1.9771 1.554 2.7021 1.913 4.5743 

T4-50H1 1.382 2.021 1.606 2.762 2.018 4.678 

T4-60T6 1.364 2.013 1.568 2.706 1.934 4.388 

T4-60T6-2 1.423 2.054 1.692 2.788 2.201 4.637 

L4-57H1 N/A N/A N/A N/A 4.343 4.337 

L4-60T6 N/A N/A N/A N/A 3.596 3.961 

1 Kf,Root,rref=1 = 1.546 for specimens #3 & #4. 

2 Kf,Root,rref=0.3 = 2.066 for specimens #3 & #4. 

3 Kf,Root,rref=0.05 = 3.466 for specimens #3 & #4. 

 

As can it be seen from Table 7, the Kf factors raise when the reference radius rref gets smaller. 

Joint geometry (width and height) affects the results and that’s why the Kf  factors measured 

from the root side are larger than on the toe side. Exception for this is series L4-57H1, where 

the toe side Kf factor is 0.1 % higher than on toe side. Note that LW series (L4-57H1 & L4-

60T6) were modelled with an undercut. 



47 

 

 

Results from the ENS method are shown below in Figures 30–32 for weld toe failures with 

radii of rref = 1 mm, rref = 0.3 mm & rref = 0.05 mm respectively. Data is available in 

Appendixes 21–25. 

 

 

Figure 30. ENS rref = 1 mm, weld toe failure. 
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Figure 31. ENS rref = 0.3 mm, weld toe failure.  

 

 

Figure 32. ENS rref = 0.05 mm, weld toe failure. 
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All data points in Figures 30–32 are above the ENS design curve, so the results are 

conservative. Free slope m for MIG welded series remained at m ≈ 8 with different 

implemented radii. Results from the ENS got more conservative when the reference radii rref 

was decreased. 

Figures 33–35 present the ENS method results for weld root failures with radii of rref = 1 

mm, rref = 0.3 mm & rref = 0.05 mm respectively. Data is available in Appendixes 21–25. 

 

 

Figure 33. ENS rref = 1 mm, weld root failure. 
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Figure 34. ENS rref = 0.3 mm, weld root failure. 

 

 

Figure 35. ENS rref = 0.05 mm, weld root failure. 
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It can be seen from Figures 33–35 that all data points for root failure cases are above the 

ENS design curves. Free slope factor m for MIG welded series got values between 11.2 < m 

< 12.9, which was significantly higher compared to TIG welded series mean curve slope 

factor (6 < m < 6.4). All ENS calculations for MIG welded series are calculated with a slope 

factor m = 5 despite IIW recommendation of m = 3 for the t = 8 mm specimen. 

4.2.2  Theory of critical distance 

Critical distance for each base material are derived with equations 3-5. Parameter ΔKth is 

calculated below in Equation 9 with R = 0.1.  

Table 8 shows the critical distance of each material. Since the applied load is 1 MPa, the 

read results are multiplying factors Ktcd for the applied stress.  

 
Δ𝐾th = 56.7 − 72.3 ⋅ 𝑅 = 56.7 − 72.3 ⋅ 0.1 = 49.5 [N ⋅ mm−

3
2] 

(9) 

 

Table 8. Critical distances for each material. 

Material HV1 

(from Table 2) 

∆σ0 [MPa] 

(from Eq.5) 

rc [mm] 

(from Eq.3) 

5754 H111 60 95.7 0.043 

5754 H22  59 93.6 0.045 

5083 H111 76 121.6 0.027 

6082 T651 78 124.6 0.025 

 

Table 9 shows the Ktcd factors for each series. Values shown in table are for root failure cases. 

Factors for other failure locations are covered in the footnote. Ktcd is used to multiply the 

km,ENS modified stress. If the critical distance is located between two node points, the value 

is interpolated.  
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Table 9. Ktcd factors from TCD models. 

Series rc [mm] Ktcd 

M4-57H1 0.043 2.319 

M4-57H2 0.045 2.306 

M4-50H1 0.027 2.401 

M4-60T6 0.025 1.838 

M4-60T6-2 0.025 2.637 

M8-57H1 0.043 2.3381 

M8-50H1 0.027 2.4922 

T4-57H1 0.043 2.018 

T4-57H2 0.045 1.9533 

T4-50H1 0.027 2.078 

T4-60T6 0.025 1.650 

T4-60T6-2 0.025 2.131 

1 1.965 for toe side.   

2 1.958 for toe side.   

3 1.467 for 2nd root.   

 

Figure 36 shows the S-N curve for effective stresses obtained from PM. Data is available in 

Appendix 20.  

 

 

Figure 36. TCD curves with free and fixed slope m. 
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With survival probability of Ps = 97.7% the data series corresponds to characteristic fatigue 

strength of Cchar = 122 MPa (with mfree = 8.4). Parameters for TCDfix design curve are 

proposed to be FAT112 with mfix = 8. As can be seen from Figure 36, the design curve 

TCDfix is below the design curve of TCDfree, which makes it more conservative. 
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5  Discussion 

In this thesis, different fatigue assessment approaches were used to predict fatigue capacity 

of butt-welded aluminum joints. Discussed fatigue assessment approaches included NS, 

ENS with three different radii (rref = 1 mm, rref = 0.3 mm & rref = 0.05 mm) and TCD with 

PM. MIG, TIG, LW and FSW welding processes were used to manufacture joints for the 

experimental section.  

5.1  Welding processes 

Welding quality of MIG, TIG and FSW was found good in terms of geometrical quality. 

Welding quality of LW was found poor, since the LW series contained continuous undercut 

and several degrees of angular misalignment. Even though the welding processes were 

robotized and/or mechanized, some variation in the joint geometry inside each series was 

observed. Welding parameters are not discussed in this study. 

MIG welded series with t = 4 mm base plate resulted in an average root radii of 0.24 mm 

(excluding series M4-60T6) and TIG with radii of 0.51 mm (excluding series T4-60T6). 

With t = 8 mm base plate, the average root radii of MIG welded series raised to 0.42 mm. 

These differences in root radii coupled with height and width of the root were noticed to be 

favourable in terms of root geometry for TIG welded series. By modifying the welding 

parameters, it might be possible to get better root geometry. Root support was used in all 

series and therefore the effect of temporary root support on the resultant joint geometry 

cannot be determined.   

A recent study from Han, Lee, Kim, Kim, Jo & Cho (2022) compared fatigue performance 

of butt-welded aluminum joints that were welded with GMAW. The study included fully- 

and partially penetrated butt-welded joints with different toe angles. Han et al. concluded 

that smaller toe angle, axial misalignment and partial penetration are factors that decrease 

the fatigue strength of the welded joint (Han et al. 2022). Similar conclusion could be made 

based on this study, since larger root radii (with TIG welded series) resulted in a better root 

geometry (versus MIG welded series) and therefore small increase in fatigue strength can be 

observed. 
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5.2  Materials 

Figure 37 shows fatigue test results (excluding LW series) for different base materials. 

 

 

Figure 37. S-N curve, base materials 

 

If welding processes are neglected and only base materials are compared, it is hard to make 

conclusions based on NS results (Figure 37), since no significant difference can be seen 

between the studied base materials. When TCD method is applied, it can be seen from Figure 

36 that base materials 5083 H111 and 6082 T651 are slightly above the mean curve (and 

materials 5754 H111 & 5754 H22), with some exceptions.  

Critical distance rc for the PM was calculated with Equation 3, that considered the relation 

between the plain specimen endurance limit ∆σ0 and the crack-propagation threshold value 

ΔKth. Since the plain specimen endurance limit was not known for studied base materials, it 

was estimated with Equation 5, which considered the material hardness. As it can be seen 

from Table 8, higher hardness value resulted in a shorter critical distance. Shorter critical 
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distance (for materials with high hardness level) is not enough to explain the scattered results 

for Ktcd multiplier in Table 9, since the Ktcd is also dependent on joint geometry.  

5.3  Fatigue assessment approaches 

Experimental fatigue life vs. calculated fatigue life for FSW series is shown below in Figure 

38. 

 

 

Figure 38. Experimental fatigue life vs. calculated fatigue life for FSW series with nominal 

stress method 

 

FSW series were analysed NS method. EC9 design curve (FAT56, m = 7) was used and it 

resulted in a safety factor of Jσ = 1.57. Local fatigue assessment approaches were not applied 

for FSW series, so no comparison can be made. 

Experimental fatigue life vs. calculated fatigue life for TIG series is shown below in Figure 

39. 
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Figure 39. Experimental fatigue life vs. calculated fatigue life for TIG series with a) 

nominal stress methods and b) local methods 

 

TIG series were analysed with all included fatigue assessment approaches. NS method 

yielded highly conservative results. AA design curve was the least conservative out of NS 

method with a safety factor of Jσ = 1.89. Safety factor from the ENS method decreased when 

the rref was decreased. 

Experimental fatigue life vs. calculated fatigue life for MIG root failures is shown below in 

Figure 40. 

 

 

Figure 40. Experimental fatigue life vs. calculated fatigue life for MIG root failures with a) 

nominal stress methods and b) local methods 
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MIG root failure cases were analysed with all included fatigue assessment approaches. 

Results from NS and local methods for MIG (Figure 40a & b) and TIG  (Figure 39a & b) 

root failures yielded similar safety factors for both welding processes. When NS results for 

MIG and TIG series are being compared, MIG series resulted in a higher level of scatter. 

Difference in level of scatter decreased when local methods were applied.  

Experimental fatigue life vs. calculated fatigue life for MIG toe failures is shown below in 

Figure 41. 

 

 

Figure 41. Experimental fatigue life vs. calculated fatigue life for MIG toe failures with a) 

nominal stress methods and b) local methods 

 

MIG toe failure cases were analysed with all included fatigue assessment approaches. As it 

can be seen from Figure 41a, all NS design curves yielded similar safety factors. ENS 

method also yielded similar safety factors with all three radii. IIW recommends (see Figure 

9) a rref = 1 mm or rref = 0.3 mm to be used with the ENS method since toe failures occurred 

with t = 8 mm specimen. As it can be seen Figure 41b, the fatigue test result support this IIW 

recommendation since the safety factor decreased when the reference radii was increased. 

Experimental fatigue life vs. calculated fatigue life for LW series is shown below in Figure 

42. 
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Figure 42. Experimental fatigue life vs. calculated fatigue life for LW toe failures with a) 

nominal methods and b) local methods 

 

LW series was analysed with NS method and with ENS rref = 0.05 mm model. Since all LW 

specimen contained undercut, it is hard to evaluate the results. High level of misalignment 

correction factors were applied to all LW specimen. As it can be seen from Figure 42a, 

design curves from EC9 and IIW yielded highly conservative results. Undercut was 

implemented into the ENS models and the results were still on the conservative side. In case 

there is a possible initial crack in the welded joint, crack propagation should be taken into 

account. For example, extended finite element method (XFEM) could be implemented to 

estimate fatigue life when there is an initial crack present in the joint, since the method 

considers the crack propagation.  

5.4  Summary of applied fatigue assessment approaches 

Safety factors across all applied fatigue assessment methods varied between 1.23 < Jσ < 4.88. 

Sonsino, Fricke & Bergmann (2012, p. 7) have suggested a coefficient of 1.37 to evaluate 

the survival probabilty of 50%, and this is set as a target value for the safety factor. Safety 

factorst within ± 20% (1.10 < Jσ < 1.64) of this target was achieved with TCDfix and TCDfree 

design curves for all applied cases, with ENS rref = 0.05 mm for TIG root failures and with 

EC9 design curve for FSW series. 
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In case of (MIG) toe failure, different NS design curves yielded similar safety factors (1.72 

< Jσ < 1.87). For root failure, safety factors from NS varied between 1.70 < Jσ < 3.67. EC9 

design curve for root failure was found very conservative (3.29 < Tσ < 3.67). AA design 

curve yielded similar safety factors for both toe and root failure (1.70 < Tσ < 1.89), and 

therefore was found to be the most efficient design curve.  

The ENS method yielded safety factors between 1.66 < Jσ < 2.14 with all three applied radii. 

Radii rref = 1 mm resulted in a slightly less conservative results for toe failures, and more 

conservative results for root failures against the two smaller radii. The proposed TCD design 

curves were based on the fatigue test results of this study, so they can’t be compared to other 

methods reliably. 
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6  Conclusions 

The goal of this study was to study different fatigue assessment approaches for butt-welded 

aluminum joint. Studied fatigue assessment approaches included nominal (NS) and local 

(ENS & TCD) approaches. Different welding processes (MIG, TIG, FSW & LW) were used 

to manufacture the butt-welded joints. 

Differences in welding quality was noticed between different welding processes. FSW 

outperformed other welding processes resulting in a high quality weld against fatigue 

loading. Welding quality of LW was poor since all LW specimen resulted in a continuous 

undercut and high level of angular misalignment. MIG and TIG welded specimen resulted 

in a good welding quality as expected. Welding parameters are not discussed in this study. 

For NS method, EC9 (EN 1999-1-1 2023), IIW (Hobbacher and Baumgartner 2024) and AA 

(The Aluminum Association 2020) design codes and recommendations were studied to find 

design curves for butt-welded aluminum joints. All design curves resulted in a conservative 

result. No significant differences between estimated fatigue life between design curves were 

found in the case of toe side failure. For root side failures, EC9 design curve resulted in the 

most conservative results and the AA design curve with the least conservative result.  

Studied local fatigue assessment approaches included the ENS with radii of rref = 1 mm, rref 

= 0.3 mm & rref = 0.05 mm and TCD with PM. Since no reference FAT-class for TCD was 

found, design curves were implemented based on fatigue test results, resulting in a TCDfree 

(Cchar = 122 MPa & mfree = 8.4) and TCDfix (FAT112 & mfix = 8) design curves. FEA was 

used with linear analysis and 2D-models to obtain stress data from different models. 

LW series were analysed with NS and with ENS rref = 0.05 mm model. Undercut was 

implemented into the FEA models, and both applied fatigue assessment approaches yielded 

heavily conservative results. Since the undercut acts as a initial crack, it should be assessed 

with different methods.  

Local fatigue assessment approaches resulted in a less conservative results than with NS 

method, with some exceptions. The design curve found from AA (Cf = 1920 & m = 3.64) 

resulted in similar safety factors than with applied local methods and therefore it was found 

to be the most effective way to assess butt-welded aluminum joints.  
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From a material perspective, base material had no clear effect to the fatigue test results when 

nominal stress was used. When TCD PM was applied, it seemed that the base materials with 

high hardness would be slightly more favoured versus base materials with lower hardness 

value. It was noted that the critical distance for PM was derived based on assumption, which 

favoured base materials with high hardness value. 

Further research could be conducted to establish a reference FAT-class to be used with TCD 

method.  
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Appendix 1. Weld geometry, M4-57H1 

Avc. ID Location Width [mm] Height 

[mm] 

Radius [mm] 

M4-57H1 #1 Toe 9.863 1.525 1.110 & 0.906 

  Root 6.661 1.788 1.332 & 0.344 

 #2 Toe 9.767 1.433 1.024 & 0.575 

  Root 6.420 1.911 0.169 & 0.395 

 #3 Toe 10.017 1.356 0.811 & 0.576 

  Root 6.400 1.977 0.195 & 0.319 

 #4 Toe 10.309 1.377 0.681 & 0.689 

  Root 6.232 1.753 0.325 & 0.200 

 Average Toe 9.989 1.423 0.797 

  Root 6.428 1.857 0.2271 

1 Average is counted using the smaller radii. 

 

  



 

 

 

Appendix 2. Weld geometry, M4-57H2 

Avc. ID Location Width [mm] Height 

[mm] 

Radius [mm] 

M4-57H2 #1 Toe 9.825 1.468 0.826 & 0.941 

  Root 6.515 1.861 0.235 & 0.317 

 #2 Toe 9.765 1.517 0.424 & 0.474 

  Root 6.316 1.853 0.642 & 0.265 

 #3 Toe 10.024 1.579 0.661 & 0.680 

  Root 6.485 1.781 1.720 & 0.190 

 #4 Toe 9.936 1.518 0.488 & 0.685 

  Root 6.192 1.822 0.204 & 0.372 

 Average Toe 9.888 1.521 0.647 

  Root 6.377 1.829 0.2241 

1 Average is counted using the smaller radii. 

 

 

 

 

 

  



 

 

 

Appendix 3. Weld geometry, M4-50H1 

Avc. ID Location Width [mm] Height 

[mm] 

Radius [mm] 

M4-50H1 #1 Toe 10.186  1.079  1.832 & 1.504 

  Root 6.758  1.844  0.483 & 0.418 

 #2 Toe 9.905  1.361  0.925 & 0.939 

  Root 6.937  1.766  0.215 & 0.719 

 #3 Toe 9.861  1.268  1.111 & 1.177 

  Root 6.519  1.879  0.576 & 0.307 

 #4 Toe 10.146  1.301  1.268 & 0.798 

  Root 6.943  1.916  0.876 & 0.262 

 Average Toe 10.025  1.252  1.194  

  Root 6.789  1.851  0.3011  

1 Average is counted using the smaller radii. 

 

  



 

 

 

Appendix 4. Weld geometry, M4-60T6 

Avc. ID Location Width [mm] Height 

[mm] 

Radius [mm] 

M4-60T6 #1 Toe 9.933  1.249  1.270 & 1.627 

  Root 7.805  1.716  1.246 & 0.485 

 #2 Toe 10.486  1.275  0.888 & 1.081 

  Root 7.613  1.554  1.432 & 1.456 

 #3 Toe 10.239  1.322  1.004 & 1.152 

  Root 7.495  1.733  0.961 & 1.048 

 #4 Toe 10.052  0.705  1.894 & 0.843 

  Root 8.559  1.688  0.598 & 1.008 

 Average Toe 10.178  1.138  1.220  

  Root 7.868  1.673  0.8691  

1 Average is counted using the smaller radii. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Appendix 5. Weld geometry, M4-60T6-2 

Avc. ID Location Width [mm] Height 

[mm] 

Radius [mm] 

M4-60T6-2 #1 Toe 9.150  1.348  0.792 & 0.543 

  Root 5.903  1.978  0.186 & 0.499 

 #2 Toe 9.224  1.429  0.992 & 0.784 

  Root 5.803  1.927  0.200 & 0.640 

 #3 Toe 9.205  1.608  0.726 & 0.630 

  Root 5.583  1.829  0.248 & 0.443 

 #4 Toe 9.172  1.510  0.928 & 0.936 

  Root 5.628  1.939  0.347 & 0.250 

 Average Toe 9.188  1.474  0.791  

  Root 5.729  1.918  0.2211  

1 Average is counted using the smaller radii. 

 

  



 

 

 

Appendix 6. Weld geometry, M8-57H1 

Avc. ID Location Width [mm] Height [mm] Radius [mm] 

M8-57H1 #1 Toe 12.793  3.383  0.621 & 0.606 

  Root 6.534  1.811  0.417 & 0.306 

 #2 Toe 13.017  3.462  0.409 & 0.448 

  Root 5.675  1.769  0.527 & 0.301 

 #3 Toe 12.962  3.474  0.447 & 0.568 

  Root 5.582  1.742  0.159 & 0.377 

 #4 Toe 12.578  3.237  0.419 & 0.977 

  Root 6.471  1.776  0.479 & 0.566 

 #5 Toe 11.933  2.829  0.875 & 0.755 

  Root 6.941  1.266  1.088 & 0.963 

 #6 Toe 12.184  3.237  0.471 & 0.774 

  Root 5.814  1.749  0.305 & 0.659 

 #7 Toe 12.553  3.686  1.351 & 0.703 

  Root 5.938  1.547  0.311 & 0.527 

 #8 Toe 13.282  3.399  0.846 & 0.478 

  Root 5.961  1.751  0.387 & 0.486 

 Average Toe 12.663  3.338  0.5361  

  Root 6.115  1.676  0.4081  

1 Average is counted using the smaller radii. 

 

 

  



 

 

 

Appendix 7. Weld geometry, M8-50H1 

Avc. ID Location Width [mm] Height [mm] Radius [mm] 

M8-50H1 #1 Toe 12.766  3.145  0.605 & 1.314 

  Root 6.593  1.660  0.421 & 0.597 

 #2 Toe 13.629  3.435  0.867 & 0.719 

  Root 5.966  1.770  0.606 & 0.201 

 #3 Toe 13.068  3.424  0.517 & 0.868 

  Root 6.427  1.667  0.519 & 0.696 

 #4 Toe 13.242  2.816  0.926 & 1.398 

  Root 7.029  1.344  0.617 & 0.789 

 Average Toe 13.176  3.205  0.6921  

  Root 6.504  1.610  0.4401  
1 Average is counted using the smaller radii. 

 

  



 

 

 

Appendix 8. Weld geometry, L4-57H1 

Avc. ID Location Width 

[mm] 

Height 

[mm] 

Radius [mm] Undercut 

[mm] 

L4-57H1 #1 Toe 2.669 0.229  0.607 & 0.245 0.030  

  Root 1.847 0.379  0.360 & 0.196 0.079  

 #2 Toe 3.041 0.380  0.549 & 0.281 0.100  

  Root 2.114 0.104  0.337 & 0.389 0.105  

 #3 Toe 2.919 0.138  0.289 & 0.325 0.148  

  Root 1.900 0.585  0.374 & 0.198 0.008  

 Average Toe 2.876 0.249  0.383  0.093  

  Root 1.954 0.356  0.309  0.064  

 

 

  



 

 

 

Appendix 9. Weld geometry, L4-60T6 

Avc. ID Location Width 

[mm] 

Height 

[mm] 

Radius [mm] Undercut 

[mm] 

L4-60T6 #1 Toe 2.4391  -0.1831  0.3621 & 0.5771 0.3001  

  Root 1.864  0.115  0.398 & 0.549 0.072  

 #2 Toe 3.165  0.152  0.831 & 0.905 0.072  

  Root 1.726  0.202  0.554 & 0.615 0.056  

 #3 Toe 3.237  0.276  0.654 & 0.974 0.059  

  Root 1.649  0.268  0.286 & 0.434 0.059  

 Average Toe 3.201  0.214  0.841  0.066  

  Root 1.746  0.195  0.473  0.062  
1 Excluded from average. 

  



 

 

 

Appendix 10. Weld geometry, T4-57H1 

Avc. ID Location Width [mm] Height 

[mm] 

Radius [mm] 

T4-57H11 #1 Toe 18.851  0.692  27.357 & 13.066 

  Root 6.645  1.296  0.605 & 0.657 

 #2 Toe 16.907  0.759  15.132 & 12.233 

  Root 6.310  1.181  0.508 & 1.028 

 #3 Toe 16.621  0.873  11.456 & 5.584 

  Root 5.889  1.068  0.539 & 0.274 

 #4 Toe 16.974  0.750  27.460 & 8.438 

  Root 5.887  1.064  0.652 & 0.252 

 Average Toe 17.338  0.769  15.091  

  Root 6.183  1.152  0.4102  

1 1 mm horizontal offset between weld toe and root. 

2 Average is counted by using the smaller radii. 

 

  



 

 

 

Appendix 11. Weld geometry, T4-57H2 

Avc. ID Location Width [mm] Height 

[mm] 

Radius [mm] 

T4-57H2 #1 Toe 17.820  0.837  14.665 & 17.13 

  Root 6.590  1.246  0.534 & 0.590 

 #2 Toe 16.160  0.691  27.711 & 11.209 

  Root 6.374  1.148  0.516 & 1.062 

 #3 Toe 14.708  0.909  8.445 & 10.344 

  Root 6.031  1.014  0.751 & 0.640 

 #4 Toe 15.040  0.857  6.212 & 11.532 

  Root 5.890  1.080  0.457 & 0.288 

 Average Toe 15.932  0.824  13.406  

  Root 6.221  1.122  0.4951  

1 Average is counted by using the smaller radii. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Appendix 12. Weld geometry, T4-50H1 

Avc. ID Location Width [mm] Height 

[mm] 

Radius [mm] 

T4-50H11 #1 Toe N/A N/A N/A 

  Root N/A N/A N/A 

 #2 Toe 13.663  0.878  6.982 & 3.418 

  Root 5.921  1.079  0.301 & 0.505 

 #3 Toe 14.821  0.862  7.945 & 5.069 

  Root 6.133  1.069  1.326 & 0.786 

 #4 Toe 16.184  0.821  11.138 & 2.499 

  Root 6.400  1.209  1.048 & 0.669 

 Average Toe 14.889  0.854  6.175  

  Root 6.151  1.119  0.5852  
1 2 mm horizontal offset between weld toe and root. 
2 Average is counted by using the smaller radii. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Appendix 13. Weld geometry, T4-60T6 

Avc. ID Location Width [mm] Height 

[mm] 

Radius [mm] 

T4-60T61 #1 Toe N/A N/A N/A 

  Root N/A N/A N/A 

 #2 Toe 16.948  0.881  31.96 & 5.238 

  Root 6.556  1.034  13.652 & 2.231 

 #3 Toe 16.442  1.032  19.431 & 4.288 

  Root 5.649  0.875  14.993 & 3.172 

 #4 Toe 16.136  0.882  4.804 & 3.101 

  Root 5.672  1.042  1.134 & 2.019 

 Average Toe 16.9482 0.8812  5.2382,3  

  Root 6.5562 1.0342 2.2312,3  
1 2 mm horizontal offset between weld toe and root. 
2 Average represents geometry of specimen #2. 
3 Average is counted by using the smaller radii. 

 

 

 

 

 

 

  



 

 

 

Appendix 14. Weld geometry, T4-60T6-2 

Avc. ID Location Width [mm] Height 

[mm] 

Radius [mm] 

T4-60T6-21 #1 Toe 14.510 0.995  7.771 & 9.712 

  Root 6.305 1.069  2.999 & 0.618 

 #2 Toe 14.530 0.912  16.483 & 17.326 

  Root 6.137 1.080  2.216 & 0.460 

 #3 Toe 14.022 1.038  13.326 & 17.153 

  Root 6.204 1.045  3.909 & 0.626 

 Average Toe 14.354 0.982  13.629  

  Root 6.215 1.065  0.5682 

1 2 mm horizontal offset between weld toe and root. 
2 Average is counted by using the smaller radii. 

 

 

  



 

 

 

Appendix 15. Misalignment correction factors 

 



 

 

 

Appendix 16. Fatigue test results, TIG 

Avc. ID 

∆σ 

[MPa] km,eff,NS 

∆σmod,NS  

[MPa] Nf [cycles] 

Failure 

location 

T4-57H1 #1 101.8 1 101.8 317208 Root 

 #2 87.4 0.75 65.6 2700424 Root 

 #3 95.1 0.74 70.0 859614 Root 

 #4 110.4 1 110.4 324868 Root 

T4-57H2 #1 88.6 1 88.6 892955 Root 

 #2 95.8 1 95.8 654744 Root1 

 #3 103.3 1 103.3 443624 Root1 

 #4 111.6 1 111.6 208632 Root 

T4-50H1 #1 88.5 1 88.5 3100463 Root 

 #2 96.1 0.70 67.5 1061740 Root 

 #3 103.7 1 103.7 739316 Root 

 #4 112.0 0.76 84.8 490346 Root 

T4-60T6 #1 85.9 1 85.9 2392428 BM 

 #2 92.2 0.57 52.6 3156108 Root 

 #3 107.0 1 107.0 236323 HAZ 

 #4 99.8 1 99.8 1396443 HAZ 

T4-60T6-2 #1 85.2 1 85.2 9116667 Runout 

 #2 93.9 0.75 70.3 1499088 Root 

 #3 99.7 1 99.7 821993 Root 
1 Failure from discontinuity on root side, see Figure 19. 

 

 

 

 

 

 

 

 

 

 



 

 

 

Appendix 17. Fatigue test results, LW 

Avc. ID ∆σ [MPa] km,eff,NS 

∆σmod,NS  

[MPa] Nf [cycles] 

Failure 

location 

L4-57H1 #1 86 1.66 142.0 91366 Toe 

 #2 54 1.99 107.3 457181 Toe 

 #3 72 1.64 117.8 138374 Toe 

L4-60T6 #1 86 1.58 135.1 65422 Toe 

 #2 54 1.64 88.4 1574013 Toe 

 #3 72 1.42 102.6 652292 Toe 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Appendix 18. Fatigue test results, FSW 

Avc. ID ∆σ [MPa] km,eff NS 

∆σmod,NS  

[MPa] Nf 

Failure 

location 

F4-57H1 #1 116.5 1 116.5 1348644 BM 

 #2 126.1 1 126.1 1074588 BM 

 #3 134.4 1 134.4 54199 Weld, AS 

 #4 134.7 1 134.7 41905 Weld, AS 

 #5 130.7 1 130.7 42599 Weld, AS 

 #6 126.1 1 126.1 61082 Weld, AS 

F8-57H1 #1 121.6 1 121.6 319935 BM 

 #2 124.1 1 124.1 558847 Weld, AS 

 #3 118.5 1 118.5 951788 Weld, AS 

 #4 133.1 1 133.1 300510 Weld, AS 

F8-57H1-p #1 62.7 1.33 83.6 75699 Weld, center 

 #2 56.2 1.33 74.9 99739 Weld, center 

 #3 71.8 1.33 95.8 48434 Weld, center 

 #4 51.8 1.33 69.0 136195 Weld, center 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Appendix 19. Fatigue test results, MIG 

Avc. ID ∆σ [MPa] km,eff,NS 

∆σmod,NS  

[MPa] Nf 

Failure 

location 

M4-57H1 #1 87.5 1 87.5 450882 Root 

 #2 95.3 1 95.3 180748 Root 

 #3 100.6 1 100.6 106912 Root 

 #4 78.1 0.70 54.6 994055 Root 

M4-57H2 #1 87.6 1 87.6 285130 Root 

 #2 94.9 0.75 71.4 203306 Root 

 #3 101.5 0.70 71.5 191367 Root 

 #4 74.0 1 74.0 1221373 Root 

M4-50H1 #1 88.9 0.74 65.5 772389 Root 

 #2 96.6 1 96.6 344589 Root 

 #3 102.8 0.75 76.8 177937 Root 

 #4 79.7 0.69 55.1 8439814 Root 

M4-60T6 #1 91.8 0.97 88.7 1668795 Root 

 #2 84.4 1 84.4 8339300 Root 

 #3 98.0 1 98.0 1941275 Root 

 #4 84.6 1 84.6 783886 Root 

M4-60T6-2 #1 84.3 1 84.3 606435 Root 

 #2 91.8 1 91.8 459811 Root 

 #3 97.7 1 97.7 431298 Root 

 #4 71.1 1 71.1 3296137 Root 

M8-57H1 #1 78.4 1 78.4 1143623 Toe 

 #2 88.8 1 88.8 338135 Root 

 #3 88.8 0.96 85.1 232530 Root 

 #4 78.7 1 78.7 1004452 Toe 

 #5 98.2 0.99 97.3 184039 Toe 

 #6 99.1 1 99.1 178483 Toe 

 #7 63.5 1 63.5 6302267 Toe 

 #8 63.3 1 63.3 6923089 Root 

M8-50H1 #1 78.7 1 78.7 3272334 Toe 

 #2 88.7 1 88.7 521753 Root 

 #3 98.6 1 98.6 262713 Root 

 #4 75.3 1 75.3 2085460 Root 

 

 

 

 



 

 

 

Appendix 20. TCD data 

 

 

 



 

 

 

Appendix 21. TIG data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Appendix 22. FSW data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Appendix 23. LW data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Appendix 24. MIG toe data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Appendix 25. MIG root data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Appendix 26. Data for discontinuity at root 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Appendix 27. LW undercut data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Appendix 28. Hardness measurements 

 


