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Tämän työn tarkoituksena oli tutkia SSAB:n valmistaman Strenx 960 teräksen 

käyttäytymistä, kun rakennetta kuormitetaan lähes materiaalin myötörajan suuruisella 

nimellisellä jännitysvaihtelulla. Tällöin todennäköinen vauriomuoto on low-cycle fatigue 

(LCF), jossa väsyminen tapahtuu jo vähäisillä kuormitusvaihteluilla. Työ toteutettiin 

kuormittamalla 8 mm teräslevystä valmistettuja koekappaleita noin 700 MPa 

jännitysvaihtelulla käyttäen kuormitussuhdetta R = 0.1. Koekappaleiksi työhön valittiin 

MAG ja laser hitsattu päittäisliitos, MAG hitsattu kuormaa kantava ja kuormaa kantamaton 

X-liitos, laser- ja vesileikattu reuna sekä koneistettu reuna. Jälkikäsittelyn vaikutusta 

kestävyyteen tutkittiin jälkikäsittelemällä puolet hitsausliitoksista HiFIT-laitteella, joka 

edustaa yhtä high frequence mechanical impact treatment (HFMI-treatment) -käsittelyn 

muodoista. 

 

Kokeiden tuloksia tarkasteltiin tutkimuksessa nimellisen, rakenteellisen sekä tehollisen 

lovijännityksen (ENS menetelmän) avulla. Lisäksi hitsatussa tilassa koestetuista sauvoista 

muodostettiin pinnan mittauksen avulla FE mallit, joista määritettiin jännitykset hot spot ja 

ENS menetelmällä. Analyysistä saatujen jännitysten avulla liitoksille määritettiin 

laskennalliset kestoiät, joita verrattiin kokeiden tuloksiin. 

 

Tulosten perusteella nimellisen jännityksen mukaan mitoitettuna, hitsatussa tilassa oleville 

liitoksille suositellut väsymisluokat antavat varmalla puolella olevia tuloksia. Siirryttäessä 

hot spot menetelmän kautta ENS menetelmään, epävarmuus mitoituksessa kasvaa, sillä 

tulokset eivät enää sijoittuneet keskelle luottamusväliä. Rajaviivan käsittelyllä tilanne 

kuitenkin parani, sillä tällöin kaikki koetulokset ylittivät suositeltujen korotettujen FAT-

luokkien luottamusvälin keskiviivan. Leikattujen reunojen väsymiskestävyydet olivat 

selvästi korkeimpia ja niiden kohdalla nykyinen perusaineen väsymisluokka FAT 160 

vaikutti hyvin konservatiiviselta. FE-analyysissä tulosten hajonta osoittautui suureksi, mutta 

kuitenkin pääsääntöisesti tulokset antoivat liian positiivisen kuvan kestoiästä.  
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The purpose of this thesis was to study the behavior of SSAB’s Strenx 960 steel, when the 

structure is loaded in the LCF regime. The research was performed by testing experimentally 

welded and cut specimens made of 8 mm plate and subjected to nominal 700 MPa stress 

range with an applied stress ratio R = 0.1. Test specimens specified based on generally used 

structural details and they were laser and MAG welded butt joints, MAG welded load and 

non-load carrying cruciform joints, laser and water cut edges and machined edge. The effect 

of post-treatment on fatigue strength was investigated by post-processing a half of the 

welded joints with HiFIT device, which is one of the applications of the high frequency 

mechanical impact treatments (HFMI-treatment). 

 

The results were analyzed applying nominal, structural and effective notch stress (ENS) 

method. In addition, specimens in as-welded condition were analyzed by FEA, where 

stresses were determined by hot spot and ENS method. The computational results were 

compared to the results of the experiments. 

 

Based on the results, applying recommended fatigue classes for untreated joints, nominal 

stress approach leads the results on the safe side. However, in hot spot and ENS-methods, 

uncertainty in dimensioning increases as the results no longer rank among the confidence 

intervals. However, by post-treating the weld toe, all test results exceed the mean value of 

the recommended fatigue class. With non-welded specimens, the test results were clearly 

highest and for them the base material fatigue class FAT 160 was considered to be very 

conservative. In the FE analysis, the dispersion of results seemed to be high but, as a rule, 

the results overestimated fatigue capacity. 
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1 INTRODUCTION 

 

 

In recent years, the use of high strength steels has increased. One reason for this is that weight 

and manufacturing costs are underlined, while the load carrying capacity has been kept at 

the least same. (Laitinen et al. 2013, p. 282.) This demand has been met by producing new 

high-strength steels, which are well suitable for high-performance structures. One product 

in this area is SSAB’s Strenx structural steels product family, available at yield strength of 

900 to 1100 MPa (Ruukki 2014b). 

 

In order to use new materials efficiently and safely, it is essential to know how to use them 

in different applications, i.e. in different load conditions and operating temperatures. 

According to the manufacturer, Strenx is notified to be well suitable for lightened structures 

which can also be loaded with higher effective load. Such structures are, for example, crane 

booms, bodyworks of commercial vehicles and different load handling devices. However, 

none of the mentioned structures is possible to implement without the material being 

modified. Thus, it is important to recognize what kind of manufacturing methods are suitable 

for both the material and the final product. (Karjalainen-Roikonen et al. 2010, p. 4.) 

 

This research investigates Strenx 960 properties at low cycle fatigue (LCF) regime, which is 

activated when the load rate of a structure is high subjected to high fluctuating loads. Thus, 

LCF is one of the potential failure modes for all high strength steels. In addition, the welding 

of the high-strength steels always affect the material properties of the joining area 

(Kumpulainen et al. 2011, p. 7). For this reason, study focuses on welded joints and cut plate 

edges made of ultra-high strength steel (UHSS). The welded joints include gas metal arc 

(GMA) and laser welded butt joints, and load and non-load carrying cruciform joints (X-

joints). Respectively, three different types of cut edges, i.e. laser and water cut edge and 

machined edge, are under investigation. The research was performed in Lappeenranta 

University of Technology (LUT) and consists of a brief literature review, experimental tests 

and finite element analyses (FE-analyses). 
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1.1 Background 

Strenx 960 is commonly used steel in structures where high load carrying capacity is 

required. In such structures, fluctuating loads may increase very high and a number of cycles 

remain low and consequently, LCF is one possible failure mode. The research problem is to 

find out LCF properties of welded joints and cut edges made of Strenx 960. 

 

1.2 Objective 

The purpose of the research was to provide additional information about the behavior of 

Strenx 960 steel under high stress ranges so, that the failure is achieved in the LCF regime. 

The research is expected to obtain answer to the following questions: 

 How welded joints made of Strenx 960 behave if they are loaded with high stress 

ranges? 

 Does Strenx 960 low cycle fatigue behavior follow the LCF behavior of steels in 

general? 

 Can hot spot and ENS method be applied for estimation the fatigue strength of S960 

in LCF-region? 

 

1.3 Research methods 

The study was started with a literature review, review to study the base material properties 

as well as material behavior in as-welded condition. In addition, fatigue overall and the most 

essential fatigue strength assessment methods were examined briefly. Secondly, fatigue tests 

were carried out in LUT laboratories. The tests were carried out for seven different types of 

test specimens representing typical details prone to fatigue failure in many applications. The 

test method was considered the same as in the previously performed high-cycle fatigue 

(HCF) tests for the same base material. Thirdly, finite element analyses (FEA) were carried 

out. The models to be analyzed were generated based on surface shape measurements data, 

and thus the models could be expected to be as realistic as possible. In the analyses, similar 

load and boundary conditions to experimental tests were applied, which ensure the 

comparability of the results. 
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1.4 Scope 

This research concentrates on behavior of Strenx 960 when fluctuating loads cause tensile 

stresses which are near the yield limit, and thus, failure occurs in LCF regime. To limit the 

study, two identical specimens were fabricated and tested at the same stress level, but in 

order to obtain a comprehensive overall picture, a total of seven different details were tested. 

In addition, all four welded joint types were also tested in post-weld treated condition (eight 

specimens), so that the total number of specimens were 22. The results were also wanted to 

be comparable, which is why the stress ratio was decided to remain the same in all test 

specimens, although some of the details may not remain in the LCF regime. 
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2 LITERATURE REVIEW 

 

 

In this section, three relevant topics has been discussed; Strenx 960 properties both as a base 

material and in as-welded condition, fatigue overall and fatigue assessment approaches. 

These subjects were used to provide widespread background information that facilitate both 

the actual research and the examination of the results. Thus, the research was able to progress 

on a strong basis and the resources could be fully directed to exploring a new area, however, 

considering the input of previous studies. Source material was used manufacturer’s 

publications, scientific publications and technical literature. 

 

2.1 Strenx 960 

The base material of the test specimens were used Strenx 960 steel plate with thickness of 8 

mm. The material is one of the SSAB Strenx product family steels, which were developed 

in the early 2000s. Strenx steels are classified structural steels (S) and produced with three 

different yield strength; 900, 960 and 1100 MPa. The strength of the material is achieved by 

direct quenching (Q), but still manufacturer guarantees good cold formability of material 

(C). The material parameters declared by manufacturer are shown in table 1. (Ruukki 

2014b.) 

 

Table 1. Strenx 960 mechanical properties (Ruukki 2014b). 

Yield strength 

(minimum) 

Rp0.2 

Tensile strength 

(range) 

Rm 

Elongation 

(minimum) 

A% 

Impact strength test 

Energy level (Charpy V) 

-40 °C -20 °C 

960 MPa 980-1250 MPa 7 % 27 J 
40 J 

(minimum) 

- Yield and tensile strength are tested longitudinal to the rolling direction, but 

guaranteed both in the longitudinal and transverse direction. Elongation is tested 

longitudinal to the rolling direction. 

- Impact strength is tested as Charpy V notch test in accordance with EN ISO 148 

1: 2010. 

 

As noted above, the manufacturing process of Strenx is based on quenching. In this respect, 

Strenx is closely related to the thermo-mechanically treated (M) steel, which, respectively, 
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the material strength is achieved by alloying and the final strength with rolling and cooling. 

Quenching, however, the cooling after the rolling is performed faster than thermo-

mechanical treatment, in which case bainite and martensite microstructure forms with the 

grain size of about 1 μm. Thus, the steel can be classified as Dual-Phase or ultra-fine-grain 

steel, but due a number of different bainite phases also as Complex Phase steel. Strenx 960 

does not correspond to the standard steel but, however, SSAB guarantees material meets the 

requirements of S960 MC steel according with EN 10149-2. The European standard EN 

10149-2 provides the basis for thermo-mechanically rolled ultra-high strength strip steels. 

(Ruukki 2014b.) Strenx 960 steels chemical composition is presented in table 2. 

 

Table 2. Chemical composition of Strenx 960 (Kömi et al. 2013, p. 27). 

Maximum content % (cast analysis) 

C  

max 

Si 

max 

Mn 

max 

P  

max 

S  

max 

Al 

min 

Ti 

max 
Cr, Mo, Ni, B 

0.12 0.25 1.20 0.020 0.010 0.015 0.070 Minor levels 

 

2.1.1 Weldability 

Mechanical properties of steel, e.g. strength and fracture toughness, can be achieved in 

various ways, such as alloying, melting process, rolling and thermal treatment. However, by 

welding the material, above mentioned factors are influenced e.g. by joint geometry and 

alloying of the filler metal, in which case the properties of the joint area does not correspond 

to the properties of the base material. Thus, when high-strength steels are welded, it is very 

important to know how the strength of material has been achieved and which condition the 

material is delivered. Only in this way, the welds can be produced reliably so that their 

properties are known and durability can be concretely defined. (Kumpulainen et al. 2011, p. 

6-7.) 

 

Mechanical properties of Strenx has been achieved by low alloying and direct quenching. 

The production method ensures low carbon content which together with the low extent of 

alloying generate low carbon equivalent value. Thus, probability to the cold cracking of 

welds has been reduced and preheating is required mostly only thick plates. However, like 

other high strength steels, during the manufacturing process, it must be considered that 

hydrogen is not needlessly increased to the joint for example at the surface of the weld 
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groove. Therefore, also filler metals hydrogen content should be less than 5 ml of hydrogen 

per 100 g filler metal. Strenx 960 carbon equivalent values declared by manufacturer are 

shown in table 3. (Kömi 2007, p. 33.) 

 

Table 3. Carbon equivalent values of Strenx 960 (Ruukki 2014b). 

 t ≤ 8 mm t  8 mm 

CEV typical 0.52 0.57 

CEV maximum 0.56 0.62 

 

In addition to the low hydrogen content, restrictions on the heat input must be considered in 

welding of the Strenx steels. Thermal cycle, e.g. from welding, causes changes in the 

microstructure and softening in heat-affected zone (HAZ). High strength steels softening and 

decreasing of the strength is typical and therefore heat input is nearly always limited. 

However, because of the Strenx bainitic-martensitic microstructure, softening is typically 

slightly greater, when comparing traditional quenched and tempered (QL) steels (figure 1). 

(Kumpulainen et al. 2011, p. 7.) As a result, when the joint is required equal strength with 

the base material (matching welds), the heat input is recommended to restrict so that the 

cooling time t8/5 is less than 4 seconds but, however, permitting undermatching welds, the 

cooling time may be extended up to 15 seconds (Ruukki 2014b). Correspondingly, for QL 

steels cooling time t8/5 is recommended to be between 5 and 20 seconds (Ruukki 2015).  

 

The joints can be said to reach an equal strength with the base material by limiting the heat 

input. However, at the local stage, the HAZ is always to be found softened and thus a lower 

strength zones, which are generated by phase transitions, carbide spheroidization and 

tempering. In figure 1, these zones are marked with the letters a and b. The width of the 

different zones depends on the heat input subjected to the material (Kumpulainen et al. 2011, 

p. 7). Therefore, modified method, which minimize and focus heat input, are applied. One 

of these is known for example pulsed metal active gas (MAG) welding. Another possibility 

should, however, to remember the joint localization less critical area, when the welding may 

not be necessary to limit as widely. In this way, the number of applicable welding methods 

increase and, in some cases, welding productivity may also be improved. (Kumpulainen et 

al. 2011, p. 7.) 
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Figure 1. Schematic hardness distribution of S960 QC and QL steels when using the same 

heat input. QC steel undermatching zones a and b are marked on the graph. (Kumpulainen 

et al. 2011, p. 7.) 

 

Another important observation (in addition to the softened zones), can be made from figure 

1. Near the fusion line, the hardness of the QL steel increases clearly, while QC steel harness 

of the base material is not exceeded. The behavior can be explained with QC and QL 

different alloying. Microstructure of QC steel doesn’t enable to form hard and non-tempered 

martensitic microstructure because of the low alloying. Thus, material will have good impact 

strength also at the low heat input. More alloyed QL steel martensitic microstructure enables 

to form and consequently, impact strength decreases. For QL steels, a maximum cooling rate 

must thus be set, while in QC steels, it is not necessary. 

 

2.2 Fatigue 

Mechanical failure can occur in many ways. Therefore, in the design, one calculation is not 

often sufficient, and analysis should be carried out considering several failure criterion. One 

of these criterions is fatigue, when a failure occurs on crack growth (figure 2). Cracks may 

occur in the structures during manufacturing or use. For example, weld toes can be 

considered as initial defects, which is why a large amount of failure in welded structures can 

be attributed to fatigue. Also, when taking into account the welding as a most common 

metals connection method, crack growing as a failure method can be said to be possible for 

a very wide variety of structures. 
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Figure 2. Fatigue as a part of the failure analysis (Niemi 2003, p. 14). 

 

Although cracks occur in many structures, it does not automatically mean that the structure 

will fail as a result of the crack growth. In fact, crack needs in all circumstances other factors, 

such as stress state generated by external load, in order to grow. In fatigue, crack is defined 

to occur as a result of the fluctuating loads, so that the failure will eventually occur due to 

varying stress. The magnitude of the stress is not relevant when observing fatigue as a 

phenomenon, and therefore, the stress can be formed in many different ways. (Dowling 

2013, p. 391-392.) Niemi & Kemppi (1993, p. 229-230) mentioned for such ways, i.a., 

variation in the amount or direction of the load, vibrations caused by resonance and impulses, 

and thermal stresses resulting from temperature variation. 

 

When examining fatigue as a mechanism, it can be divided in two phases; crack nucleation 

and crack growth. Crack nucleation includes crack nucleation process from the stress 

developed slip bands until the formation of crack or cracks. Description of this process is 

provided in various references but still crack nucleation stage has not been able to terminate 

unambiguously. One reason for this is that crack nucleation depends on material properties, 

such as ductility, strength, microstructure and grain boundaries. All materials can be 

assumed to be anisotropic and inhomogeneous in small scale, which complicates the 

prediction of nucleation process. However, some materials, such as materials with limited 

ductility, damages in microstructure are more immediated and often concentrated 

discontinuities, for example corrosion pits, pores, voids and inclusions. In the boundary of 

these defects stress increases locally causing inelastic strain that finally results in 

microcracking. Thus, for example in case of high strength steels, effects of microstructural 
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defects and discontinuities on crack nucleation must be taken into account. (Dowling 2013, 

p. 410-413; Stephens et al. 2001, p. 45-55.) 

 

Another reason for ambiguous definition of crack nucleation phase is, that the point in which 

the crack is considered to exist, and the second stage, crack growth starts, varies between 

different disciplines. For example, metallurgist may perceive crack be generated when the 

slip bands have been formed. However, in engineering, Niemi & Kemppi (1993, p. 236) and 

Dowling (2013, p. 757) consider that the crack nucleation ends when the theory describing 

the process of the crack growth starts to be true. In this case, the crack growth is possible to 

describe as a nucleated microcrack level through macrocrack level to the fracture. (Stephens 

et al. 2001, p. 54-55.) 

 

Since the fatigue phenomena is generally extremely complex, it is often described to be 

approximative in engineering. This means that the generation of the technical crack is 

explained as a continuous process, which can be separated into initiation and propagation 

(growth). Thus, the physical crack propagation, described above, can be explained by a 

macroscopic elastic or elastic-plastic stress or strain analysis. Therefore, the crack initiation 

is considered to include crack nucleation process and microcracking, while detectable 

macrocrack growth until the final fracture is considered to belong crack propagation phase. 

(Radaj et al. 2006, p. 3-4.) In weld toe, crack propagation can be assumed to be stable when 

the macro crack depth is about 0.25 mm and length about 1-2 mm. However, at this stage 

the size is still so small that it cannot even be detected by nondestructive testing (NDT) 

methods. (Niemi et al. 2004, p. 12.) 

 

2.2.1 Fatigue of weldments 

Welds represent a complete own croup in the field of fatigue. This is due to the welding 

process, in which heat input and welding consumables create new material, but also same 

affect the properties of the base material. As a result, e.g. several different microstructures, 

micro and macro discontinues and residual stresses are observed, resulting in a probable 

location for fatigue failure. (Stephens et al. 2001, p. 401.) Thus, planning and 

implementation of the welding and welded structure has a direct impact on service life and 
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fatigue strength, which should be considered also when applying fatigue strength 

assessments (Radaj et al. 2006, p. 1). 

 

Particularly critical area for fatigue is between weld and base material generating heat 

affected zone (HAZ). In this area, due to heat input and alloys in welding consumables, the 

base material is formed different metallurgical structure and mechanical properties. 

Practically, this means that the material includes several different defects in this region, and 

thus, may or may not correspond to the base material or the deposited metal. Now, when 

also is considering the other factors caused by welding, such as geometrical stress 

concentrations and residual stresses, the evaluation of the fatigue strength based on deposited 

or base metal can be noted to be difficult. (Stephens et al. 2001, p. 401-406.) Therefore, the 

fatigue strength of welded details are mainly based on the extensive experimental tests in the 

designing codes of the welded components. (Dowling 2013, p. 506). Because, it is not 

possible to test all different details, the results must often be applied, which again increases 

inaccuracy. 

 

Fatigue of high-strength steels do not differ from the above. However, the use of high-

strength steels has made possible to design structures in such a way that stresses may increase 

compared to the low-strength steels. By considering the fact, that crack growth is not 

practically dependent on the material strength but on the stress range, lightening of structures 

using higher strength steel leads shorter service life. However, with the sufficient design and 

manufacturing methods, crack nucleation and grown can be affect so that the strength of the 

material can be fully utilized. One practical example is the reduction of the crack size, which 

proportionally increases the service life considerably. (Niemi et al. 2004, p. 10-11.) This can 

be noted from figure 3, where the slope of the curve is significantly smaller at the beginning 

than the end. 
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Figure 3. Schematic presentation of crack propagation from nucleation to end fracture 

(Niemi et al. 2004, p. 13, modified by author). 

 

2.2.2 Low-cycle fatigue 

Although fatigue appear as descripted above, the phenomenon can be categorized from 

several perspectives. One way is to divide the fatigue in low- and high-cycle fatigue, in 

which case the classification has been made based on macro scale fatigue behavior. When 

the macroscopic deformation is plastic, fatigue is called low-cycle fatigue (LCF). In this 

case, fatigue failure occurs at a low number of cycles (approximately less than 10 000 

cycles). Respectively, in high cycle fatigue (HCF), deformation remains in elastic region. 

This increases the fatigue life and the failure occurs approximately more than 100 000 

cycles. (Schijve 2009, p. 146.) 

 

Even low- and high cycle fatigue are often defined by number of cycles, the categorizing 

must be always based on macroscopic deformation. In this manner, the behavior of different 

materials needs to be considered. In LCF, plastic deformation occurs on each cycle, and thus, 

crack nucleate fast, which leads to final fracture in low number of cycles. However, crack 

nucleation and growth depend on material, and therefore, the general cycle limits cannot be 

determined. Also, between the low- and high-cycle fatigues is a transition area, in which 

deformation is both elastic and plastic. In this regime, fatigue behavior dependents both the 

material LCF and HCF properties. (Schijve 2009, p. 161-166.) 

 

As mentioned in the previously section, fatigue of weldments, welds always include an area, 

where the material properties are not precisely known. The strain does not either remain 
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constant in this area, but attempts to be greatest in the area of the lowest yield strength. For 

this reason, the testing of the welded structural members clearly in LCF or HCF regime is 

not always straightforward. One simple way to estimate local material parameters is to 

measure hardness profile across the weld and thus utilize relation between hardness values 

and material parameters (Nykänen et al. 2013, p. 477-478). Procedure also highlight the 

areas, which are distinguishing significantly the deposited or base metal recording to the 

hardness (figure 1). Estimating the lowest strength on the area, it is possible to take into 

account that in LCF range the fatigue strength is limited by material static yielding limit, 

σ0.2, which is independent of the number of the cycles (Radaj et al. 2006, p. 17). Now, it is 

also good to notice, that below the LCF regime, the stress approaching the yielding limit, 

cracks nucleation occurs usually immediately and the final fracture occur at the small size 

of the crack (Schijve 2009, p. 162). Thus, in LCF regime, small initial defects may prove to 

be very critical. (Gurney 1979, p. 287-288.) 

 

2.2.3 Effects of weldments on the fatigue resistance 

Welding reduces fatigue strength when comparing to the non-welded structures. Therefore, 

in the welded structures precisely welds are often limiting fatigue strength, which is why 

attentions of both designing and manufacturing is also often required. In the designing, it is 

possible to take fatigue into account in several ways, e.g. by decreasing nominal stress level, 

considering secondary stresses, utilizing ductile steels and analyzing manufacturability 

(Niemi and Kemppi. 1993, p. 274-282). For example, when utilizing high strength steels, 

only the systematic consideration of the fatigue strength is not always enough. In these cases, 

improving should particularly be focused welds at the local level by reducing geometrical 

discontinuities and increasing material resistant against crack formation. This means some 

extra work for manufacturing, but only with the co-operation between design and 

manufacturing, the reliable results in order to improve the fatigue strength can be obtained. 

(Forschungsvereinigung Stahlanwendung e.V. 2010, p. 1-2.) 

 

Methods aiming to improve fatigue strength after the welding are called post-weld 

treatments. These methods are generally divided in two main groups, as mentioned above, 

but at the local level the effects will vary, which is why both groups are including number 

of different improving techniques. Each of these techniques can have an effect on fatigue 
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strength, but in order to improve weld fatigue strength, treatment method as well as treated 

area must be defined separately each time. This ensures that the treated area is really critical 

to the fatigue failure, and the method is appropriate for a detail and loading case. At the same 

time, unnecessary post processing is also avoided. (Hobbacher et al. 2008, p. 84-86.) 

 

In addition, design codes and standards must be considered in the calculations of the fatigue 

life. For example, International Institute of Welding (IIW) has given recommendations for 

four different treatment methods, which are grinding, TIG dressing, hammer and needle 

peening. The first two of these methods reduce the notch effect by removing imperfections 

at weld toe and create smooth transition between weld and base material. For this reason, 

recommended improvements in fatigue classes are also similar. Respectively, by producing 

residual compressive stress and hardening surface layer, peening methods belong to the same 

group, when also recommended improvements in fatigue classes are similar. (Hobbacher et 

al. 2008, p. 84-89.) However, peening methods, excluding shot peening, are also producing 

plastic deformation, which equalize the geometry at weld toe and thus also contribute to 

reducing notch effect (Forschungsvereinigung Stahlanwendung e.V. 2010, p. 2). 

 

High frequency mechanical impact 

Although the official guidelines, e.g. Eurocode 3 (EC3), restrict the use of the treatment 

methods, the development of the methods is continuous in industry. One reason for this is 

that in many cases, the effectiveness of the structures is aimed to be increased using high 

strength steels, in which case post-processing gets attention because of fatigue effect. High 

frequency mechanical impact (HFMI) has also developed in this way. Working frequency 

of HFMI is more than 180 Hz while in conventional peening or hammer peening methods, 

it is only about 20 to 100 Hz (Forschungsvereinigung Stahlanwendung e.V. 2010, p. 4). 

Applying HFMI method, it is also possible to achieve a uniform treatment with good 

reproducibility, which together with the user-friendliness increase popularity of the method. 

(Mikkola et al. 2013, p. 161-162.) In addition, with structural steel with 700 MPa yield 

strength, the method has been found to give consistent and high improvements also when 

stress range exceed the yield strength (Pedersen et al. 2010, p. 216, 219). 
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HFMI is possible to perform in many different ways, e.g. ultrasonic impact treatment (UIT), 

ultrasonic peening treatment (UPT) and high frequency impact treatment (HiFIT). However, 

all methods are based on same principle where material surface (weld toe) is modified by 

high frequency moving pin (figure 4). (Mikkola et al. 2013, p. 162.) Furthermore, it has been 

found that improvement in fatigue class (FAT) is related to strength of base material so that 

in high strength steels, the improvement is more significant. For example, on the basis of the 

test result, high strength steels with a yield strength of over 950 MPa, the improvement in 

fatigue class may be up to 8 times, while according IIW guidelines three-times improvement 

is maximum. Now, should be noted that an S-N slope of m = 5 seems to be more suitable for 

HFMI-treated joints than m = 3 given by IIW guidelines. Therefore, the improvement in the 

service life is not always as significant as the impression given by the FAT class, and in 

some situations, it may even intersect the conventional FAT curve. In addition, the HFMI 

method usability limiting loading effects (stress ratio and maximum stress range) are also 

depending on yield strength, which is why, inter alia, low cycle fatigue loading, high mean 

stress and large stress cycles as a part of high fluctuating load have a great influence on the 

stability of the HFMI treatment. (Marquis et al. 2013b, p. 7-16.) 

 

 

Figure 4. HFMI treated weld toe indentation depth should be about 0.2-0.6 mm and width 

2–5 mm (Marquis and Barsoum. 2013a, p. 104-105). 

 

2.2.4 Measurements supporting fatigue tests 

Fatigue strength is a sum of many different things. One way to try to understand how 

different factors affect fatigue strength, is to measure essential parameters before fatigue test. 

Measurement data can be utilized in the analysis of the test results and fatigue behavior can 
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even be explained by using the results. However, on the basis of the limited measurements, 

an inspection of the results is difficult and unreliable. To reduce workload of measurements, 

one specimen can be measured more precisely and results can be generalized for similar 

joints. 

 

In this research, three different type of measurements were done for the test specimens, 

including hardness, joint shape and residual stress measurements. These measurements were 

thought to provide essential support for the interpretation of the results. In the following 

paragraphs, background of methods is discussed. The performance of measurements has 

been described later in the section 3.1.4. 

 

Hardness 

As discussed in section 2.1.1, example heat input causes changes in microstructure of base 

material in the vicinity of the weld. As a consequence, properties of HAZ do not correspond 

to the properties of base material, in which case the joint behavior may significantly 

distinguish the behavior of the surrounding material. Appropriate welding parameters can 

have an effect on the properties of welded structure, but the microstructural changes in the 

material cannot be avoided. (Kou 2003, p. 343.) 

 

Changes in hardness indicate also chances in microstructure because different zones have 

different hardness. Since hardness correspond to tensile strength of material, hardness 

measurements can provide reasonable estimation of properties of a joint. This enables to 

determine, in which region the most critical area is located in terms of ultimate load capacity, 

and how wide the area is. (Lancaster 1980, p. 131-133.) 

 

For the hardness measurements, the examined joints must be prepared microsection. These 

sections is also possible to utilize in visual examinations, for example, when connecting 

different material properties for the different microstructures or when defining the width of 

the HAZ or different zones (Kou 2003, p. 347-348). In addition, the macrostructural views 

can be utilized in the examination of the internal shape of the weld, so that, for example, root 

penetration and effective throat thickness can be defined visually. 
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Joint shape 

Weld shape has been found to have an effect on fatigue strength of the joint already in a 

study done in 1941 (Wilson et al. 1941). Still in that case, findings were only made between 

good and bad reinforcements and thus, the importance of the local geometry at weld toe were 

not observed. Even since geometry of welds and weld toes was associated with fatigue 

strength of the joint and gradually, the influence of individual factors on fatigue behavior 

was understood. As a result of studies has been proved, for example, height of reinforcement 

to have effect on the fatigue strength. (Gurney 1979, p. 85-95.) 

 

Nowadays, as a result of the several researches, weld root has been noted to be decisive for 

fatigue strength of the whole welded structure. Research results can be based on comparing 

welded component into the notched member. Weld toe generates non-linear stress peak, 

which magnitude can be described by elastic stress concentration factor Kt. This factor is 

determined by geometry and loading of structural component. However, using this factor in 

calculation of fatigue strength, results remain conservative. For this reason, calculation have 

been developed fatigue notch factor Kf, which particularly has been taken into consideration 

microstructural notch support hypothesis in the case of sharp notch. The hypothesis is based 

on theory of elasticity according to which maximum notch stress is not decisive for crack 

initiation and propagation. Thus, fatigue notch factor can be noted to depend on notch radius, 

material properties and, of course, parameters defining stress concentration factor. Fatigue 

notch factor Kf can be smaller, about the same or even greater than elastic stress 

concentration factor Kt (Stephens et al. 2001, p. 243). Figure 5 is shown stress concentration 

factor and fatigue notch factor of butt joint dependence on notch root radius. The graph 

shows that microstructural notch support hypothesis and material ultimate strength affects 

values of fatigue notch factor, particularly in small radii. (Radaj et al. 2006, p. 91-96.) 
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Figure 5. Stress concentration factor Kt and fatigue notch factor Kf with respect to the notch 

radius  (Radaj et al. 2006, p. 95, modified by author). 

 

Notch root radius has large scatter, which is why location of maximum local notch stress, 

consisting of structural and non-linear stress, is not always clear. It can be noticed from 

figure 5 that maximum Kf value does not occur at 0 mm radius, or any other certain value, 

but is dependent for example material constant a*. Therefore, in situations where the notch 

root radius is not accurately known, fatigue notch factor is assumed to receive the maximum 

value Kf,max, resulting a worst-case analysis. This assumption is applied for example in the 

effective notch stress (ENS) method, in which radius of notch rounding is fixed at 1 mm. 

(Radaj et al. 2006, p. 96-99.) The veracity of the theories can be evaluated, for example, 

comparing the fictional and the real notch root radius each other. However, more 

understandable correctness can be established when comparing fatigue test results to the 

service life calculated based on fictitious and real radius. 

 

Residual stress 

Different manufacturing and processing methods generate structures internal stresses called 

residual stresses. These secondary stresses occur without external load, and for this reason 
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are equilibrium within the part. Local stresses vary between compression and tension and so 

may contribute in development of local processes, such as crack initiation, beneficially or 

detrimental. For example, surface hardening produces local compressive stresses, which 

decrease mean stress at surface and thus improves fatigue resistance. Welding instead 

generates surface tensile stresses, resulting the increasing of local tensile stress and decrease 

of fatigue resistance. Considering, that residual stresses can be generated in many different 

ways, cannot be denied that they are relevant to fatigue strength, as discussed in following 

sections. (Niemi and Kemppi. 1993, p. 167; Stephens et al. 2001, p. 243, 245.) 

 

According Stephens et al. (2001, p. 245), residual stress inducing methods can be roughly 

divide into four main group: thermal method, mechanical method, machining and plating. 

Thermal methods include thermal processes such as hot-rolling, quenching and welding. All 

processes have an effect on temperature of material and thus produce changes in volume, 

crystal structure and the strength of the material, for example. Since, the temperature changes 

are not uniform throughout the specimen, but in some degree changes are always local, 

internal stresses is formed. (Stephens et al. 2001, p. 252-253.) 

 

Figure 6 shows how perpendicular residual stress varies as a function of distance from weld 

centerline. Low-strength steel the maximum residual stress is formed in the center of the 

weld, while high strength steel, the maximum tensile stress is located further and in the center 

line can occur even compression. This difference is due to the material properties that causes 

different behavior under heat cycle.  However, the magnitude and location of the stress is 

also affected by other factors, such as heat input, which is why in both cases, weld toe and 

HAZ may occur high tensile stress. The stress distribution should therefore determine case 

by case. (Niemi 2003, p. 80-81.) 
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Figure 6. Schematic presentation of two different distributions of residual stresses in 

parallel direction to weld (Gurney 1979, p. 101; Niemi 2003, p. 81, modified by author). 

The shape of the distribution depends, i.e., on the material, and cannot be generalized, for 

example, between QL and QC steels. Axis are not scaled relative to each other. 

 

In the second group, residual stress is created by using external load. The load creates 

material both elastic and inelastic deformation and thus after the removal of the load, elastic 

material tends to return to its original state. However, the plastic deformation prevents a 

complete recovery, causing locally compressive residual stresses. Mechanical method can 

be implemented in several different ways, such as overloading, shot-peening, rolling and 

hammer-peening. (Stephens et al. 2001, p. 245-248.) In welded joints, good results have 

been obtained using local processes, in which fatigue strength improving compressive stress 

may have been produced in critical locations. For example, HFMI treatment can be applied 

at weld toes to modify residual stress state induced by welding (figure 6) to more favorable 

in terms of fatigue. (Forschungsvereinigung Stahlanwendung e.V. 2010, p. 7-9.) 

 

Third group, machining, includes methods, such as milling, broaching and polishing. In this 

group, it is common that the methods affect fatigue strength in four different ways: cold 

working, phase transformations, surface finishing and residual stresses. Generally, it cannot 

be unambiguously stated, which of the four methods is dominant, but in most of the cases, 

especially in long and intermediate lives, residual stress cannot be excluded. This is because 

machining causes surface plastic and elastic deformation as well as local heating and thus, 

as a result, residual stresses. However, due to surface-oriented method, selection of 

processing techniques have a direct influence on fatigue strength. (Stephens et al. 2001, p. 

256-257.) 



30 

 

The last group, plating, includes plating methods from soft zinc plating to hard chromium 

plating. Hard plating is typical, that they decrease fatigue strength by creating tensile residual 

stresses and micro cracking. Low strength steels and LCF regime the effect is small, since 

relaxation may occur. In addition, influences of softer platings are much lower and thus 

under corrosive conditions, fatigue strength may even increase. (Stephens et al. 2001, p. 254-

256.) 

 

2.3 Fatigue strength assessments of weldments 

Fatigue and especially fatigue of weldments is a sum of several factors, and consequently, 

describing of the phenomenon accurately is very difficult. In standards and design codes, 

which are mostly prepared based on experimental tests of welded components, the effect of 

the individual factors must be take into account after the tests. For this reason, fatigue 

strength is possible to describe many different way, depending on factors which are already 

included in the design codes. Target of fatigue strength assessments is to determine specimen 

or component life in relation to given load. Therefore, the assessment methods are classified 

according to how locally the stresses or strains due to external load are defined. One way to 

divide methods is to define three main groups, which are local, global and structural stress 

approaches. (Radaj et al. 2006, p. 5-12.) However, in LUT the division has been made four 

groups that are nominal and local stress approaches, local strain approach and fracture 

mechanics. In this division, structural and notch stress methods are included in the local 

methods.  

 

Fatigue strength assessment methods, which exploit based on external forces or nominal 

stresses calculated linear (membrane) stress distributions, are called global or nominal stress 

approaches. These approaches takes significant redistributions into account, e.g. 

concentrated loads and effect of macrogeometry, but, however, notify the local effect of the 

weld and type of joint only in characteristic curve. Approaches also include small axial and 

angular misalignments, but exceeding tolerance errors must be considered separately with 

stress magnification factors. (Hobbacher et al. 2008, p. 21-22.) However, since global 

approaches consider different structural details, approach request determination of fatigue 

class (FAT) separately for each detail, which again restricts the use of the method in complex 
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structures (Niemi 2003, p. 98-99). For example, nominal stress nom under external tension 

force, can be calculated from equation 

 

 𝜎𝑛𝑜𝑚 =
𝐹

𝐴
  , (1) 

where F is external force and A is an area of specimen cross section (Niemi and Kemppi. 

1993, p. 232). In figure 7, nominal stress σn has been illustrated in a simple butt joint. 

 

The second group, structural stress approach, are locating between global and local 

approaches. Like global approaches, the methods utilized stresses caused by macrogeometry 

effect, but in addition taking into account structural discontinuity and misalignments. 

However, the local non-linear notch stress caused by weld and especially weld toe is 

excluded from the calculations but included in the fatigue classes. (Radaj et al. 2006, p. 33.) 

Structural stress approaches are typically applied in situations, where nominal stress 

approach is not applicable, for example due to unsuitable structural details or complex 

geometric effect. However, the applicability of the method is officially limited to assessment 

of fatigue failures starting from weld toe. Thus, the method is suitable only limited extent 

situations, in which the crack potentially initiates at root side. (Hobbacher et al. 2008, p. 24.) 

Figure 7 gives an example of butt joint, in which structural stress σstr has been presented as 

a sum of membrane and linearly distributed shell bending stress. 

 

Third and the last group of fatigue strength assessment approaches are called local 

approaches. Methods in this group are taking account cyclic crack initiation, cyclic crack 

growth and final fracture based on local stress or strain. Approach method do not need to 

notice all the elements at the once, but can focus some of them. For example, notch stress 

approaches are applied to examination of crack initiation process and crack propagation 

approaches to the crack growth process. Thus, if it is necessary to examine whole fatigue 

process, all the three phases must be taken into account using different approaches. However, 

all these methods require consideration of local stresses or strains effects, which is why there 

is several details to consider, such as welding defects, inhomogeneous material and residual 

stresses. Consideration of all the factors as a variable is not possible and hence, different 

methods are devoted to different factors and variables, evaluating these factors individually. 
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(Radaj et al. 2006, p. 6-10.) Figure 7 shows notch stress k as a sum of nominal stress, 

structural stress and non-linear stress peak caused by notch effect. 

 

 

Figure 7. Schematic presentation of generation of nominal, structural and notch stresses of 

the butt joint (Radaj et al. 2006, p. 7, 39, modified by author). 

 

Although fatigue behavior, strength and eventually service life of welded detail or whole 

structure, can be calculated in several different ways, the results are always only 

approximations. The aim of the methods is to generate information to use of designing, and 

thus reformulate picture about how the structures behaves under fatigue load. Therefore, 

determination of one accurate method for every situation is not possible. The selection of the 

applicable approximation method must be made based on available information from both 

method usability and object nature. In this way, the workload in relation to benefits will 

remain acceptable. (Niemi et al. 2006, p. v; Niemi and Kemppi. 1993, p. 245; Radaj et al. 

2006, p. 1-3, 10.) 

 

Approach methods, applied in research, are presented following two subsections. The first 

section discusses hot-spot structural stress approach representing structural stress 

approaches. The second deals with effective notch stress (ENS) method, representing local 

approaches. Both of these methods is possible to utilized finite element analysis and 

analytical examinations, which is why both processes are also described. Since, both 

methods is possible to apply in many different ways, the context in next subsections is to 

focus on describing the methods only on a general level, such as those are applied in this 

research. Fatigue test results are also presented in relation to the nominal stress range, but in 

this context the global method is not examined closer than already above. 
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2.3.1 Hot spot structural stress approach 

Hot spot structural stress approach, or hot spot method is a technique, where the structural 

stress at weld toe is estimated by applying linear extrapolation to stress further from the weld 

toe. In this way, the hot spot stress, σhs, is taken into account by considering only structural 

stress components and ignoring non-linear notch stress peak (figure 7). However, since 

method is based on utilizing the stresses on the actual structure, the notch effect cannot be 

totally avoid. This can be noticed as a non-linear stress distribution between the extrapolation 

points (figure 8), which is also why, the hot spot stress do not necessarily correspond to the 

maximum structural stress. The difference aim to be minimized, for example, by specifying 

the extrapolation points to each case so that the notch effect is known to be low on the area 

or it can be taken into account in calculations. (Radaj et al. 2006, p. 37-40.) 

 

 

Figure 8. Schematic presentation of hot spot stress determination by utilizing 2 extrapolation 

points on the surface of the plate (Radaj et al. 2006, p. 39, modified by author). 

 

Structural stress is caused by macrogeometrical effects, structural discontinuities and 

misalignments. All of these individual stress components are linearly distributed over the 

thickness, which is why the structural stress is also linear, forming the highest stress on the 

either side of the plate. Thus, when applying hot spot method, it should be considered, that 

location of the maximum stress is generated on the surface of the specimen. Therefore in 

structures, where the crack potentially initiates from the weld toe, hot spot method is 

applicable, like in figure 8. (Hobbacher et al. 2008, p. 24-25.) However, there are many 

details where the crack is possible to initiate and grow from other locations, such as weld 

root (figure 9). Fricke (2013, p. 753-754, 759) has applied the hot spot stress method for 

weld root fatigue. In these cases, the design differs slightly from the conventional method, 

used in this research, which is why this study focuses only on IIW recommended 

“conventional” method.  
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Figure 9. Extrapolation of hot spot stress is not possible on the root side. 

 

Based on IIW recommendations, fatigue analysis is possible to apply hot spot method in two 

different ways; by measurements using strain gauges or calculations using analytical 

equations or numerical analyses. These measurements provide information about strain on 

the surface of the plate, in which case hot spot strain hs is possible to determine by applying 

extrapolation. By using two strain gauges, hot spot strain can be solved from equation 

 𝜀ℎ𝑠 = 1.67𝜀0.4𝑡 − 0.67𝜀1.0𝑡 (2) 

where 0.4t is strain on distance of 0.4t and 1.0t on distance of 1.0t. (Hobbacher et al. 2008, 

p. 31-32.) 

 

Now, hot spot stress is now possible to determine by applying equation 

 𝜎ℎ𝑠 = 𝜀ℎ𝑠 ∙ 𝐸 (3) 

where E is material elastic modulus. The equation is applicable in situations where stress 

state is close to uniaxial. (Hobbacher et al. 2008, p. 33.) 

 

Numerical analysis is generally performed by applying FE-analyses. In FE-analysis, the 

structure is modeled using plane, shell or solid elements and model is loaded with design or 

measured loads. Elements must be sized so that extrapolation points are located at nodal 

points and thus, stresses can be obtained at these nodal points. For example, by creating the 

reference points at the model equal distance with the equation 2, is the hot spot stress possible 

to determine from equation 

 𝜎ℎ𝑠 = 1.67𝜎0.4𝑡 − 0.67𝜎1.0𝑡 (4) 

where σ0.4t and σ1.0t are nodal stresses on distances of 0.4t and 1.0t. (Hobbacher et al. 2008, 

p. 27-29.) 
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FE-analyses and experimental tests conducted at LUT Laboratory of Steel Structures have 

shown that hot spot stress can be estimated using one strain gauge at distance of 0.4t from 

weld toe. In this case, the equation 

 𝜎ℎ𝑠 = 𝜀0.4𝑡 ∙ 𝐸 (5) 

resemble equation 3, but instead of hot spot strain is based on strain in distance of 0.4t. The 

method of one strain gauge has been used in similar fatigue tests, which is why it was decided 

to apply also in this research. (Skriko 2014.) 

 

Basically the method underestimate the hot spot stress at weld toe, because the structural 

stress gradient effect is now missing. Originally this method was applied (by Björk et al.) 

considering, that the grid of the strain gauge is partly in the notch area and thus the notch 

effect is partly included and the results agreed quite well with results obtained by 

conventional extrapolation method. However the notch effect and structural stress gradient 

can have different forms and in that case the method is questionable. 

 

FE-analysis is often utilized using idealistic model for real structure, which is why stress 

concentrations caused by misalignments must be considered separately. Of course, 

misalignments can be taken into account in the model, but another possible way to consider 

them is to determine stress magnification factor Km, which consider additional stresses 

arising from misalignments. Modified nominal stress σnom caused by misalignments can be 

thus calculated by applying equation 

 𝜎𝑛𝑜𝑚 = 𝐾𝑚 ∙ 𝜎𝑛𝑜𝑚,𝑚 + 𝜎𝑛𝑜𝑚,𝑏  , (6) 

where stress magnification factor affect only membrane component of nominal stress σnom,m 

but not the bending component σnom,b. However, in all situations, nominal components are 

not known. In these case, calculation may be done a little conservative by applying equation 

 𝜎ℎ𝑠 ≈ 𝐾𝑚 ∙ 𝜎ℎ𝑠,𝑚 + 𝜎ℎ𝑠,𝑏  , (7) 

where nominal stresses are replaced with corresponding hot spot stress components σhs,m and 

σhs,b. (Niemi et al. 2006, p. 9-10.) 
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As shown in figure 10, misalignments may consist angle or axial misalignment or both.  In 

simple cases, stress magnification factors Km,e and Km,α is possible to calculate by means of 

formulas obtained from the literature, but in combination of cases factors must be calculate 

separately and then calculate the interaction using equation 

 𝐾𝑚 = 1 + (𝐾𝑚,𝛼 − 1) + (𝐾𝑚,𝑒 − 1) (8) 

(Niemi et al. 2004, p. 44.) Equation 8 and figure 10 can be noted that the sum of the separate 

stresses differ each weld toe and thus maximum stress is formed only on one side. 

 

 

Figure 10. Structural stress over thickness: a) axial, b) angular, c) axial and angular 

misalignment. (Hobbacher et al. 2008, p. 22, modified by author). 

  

After the final stress range  has been determined, number of cycles to failure Nf is possible 

to calculate applying equation 

 𝑁𝑓 =
𝐶

∆𝜎𝑚
  , (9) 

where C is design value of fatigue capacity and m slope of the S-N curve. As mentioned 

previously in section 2.2.1, fatigue strength of weldments are mostly determined based on 

experimental tests, which is why factors C and m may have been determined different, 

depending on source. IIW has determined coefficient C with equation 

 𝐶 = 2 ∙ 106 ∙ (𝐹𝐴𝑇)𝑚  , (10) 

where FAT present fatigue strength of particular structural detail in MPa at 2106 cycles. 

Thus, the equation 10 can be written as 

 𝑁𝑓 = (
𝐹𝐴𝑇

∆𝜎
)

𝑚

∙ 2 ∙ 106  , (11) 
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where now both FAT and m are depending on structural detail. Hot spot method IIW declares 

all S-N curves slope to be 3.0 and FAT class, depending detail, 90 or 100 MPa. However, at 

low number of cycles fatigue strength may be defined by base material fatigue strength, 

which FAT is 160 MPa and slope m = 5.0. FAT for base material is defined using nominal 

stress and it may vary with material tensile strength. (Hobbacher et al. 2008, p. 41-42, 45-

46, 77-78; Niemi 2003, p. 95-97.) 

 

Since fatigue strengths are determined experimentally, the results will be disintegrated. 

Therefore, fatigue test results fitted curve (mean curve) represent FAT50% values, when about 

half of the test results is placed on the both side of the curve. In dimensioning this sort of 

variation is not acceptable and thus failure probability must be reduced by calculating design 

curve (characteristic curve). Design curve will not cover all the results but the aim is to 

reduce failure probability to an acceptable level. For example, IIW has defined design curve 

to represents 95 % survival probability with two-sided confidence level of 75 %. For this 

reason, statistical methods should be always applied to the tests results, after which the 

results are comparable. (Hobbacher et al. 2008, p. 93; Niemi et al. 2004, p. 47.)  Equation 

 𝐹𝐴𝑇95% =
𝐹𝐴𝑇50%

10−2∙0.0688
≈

𝐹𝐴𝑇50%

0.728
 (12) 

standard coefficient represent based on IIW results calculated difference between mean and 

characteristic curve, obtaining approximately value of 1.37 (Radaj et al. 2006, p. 20). 

 

2.3.2 Effective notch stress method 

Effective notch stress method, i.e. ENS method, is local stress approach method, which is 

possible to investigate fatigue strength both weld toe and weld root. ENS method is based 

on determination of maximum local stress variation at fictitious / effective rounding f placed 

on weld toe or weld root (figure 11). Function of the rounding is to replace sharp notches or 

even cracks, and thus lower maximum notch stress to the “readable” level (figure 5). Because 

the method requires the use of fictitious radius, stresses are usually defined by using FE-

analysis. On the other hand, FE-analysis input data is easy to configure, which is why method 

is well suitable for to examination of influences of weld shape, incomplete penetration and 

boundary line shape (Niemi 2003, p. 106). Also, when apply an idealistic weld geometry, 
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include fatigue class already irregularities and residual stresses caused by manufacturing.  

Elastic-plastic material behavior is nether necessary to notify. (Fricke 2013, p. 763-764.) 

 

 

Figure 11. Locations of fictitious notch root radius (Fricke 2010, p. 4). 

 

In ENS method, the size of the effective rounding f has been defined based on equation 

 𝜌f = 𝜌 + 𝑠∗𝜌∗  , (13) 

which takes into account notch actual radius , multiaxiality coefficient s* and material 

constant *. The latter two are material-specific and, therefore, the equation can be noted to 

attain minimum value i.e. ”worst case” consideration, when the actual notch radius is zero. 

By choosing the values s* = 2.5 and * = 0.4, which represent welded joint of low strength 

steel, is the radius of effective rounding attaining value 1.0 mm. However, it has been noted 

that the 1 mm radius is not restricted only to the low strength steels, but the results has been 

verified to be consistent also at structural steels and aluminum alloys. Therefore, maximum 

fatigue notch factor Kf,max can be define with equation 

 𝐾f,𝑚𝑎𝑥 = 𝐾𝑡(𝜌f = 1)  , (14) 

where Kt (f = 1) is the stress concentration factor calculated by fictitious notch radius 1 mm. 

(Radaj et al. 2006, p. 96-97, 126-130.) In practice, the stresses can be determined directly 

from a FE-model, in which the fictitious 1 mm radius at the weld toes and roots has been 

taken into account. In these cases, material thickness must be 5 mm or more in order to be 

valid. (Hobbacher et al. 2008, p. 34-35.) 

 

After the maximum notch stress range has been found, the service life can be calculated 

similarly to the hot spot method i.e. applying equation 11. However, ENS method has only 
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two FAT class for all joints, which depends on whether max principal or von Mises stress 

criterion is applied. Using maximum principal stress criterion, FAT = 225 is applied and 

using von Mises, FAT = 200 MPa, respectively. (Fricke 2013, p. 764-765.) Fatigue of base 

material must be applied hot spot stress and fatigue class FAT 160 with slope of m = 5. 

(Hobbacher et al. 2008, p. 34). 

 

Notch stress concentration factor by Anthes 

Since ENS method is not usually applied directly without the FE-analysis, and thus without 

the computer model, analytical notch stress method was decided to apply notch 

concentration factors. Analytical notch stress methods can be named several, but all methods 

notch stress k is calculated by applying equation 

 𝜎𝑘 = 𝐾𝑡 ∙ 𝜎𝑛𝑜𝑚 (15) 

where Kt is elastic notch stress factor and nom is nominal stress. The factors is also common 

that the calculations of service life cannot be applied directly the maximum notch stress, but 

the fatigue-effective notch stress 𝜎𝑘 must be calculated from equation 

 𝜎𝑘 = 𝐾f ∙ 𝜎𝑛𝑜𝑚 (16) 

where elastic notch stress factor has been replaced by the fatigue notch factor Kf, compared 

to the equation 15. ENS method terms Kf and Kt relation, i.e. application of a microstructural 

notch support hypothesis, has been taken into account in equation 11. (Radaj et al. 2006, p. 

105-107, 128.) In order to ensure the comparability of the results between FEA and 

analytical method, equation 17 was decided to apply in analytical calculation. 

 𝐾𝑓 = 𝐾𝑡(𝜌 = 1 mm) (17) 

 

In this study, notch stress concentration factors were decided to be defined applying Anthes 

equations for butt welds and cruciform joints. In case of butt joints, stress concentration 

factor Kt,bj has been defined approximately equation 

 𝐾𝑡,𝑏𝑗 = 𝑓 (𝜃,
𝑡

𝜌
) (18) 
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where θ is weld toe angle, t is plate thickness and  is notch radius. In case of cruciform 

joints, calculations notice also throat thickness a and root face length s, when function of 

stress concentration factor Kt,cj is approximately 

 𝐾𝑡,𝑐𝑗 = 𝑓 (𝜃,
𝑡

𝜌
,
𝑎

𝑡
,
𝑠

𝑡
) (19) 

(Anthes et al. 1993, p. 685-687.) 

 

Since the Anthes equations are available for tension and bending load cases, the functions 

include a number of constant terms, in addition to variables given above. These coefficients 

are selected by loading case and thus the final stress concentration factor for nominal stress 

can be calculated as follows 

 𝐾𝑡 = 𝐾𝑡,𝑚 + (𝐾𝑚 − 1) ∙ 𝐾𝑡,𝑏  , (20) 

where Kt,m and Kt,b are stress concentration factors caused by membrane m and bending b 

stresses. In equation (20), the factor resulting from the membrane stress has been taken into 

account as a whole, while the amount of the factor resulting from the bending, is depending 

on the stress magnification factor Km, assuming that 

 𝑏 = (𝐾𝑚 − 1) ∙ 𝑚 (21) 

In this way axial and angular misalignment may be taken into account as shown previously 

in equation 8. (Nykänen 2014, p. 6.) Anthes equations with all coefficients are presented in 

appendix 1. 
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3 EXPERIMENTAL TESTS 

 

 

The aim of experimental part was to determine LCF durability of Strenx 960 by performing 

fatigue tests. Specimen types and load conditions were chosen to represent normal practical 

applications. Thereby, test results could be utilized comprehensively in future and they 

support the use of high-strength steels in practical application. From these starting points, 8 

mm plate and three different joints; butt joint, non-load carrying X-joint (NLC-X) and load 

carrying X-joint (LC-X) , tests were selected. For welding processes, gas metal arc welding 

(GMAW) with metal active gas (MAG) process, which is generally used in mechanical 

engineering industry, and laser welding, which is particularly suitable for butt joints, were 

selected. This study evaluates potentiality of post-weld treatments in LCF regime and hence, 

all welded specimens were also tested in post-weld treated condition. Hence, half of the 

joints were post-processed as well as three different types of cut edges, i.e. laser and water 

cut edge and machined edge, were taken under investigation. Table 4 is shown the 

identification and the number of different type test specimens. 

 

Table 4. Number and identification of tested joints specify by type of joint and toe finishing. 

 Tested connection 

Toe 

condition 

Butt 

weld 

MAG 

Butt 

weld 

laser 

NLC-X LC-X 

Cut 

edge 

laser 

Machined 

edge 

Cut 

edge 

water 

AW 
JR1B 

2 

JR2B 

2 

JR3B 

2 

JR4B 

2 

JR5B 

2 

JR6B 

2 

JR7B 

2 

Treated 
JR1A 

2 

JR2A 

2 

JR3A 

2 

JR4A 

2 
- - - 

 

The number of individual specimens was limited to two. This was because a variety of test 

specimens could provide a better overall picture, wherein any detected deviations could be 

produce further studies. In addition, LCF of Strenx steels is relatively new but commonly 

occurring scope in applications, which is why the general information was seen to provide 

best added value. Similar material and joint types has also been tested in HCF regime at the 

university, which can be utilized in the analysis of LCF results. 
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The following subsection 3.1 – 3.3 will focus on the execution of practical tests. At the 

beginning, the preparation and pre-test measurements of test specimens are described 

followed by the preparation of testing. The final section presents the results of both pre-test 

measurements and fatigue tests, but the analysis of the results has been made later in the 

section 5. Section 4, FE-analysis has been described applying data collected during the 

experimental measurements. 

 

3.1 Preparation of test specimens 

The planning of experimental tests was started with the selection of test specimens, as 

described above. Next, specimens were prepared so that the results could be considered 

reliably. Therefore, preparation from sheet to the finished test specimens was made 

according to manufacturer’s instructions, however, considering the practical solutions. 

Since, partly similar specimens had been tested before, in order to ensure comparability of 

the results, the shape of the test specimens was decided to remain same. However, all 

specimens were not similar to previously tested ones, the following three subsections 

describes specimen’s production process in more detail. 

 

The last subsection, 3.1.4, focuses on the measurements made for the finished test specimens 

before the destructive testing. These measurements produced information for both incoming 

testing and analysis of test results. Before the test, data was applied to determine the 

parameters of the experiment, so that the results would be in the LCF regime from the very 

beginning. Correspondingly, after the tests, the measurement data was utilized in the 

interpretation of test results. One part of the data usage was FE-analysis, where analyzed 

models were based on the data obtained by the surface measurements. 

 

3.1.1 Preparation of specimens 

Dimensioning of test specimens was based on previous high-cycle fatigue test specimens. 

Manufacturing were utilized laboratory already existing laser-cut sheets, which were 

designed to use in testing of welded joints. Additionally, same production batch sheet was 

remaining in laboratory, which enabled different types of cut edges manufacturing from the 

same material. Thus, all plate material could be noted to be highly homogeneous. 
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Figure 12 is shown pre laser-cut test specimen. In the middle of the specimen is located 40 

mm widening, which is at least 30 mm out of the web plate. Widening was designed to serve 

weld run-on and run-off plate, whereby in test specimen will not occur starting or finishing 

points. 

 

 

Figure 12. Shape of pre-cut sheet for the manufacture of welded joints. 

 

Laser and water cut test specimens were cut directly to the final shape. Laser cutting was 

made at Lappeenranta University of Technology in Laboratory of Laser Processing. Cutting 

was made by using 3kW fiber laser. Process was started and ended from the end of the 

specimen, resulting uniform quality in the tapered area under investigation. In this way, the 

critical defects, leading to the crack nucleation, were removed and the cut edge were assumed 

to be tested. Water-cut specimens were produced at the same principal by Suomen 

Vesileikkaus Oy in Keuruu. 

 

Machined edge specimens were made by utilizing laser cut sheets by machining previously 

laser-cut web straight using milling. Material was removed about 0.2 mm on each side, 

which corresponded closely laser formed rough working face. 

 

After cutting and machining specimens were immersed 10 % hydrochloric acid bath for a 

day. The purpose was to remove rolling scale and thus clean the surface of the plate. In this 

way, the welding can be performed more reliably, but also the instrumentation of the strain 

gauges came easier. 
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3.1.2 Configuration welding 

Both the laser and MAG welded joints were fabricated at LUT laboratories utilizing their 

welding equipment. Welding procedure specifications (WPS) are given in annex 2. 

Execution of welding is described briefly at the end of section. 

 

Prior to welding actual test specimens, it must be ensured that the selected parameters meet 

material and joints expected requirements. As discussed in section 2.1.1, high strength base 

material restricts particularly welding energy Ew and cooling time t8/5. Manufacturer’s 

recommended values together with values calculated based on WPS documents are shown 

in table 5. The equations behind the values are given in annex 3. 

 

Table 5. Manufacturer’s recommended and according to WSP calculated values of welding 

energy Ew and cooling time t8/5 (Rautaruukki technical customer support 2009, p. 11-12). 

 

Welding energy (k=0.8) 

Ew [kJ/cm] 

Cooling time 

t8/5 [s] 

Calculated 

(cable 

resistant 

noted) 

Recommendation Calculated 

(cable 

resistant 

noted) 

Recommendation 

Uniform 

strength 

Heat input Uniform 

strength 

Heat input 

Butt joint, MAG 7.1-7.6 < 5.0 4.5-10.0 5.1-6.0 < 4.0 4-15 

Butt joint, laser 2.0 < 5.0 4.5-10.0 0.6 < 4.0 4-15 

NLC-X 9.4-10.2 < 5.0 5.0-14.0 6.7-7.9 < 4.0 4-15 

LC-X 9.4-10.2 < 5.0 5.0-14.0 6.7-7.9 < 4.0 4-15 

 

 

It can be noted from table 5 that calculated welding energy and cooling time exceed 

requirements that material manufacturer have been set to achieve equivalent strength 

between the base material and weld, with the exception of laser welding. However, 

considering the heat input, all MAG welded joints meet the imposed limitations. In these 

cases, good mechanical properties due to low heat input are achieved, but the softening of 

the HAZ and thereby decreasing of strength cannot be avoided (Rautaruukki technical 

customer support 2009, p. 11-12). However, fatigue loaded joints are not always subjected 
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to maximum static load. That is why quality criterion, such as weld toe radius, weld flank 

angle and weld toe initial crack size together with welding parameters affect the durability 

of joint much more than locally decreased strength (Karppi et al. 2008, p. 17). As a result, 

parameters in accordance with procedures were decided to use in the welding of the test 

specimens, when the joints were considered to be best suitable for fatigue analysis. 

 

Welding parameters were defined in the welding procedures, but the realized values were 

obtained only after each weld. Based on the records, welds could be calculated exact welding 

energy and cooling time which are shown in annex 4. Now, by examining minimum and 

maximum values extracted in table 6, it can be noted that all values are aligned with values 

shown in table 5. Since separate destructive or non-destructive testing for the welds were not 

made, it cannot be sure weld being absolutely free from defects. However, on the basis of 

consideration of welding parameters and visual examinations, it can be stated that no critical 

features occurred in terms of fatigue durability. 

 

Table 6. Realized ranges of welding energy Ew and cooling time t8/5. 

 
Welding energy (k=0.8) 

Ew [kJ/cm] 

Cooling time 

t8/5 [s] 

Butt joint, MAG 7.2-7.4 5.3-5.6 

Butt joint, laser 2.0 0.6 

NLC-X 9.7-10.0 7.2-7.6 

LC-X 9.7-9.9 7.2-7.5 

 

During the welding, each joint was made individually. Every specimen was tack and 

configuration welded one by one and due to the small series, without actual jigs. For this 

reason, the accuracy and welding quality of the joints were received special attention and all 

welds were made carefully according to the procedures. Joints welding divided by MAG and 

laser welding is explained shortly below. 
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MAG welding 

MAG welding was made in LUT Welding laboratory by using a motorman EA1900N 

welding robot. Automated welding process led to uniform welding speed and additive wire 

length. In this way, the arc flame was kept very stable, in which case welding parameters 

remained consistent throughout the weld. Also, welds were obtained as similar as possible. 

Welding equipment were used Kemppi Pro 4200 Evolution power source and ProMig 520R 

MXE control unit. Robot cell handling devices, e.g. clamp and screw-on attachments, were 

utilized in fastening of test specimens. Welding parameters were read from the equipments, 

without external measuring instruments. 

 

Böhler Welding Union X 96 solid wire was selected fillet metal. The wire is classified equal-

strength whit the base material, according standard SFS-EN ISO 16834. Same wire was used 

in previous HCF experiments and it is one of the recommended by Ruukki (Ruukki 2014a). 

 

For a shielding gas, Böhler and Ruukki recommends standard EN ISO 14175 compliant 

shielding gas M21 (Ruukki 2014a, p. 3; Voestalpine Böhler Welding Austria GmbH 2013, 

p.250). The gas is classified as mixed gas, containing 15 to 25 % carbon dioxide in argon 

(SFS-EN ISO 14175:2008, p. 19). However, Woikoski SK-10, containing 10 % carbon 

dioxide in argon (Ar+10%CO2) was selected for a welding of specimens. Smaller amount of 

carbon dioxide (CO2), compared to the reference value, was chosen as a result of good 

welding properties. Especially, low amount of carbon dioxide stabilized arc and improved 

joint form, not forgetting the reduced spatter and slag reduction (AGA , p. 14-23). Also, 

previous HCF tests were used gas mixture whit the same ratio. Before standard EN ISO 

14175, valid standard SFS EN 439 allowed concentration of carbon dioxide in argon 

according to classification M21 to be 5 to 25 % (SFS-EN 439:1995, p. 5). 
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Figure 13. MAG welded butt and X-joint test specimen attached on the welding bench. 

 

Laser welding 

Laser welded specimens were produced in LUT Laboratory of Laser Processing. Welding 

was made with 10 kW high-power laser applying welding portal unit. Focusing of the laser 

beam was intention to use lens optics but as a consequence of the breakdown of collimator 

lens was decided to apply mirror optics. Mirror optics were found to formed weld slightly 

wider than lens optics, but in practice, the different was not significant. 

 

Laser welded test specimens comprise only four butt joints. Welding was performed using 

square grooves, which had been produced by laser cutting pre-cut sheet in two parts. The 

laser cutting guaranteed tight root face, so that the welding could be performed from one 

side by keyhole welding without filler metal. Welding was made flat position (PA). Second 

important factor for the success of the joints was to guarantee sheets rigid instrumentation. 

Plates were not tack welded which is why they were pressed tightly together and work bench, 

so that during the welding air gap could not occur. Figure 14 shows plates attached to the 

welding bench. 
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Figure 14. Laser welded test specimen attached on the welding bench. 

 

3.1.3 Post-weld treatment 

As mentioned in section 2.2.3, particularly post-processing of high-strength steels has been 

found to have a great impact on the fatigue durability of the joints. For this reason, post-weld 

treatment was performed half of welded test specimen. The meaning of the treatment was to 

improve fatigue durability of the joint and thus, show the difference in fatigue strength 

between joints in as-welded and post-treated condition. High-frequency mechanical impact 

(HFMI) was selected for a treatment method, which due to user-friendliness, uniform 

treatment region, good repeatability and great treatment depths is increasing in popularity 

(Mikkola et al. 2013, p. 161-162). In addition, HFMI method was applied LUT in previously 

HCF methodology based researches. 

 

Pre-selected eight test specimens were treated manually by using Pfeifer HiFIT device. 

Treatment was performed before cutting widening off, allowing uniform treatment quality 

entire length of the weld. In butt joints, treatment was made against steel runner, since 

treatment focusing on the smooth toe line without runner would have been difficult. 

Cruciform joints pin control was made against face of the weld. 

 

Hammer pin radius of 5 mm was selected based on fact it achieved best looking results on 

laboratory made test runs. Also, other process parameters, e.g. travelling speed, were defined 

based on test runs. Controlling of the parameters were based on treatment shape visual 

examination and a comparison with previous treatments. 
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3.1.4 Execution of pre-test measurements 

After welding and post-weld treatments, part of the test specimens was made few 

verifications. These verifications were hardness test, shape measurement and residual stress 

measurement. The measurement aim was to provide information required to performing test, 

and in the same, collect data for post analysis of the test results. Post analyses particularly 

interesting may be considered about how the above-mentioned three factors affect the fatigue 

durability and how collected data can be utilized for life assessment, for example. All 

verifications were made at LUT laboratories. 

 

Measurements were performed either on entire test specimens or to the models produced for 

specimens. In this way, the results of the measurement could be utilized in the analysis of 

the results of fatigue tests. This section concentrates on how the measurements were 

performed, and only the essential test data is presented. The rest of the data has been 

presented in section 3.3.1 and analyzed in section 5. Life assessment using FE-analysis has 

been made in section 4. 

 

Hardness 

Material hardness is generally given by manufacturers, and in homogeneous material it can 

be assumed to remain almost constant. However, heat input generated in welding, causes 

changes in material properties, which may significantly affect the behavior of the material. 

These modifications occur also as a change in a hardness and thus one way to define changes 

in material properties is to measure hardness. Hardness values can be compared to the base 

material hardness, which enable to draw conclusions, for example, how much hardness and 

consequently, strength has decreased. Results can be used, in rough level, to observe how 

the behavior of the material has been changed and how the changes are affected the yielding 

strength, for example. 

 

Hardness measurements were made one for every different joint type, since similar joints 

were thought to be comparable. Micro sections were produced from the cut off widenings, 

in such way that the cut-off line was studied. In this manner, micro section properties were 

assumed to correspond to the joint properties, because the welding processes and in the same 

nature of the thermal cycle were assumed to established on cutting plane.  Also, the 



50 

 

microstructure of the weld metal and heat-affected zone were assumed to correspond to joint 

microstructures. (Lancaster 1980, p. 19). For this reason, micro section was also studied 

visually the shape of the weld from inside of the joint. 

 

Micro sections were prepared in LUT laboratory of metallurgy. Grinding and polishing was 

made using an automatic machine, after which the surface was corrode using 4 % alcoholic 

nitric acid “nital”. Etching time was used about 11 s. Figure 15 shows a macrograph taken 

after etching from as welded condition butt joint. Different zones around the weld are clearly 

observed from the graph. 

 

 

Figure 15. Macrograph of butt joint (JR1B1) at a magnification of seven. 

 

In terms of fatigue, hardness distribution in different zones can be considered particularly 

interesting, because the hardness can be utilized to estimate zone properties, especially 

strength, as discussed in section 2.1. By taking into account potential fatigue crack initial 

points (figure 16), defined by Hobbacher et. al. (2008, p. 85-86), hardness measurements 

could define areas of interest. Based on information, measurements were decided to perform 

in all joints around the weld toes, so that the measurement line is formed parallel with the 

base plane surface, and located as close to the edge as possible. In load carrying X-joint, 

measurement lines were placed also around the weld root, both parallel and vertical to the 

base plate. In addition, all joints one measurement line was located on the center line of the 

base plate, and in load carrying X-joint case, also over the plate thickness close every weld 

toe. Last-mentioned lines were not thought to actually been in critical areas as for fatigue, 
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but the measurements were aim to generate a better overall view for hardness distribution of 

joints. Measurement lines are shown in figure 16. 

 

  

Butt joint, MAG Butt joint, Laser 

  

Non-load carrying X-joint Load carrying X-joint 

Figure 16. Measurement lines in hardness tests and potential fatigue crack initial points 

according Hobbacher (2008, p. 85-86). 

 

Hardnesses were measured applying Vickers hardness tests, using automatic measurement 

machine and 5 kg mass. To secure the accuracy of measurements, the measurement points 

cannot be located less than 0.5 mm from the edge or less than 0.4 mm from each other. Since 

the fatigue cracks were assumed to start in all cases from the plate edge, measurement lines 

were always placed a minimum distance from the edge. Laser welded joint distance between 

measurements was used 0.4 mm in order to investigate narrow zones more comprehensively. 

However, in MAG-welded joints, 0.5 mm distance were used between two adjacent 

measuring points, as it can be noted to indicate different zones of hardness with sufficient 

accuracy. In base material and weld metal, distance between measuring lines were increased 

up to 2 mm, since there was no need for accurate profile and the number of measurements 

was possible to reduced in this way. 
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Shape measurements 

As mentioned in section 2.2.4, joint shape has been found to have a significant impact on 

fatigue strength of the joint. For this reason, specimens and welds shapes were measures, 

especially the area which was assumed to fail. Also, the critical weld toe as well as strain 

gauge location for experimental tests could be determined by investigating measurement 

data. Secondly, accurate measurement data could be utilized for defining the critical joint 

parameters, such as notch radius and weld notch angles. Data also enabled preparation of 

accurate FE-models. 

 

Measuring of tests specimens was performed by using portal-type measuring machine. 

Measurements were made by locating one specimen at the time on the measuring plane, after 

which the measuring sensor was moved manually over it. During the measurement, both the 

laser sensor given shape information and the portal displacement as a function of time was 

recorded. In this way, the measured surface was generated in xy-coordinates. Shape was 

measured with optoNCDT laser sensor. Displacement up to 100 mm was measured with 

HBM W100K inductive position sensor and displacements more than 100 mm were 

measured with DS Europe magnetostrictive linear position sensor. Measuring arrangements 

are shown in figure 17. 

 

 

Figure 17. The measurement of the surface shape by using laser sensor. 
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Specimens were measured from center line, on both sides, one side at a time. MAG welded 

butt joints and cruciform joints were measured 50 mm length and laser welded butt joints 

100 mm length over the joint. Straight specimens were measured throughout the entire 

length. With this arrangement, measuring could be focus on critical area and measurement 

time shorten, however, obtaining all the necessary information. Since all the specimens were 

measured by placing their ends against a stopping plug, displacement data from both sides 

were thought to be synchronized, which again enabled the creation of 2D models. 

 

Residual stress measurements 

In addition of stresses caused by external loads, there is also internal stresses, which may 

have been formed e.g. welding or machining (section 2.2.4). These internal stresses are 

known to affect fatigue strength, and aim of the measurements is to analyze relationship 

between residual stresses and fatigue strength. This enables better optimization of the 

structure and more accurate prediction of behavior. However, since welded structures 

distribution of residual stresses is related a number of uncertainties, the probability of 

unexpected behaviors remains still high. (Fricke 2005, p. 642.) 

 

In order to obtain a comprehensive overview from residual stresses, one specimen for each 

different type specimen series were measured. Measurements were made applying 

nondestructive X-ray diffraction, where stresses are measured in single points on the surface 

of the specimen. In welded specimens, measurements were performed on the center line, in 

four potential crack initial points (figure 16). In all cases, the first measurement point was 

located visually in the weld toe, and last, eighth point, 10 mm from it. Between these points, 

measurements were made as shown in figure 18. However, since in case of load caring X-

joint, weld root could not be measured, measurements were made at weld toe. In non-welded 

specimens, measurements were focused to the cut edges. Three measurement points were 

located symmetrically in the center of the plate, using 10 mm spacing. 
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Figure 18. Distance between measuring points, starting from weld toe. 

 

3.2 Test arrangements 

After pre-test measurements, test specimens were prepared to the fatigue tests. The first stage 

was to prevent crack initiation outside of the area being examined. Because of this, the 

tapered neck with laser or water cut edge was grinded, so that the surface or sharp edges did 

not have grooves perpendicular to the load. At the same time, spatters from vicinity of the 

weld were removed by grinding, in order to prevent crack initiation and equalize the tension 

of the weld. After these procedures, the location of strain gauge and stress levels to be used 

during testing were defined, after which testing could be started. 

 

 

Figure 19. Left: test specimen grinded neck; right: strain gauge attached grinded surface. 

 

3.2.1 Strain gauge location 

In installation of the strain, two aspects were particularly taken into account: the assumed 

location of fatigue crack and the gauge distance from weld toe. The easier one, distance, was 

defined based on hot spot method, so that in welded specimens it was 0.4t, i.e. 3.2 mm from 

weld toe (equation 5). Thus, the measurement data could be utilized directly in the hot spot 

method. In specimens with cut edge, strain gauge was located at the center of the tapered 

web. Crosswise direction (stress direction) gauge was always located at the center line. 
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More difficult, however, was to conclude, in which side of the specimen fatigue crack would 

be initiate. The examination of all the possible crack initial points would not be reasonable 

or possible, which is why the most likely point was decided to define by applying notch 

stress approach. In notch stress approach, the critical weld toe can be deduced the location 

of the maximum local stress, which is sum of membrane stress, bending stress and non-linear 

stress peak combined stress effect (Radaj et al. 2006, p. 7). Concerning these components, 

membrane stress is evenly distributed over the cross section and can be ignored, when crack 

initiation point is evaluated, and thus, bending stress and non-linear stress peak have a high 

impact when deducing the crack initial point. 

 

Since specimens were not loaded by bending, bending stress occur only due to secondary 

bending. Previously in figure 10, it was shown, how axial and angular misalignment affect 

the distribution of structural stress, and how highest stress is generated on one side of the 

joint. Now, in order to find the side of highest structural stress, specimens were formed 2D 

models, applying data collected from the shape measurements. Centerline of base plate were 

defined these models by applying linear regression analysis, in which case linear and angular 

misalignment at the center of the joint could be calculated. Figure 20 shows measurement 

data of non-load carrying X-joints and determined center lines. However, axial misalignment 

was not noticed in case of butt joints.  

 

 

Figure 20. The surface measurement data shown as a point cloud (JR3A1). 
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The second component, non-linear stress peak, was estimated by comparing weld toe radius, 

in which case the side of smallest radius was expected to indicate the side of the highest 

stress peak (Radaj et al. 2006, p. 109). The purpose was not to generate absolute value, but 

rather to determine magnitude of the radii and their location relative to each other. For this 

reason, radii were in this case fitted only visually, by applying previously created 2D models. 

Figure 21 shows a magnified view from weld toes seen in figure 20. Visually fitted circular 

arcs and vertical lines on the midpoint of the circles has been added to the point cloud. The 

meaning of the vertical lines was to indicate weld toe location in load direction, because 

weld toes located closer the claps were thought to carrying larger load. 

 

  

Figure 21. Weld toes presented based on surface measurement data (JR3A1). 

 

Finally, by combining stresses from the secondary bending and non-linear stress peak, side 

or weld toe where the maximum stress would be located could be determined in each 

specimen. In this way, potential crack initial side could be concluded and strain gauge was 

installed on this side. Since all conclusions about stress magnitudes were made completely 

visually, decisions were not always unambiguous. Such were the situations, where maximum 

bending stress and non-linear stress peak were not on the same side, for example. Table 7 

presents decided locations of strain gauges for all specimens. 
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Table 7. Deduced location of strain gauge on specimens. 

Butt joints Cruciform joints Cut edges 

Specimen 
Location of 

strain gauge  
Specimen 

Location of 

strain gauge  
Specimen 

Location of 

strain gauge  

JR1A1 2B JR3A1 2 JR5B1 1 

JR1A2 2A JR3A2 2 JR5B2 1 

JR1B1 2B JR3B1 2 JR5B3 1 

JR1B2 2B JR3B2 2 JR6B1 1 

JR2A1 1B JR4A1 2 JR6B2 1 

JR2A2 1B JR4A2 3 JR7B1 2 

JR2B1 1A JR4B1 2 JR7B2 2 

JR2B2 2A JR4B2 2   

 

3.2.2 Stress levels 

The second stage before testing, was to decide stress levels for fatigue tests. Since 

corresponding LCF tests were not done before, the maximum tension had to be defined. Too 

low stress levels would increase the number of cycles over the LCF regime, while too high 

stress levels, the specimens would fail too early. As mentioned in section 2.2.2, low-cycle 

fatigue tensile stresses are often magnitude of yield strength, which is why decrease in 

strength also affect the fatigue strength. Thus, the maximum stress was decided to define on 

the basis of the results of the hardness measurements, which were thought to indicate 

material local ultimate strength. 

 

By examining the results of hardness measurements (appendix 6), it was possible to notice 

that minimum hardnesses at each specimen goes below 300 HV5 on weld toe. SSAB do not 

specify base material hardness exactly, but disclose it to be more than 300 HV10 (Ruukki 

2014b). This can also be noted from the measurement made further away from the weld, 

where hardness values in all cases begin to stabilize over 300 HV5. By comparing measured 

minimum hardness 264 HV5 (MAG welded butt joint), SSAB (Ruukki 2014c) tabulated 

hardness versus ultimate strength values, the ultimate strength at this point can be concluded 

to be around 850 MPa, while SSAB (Ruukki 2014b) announce base material ultimate 

strength to be between 980 and 1250 MPa. To avoid intentionally exceeding of lowest 

strength, maximum nominal stress nom,max was set to 700 MPa. Maximum stress was also 
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decided to keep the same in all tests, so that the results would remain comparable in spite of 

the limited number of specimens.  All tests were decided to carry out applying tension ration 

R = 0.1, which was also applied in previous HCF tests. Thus, minimum stress nom,min was 

obtained 70 MPa and nominal stress range nom = 630 MPa. 

 

3.2.3 Instrumentation and testing 

Fatigue testing was performed in LUT Laboratory of Steel Structures in room temperature, 

utilizing 400 kN servo-hydraulic test-rig, shown in figure 22. Specimens were placed in the 

rig vertical direction, by attaching them on both ends between two clamps by compression. 

The load was created by moving the upper clamp axially whit servo-hydraulic actuator using 

constant amplitude loading, lower clamp had a fixed constraint. Both the upper and lower 

clamp were located on the same axis, so by placing the specimens perpendicular between 

them, the load consisted only pure tension. 

 

 

Figure 22. The test specimen attached to the test-rig. 

 

All tests were started by loading the test specimen statically at the maximum tension and 

keeping the stress state above about a minute. After removal of the load, the strain gauge 

permanent strain caused by hysteresis could be noted and remove. Static load was repeated 

until the permanent strain remained no more than a few tens, after which remaining value of 

the gauge were set to zero for a last time. 
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After the static load, specimens were loaded dynamically between above specified minimum 

and maximum stress. Frequency of load cycles was determined in all test runs between 1-2 

Hz, since fatigue was thought to begin relative quickly. Periodically minimum and maximum 

of load, displacement and strain values for a certain cycle and time were measured during 

the tests. In addition, each specimen was drafted separate measuring protocol, such as is seen 

in annex 5. 

 

In the static and beginning of the dynamic test, stress magnitude was determined basis of 

strain gauge by applying the equation 5. After the dynamic test had reached the required 

levels of stress, the test was continued by keeping displacement constant. For this reason, 

structural stress results, presented later, corresponds approximately to stress range based on 

measured strain. Therefore, nominal stress must calculate by using measured force and 

cross-section area. 

 

3.3 Results 

This section presents results of both pre-test measurements and fatigue tests. At the 

beginning, pre-test measurements are described briefly, including measurement data 

processing. In addition, the same data collected by various measurement methods was 

collected into one entity, since all collected data is not reasonable or possible to present in 

measured form. 

 

At the end of the section, results obtained from the fatigue tests are shown. Only service life 

of specimens (Nf) was obtained directly from fatigue tests, and other results has been formed 

by processing the measurement data, such as nominal and hot spot stress. Applied method 

are described in the context of the results, but the measurement data has been raised only a 

few examples that support the interpretation of the results. 

 

3.3.1 Pre-test measurements 

Test specimens or produced samples were made few measurements and examinations before 

performing fatigue tests, as described in section 3.1.4. The purpose of these measurements 

was to produce information on the specimens, before the fatigue tests were carried out. Data 
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from hardness and shape measurements were utilized partly before tests, since set up of the 

fatigue tests were already needed some results. Therefore, this section is no longer focus on 

this data, but all the measurements are shown as separate entities. 

 

Hardness 

Data obtained from hardness measurements were briefly investigated before starting fatigue 

tests, but in that case the purpose was only to find lowest measured hardness values, and 

therefore the results were not studied in more detail. Now, by notifying the straight 

measurement lines, hardness values could be form a graph as a function of distance. Figure 

23 shows distribution of hardness through the weld and HAZ area where the vertical lines 

presents the measurement lines. This procedure enables a visually examination, and the 

hardness measurement lines are easy to read. All the measured hardnesses are shown 

graphically in annex 6. 

 

 

Figure 23. Hardness distribution of as welded condition MAG-welded butt joint (JR1B1). 

 

Hardness measurements were made on micro sections produced from test specimens, which 

create an opportunity to investigate the weld cross-section visually. Butt joints were 

measured the face of weld on both side of the plate. Effective throat thicknesses were 
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measured from cruciform joints, taking into account penetration and the width of the open 

root. Table 8-10 present the dimensions obtained from the annex 7 given macrographs, as 

well as the calculated averages. Measurements were made with AutoCAD 2014 design 

software. 

 

Table 8. Face of weld of MAG welded butt joints. 

 
Face of weld [mm] 

Side 1 Side 2 

JR1A1 10.03 10.37 

JR1B1 9.99 10.33 

Average 10.01 10.35 

 

Table 9. Face of weld of laser welded butt joints. 

 
Face of weld [mm] 

Side 1 Side 2 

JR2A1 2.03 
1.05 

JR2B1 1.99 1.03 

Average 2.01 1.04 

 

Table 10. Throat thickness a and root face length s of cruciform joints. Individual dimensions 

of the welds are given in order from one to four. 

 

Throat thickness 

(total) 

Throat thickness 

(no penetration) 
Root face length 

a [mm] a [mm] s [mm] 

JR3A1 5.75; 5.49; 5.77; 6.05 5.40; 5.19; 5.09; 5.13 7.05; 6.03 

JR3B1 5.63; 5.65; 5.52; 5.66 5.43; 5.02; 5.07; 5.31 6.86; 7.17 

Average 5.69 5.21 7,78 
    

JR4A1 5.88; 5.57; 5.65; 5.67 5.38; 5.00; 5.01; 5.35 6.44; 6.48 

JR4B1 5.62; 5.63; 5.85; 5.88 5.35; 5.00; 5.04; 5.31 6.37; 6.26 

Average 5.72 5.18 6.39 
    

Total average 5.70 5.19 6.58 
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Shape measurement 

In shape measurement, xy-data were formed from the surfaces of the test specimens. By 

combining the measurement points, 2D models were created (annex 8). The measured 

geometries were utilized also in preparation of fatigue tests (section 3.2.1.), they were used 

to determine the location of the strain gauge. Since, the data processing were already 

described in that context, it is not repeated in here. However, as a result of the data 

processing, obtained angular and axial misalignments numerical values are presented in table 

11. 

 

In addition to misalignments, weld toe angle  was also defined MAG-welded specimens. 

Angles were defined from models by fitting visually fictive 1 mm circle and its tangent to 

the notch root, as shown in figure 24. Intersect point between circle and the tangent was 

noted the point, in which the circle and surface of the weld were intersect, but the circle was 

still remaining tangential on the plate surface. Obtained angles are shown in table 11. 

Dimensioning was made with AutoCAD 2014 design software. 

 

 

Figure 24. Measuring of weld toe angle , applying r = 1 mm. 
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Table 11. Angular and axial misalignments together with weld notch angles. 

 
Angular 

misalignment 

 [°] 

Average/ 

condition 

 [°] 

Axial 

misalignment 

e [mm] 

Average/ 

condition 

e [mm] 

Weld notch 

angle            

θ [°] 

JR1A1 -0.51  0.12  23.6 

JR1A2 -0.91 -0.71 0.12 0.12 25.8 

JR1B1 -0.78  0.14  22.1 

JR1B2 -0.64 -0.71 0.09 0.12 18.4 

JR2A1 0.08  -0.10  not defined 

JR2A2 0.27 0.18 -0.10 -0.10 not defined 

JR2B1 0.49  -0.07  not defined 

JR2B2 0.62 0.56 -0.09 -0.08 not defined 

JR3A1 -0.16  0.01  46.9 

JR3A2 -0.19 -0.18 -0.07 -0.03 47.0 

JR3B1 0.02  0.00  37.6 

JR3B2 0.00 0.01 -0.07 -0.04 33.9 

JR4A1 -0.67  0.24  52.9 

JR4A2 -1.17 -0.92 0.10 0.17 49.9 

JR4B1 -1.11  -0.06  41.2 

JR4B2 0.29 -0.41 0.16 0.05 42.3 

JR5B1 0.02  

 

JR5B2 0.07  

JR5B3 0.02 0.04 

JR6B1 0.14  

JR6B2 0.18 0.16 

JR7B1 -0.07  

JR7B2 0.06 -0.01 

 

 

Residual stress 

Residual stresses were measured from each different type of test specimen. As a result, both 

the magnitudes of residual stresses and the range of variation were obtained from every 

measuring point. Figure 25 shows a distribution of residual stresses in a laser butt welded 

specimen. All generated graphs are presented in appendix 9. 
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Figure 25. Distribution of residual stress formed graph. 

 

3.3.2 Fatigue tests 

The results of the fatigue tests can be divided into two main group; the results obtained 

directly from the test and results obtained indirectly, for example, analyzing the test data. 

This section focuses on the first group, and further analysis of the results is presented later 

in section 5. The results are presented with generally used techniques, which in this study 

were nominal, structural and effective notch stress methods. All the stages between the 

measured and presented results has been described in detail before the presentation of the 

results. 

 

The first result of each test specimen was obtained immediately at the end of the test, since 

all made 23 fatigue tests were ended at the failure of the specimen. Thus, the service life, Nf, 

was directly the number of the cycles which led to the failure. Secondly, crack initiation 

point was obtained by examining tested specimens visually. Examinations were focused on 

the fracture plane, since the surface could be discerned e.g. traces resulting from the crack 

growth and reduction area generated from final fracture, as shown in figure 26. However, all 
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specimens the side of crack initiation could not be determined unambiguously, which is why 

these specimens critical side was determined based on the side of highest structural stress. 

Determination of the structural stresses has been described later on this section. 

 

 

Figure 26. Test specimen fracture plane; above: trades resulting from fatigue crack growth, 

below: reduction of area at fracture. 

 

The second significant part of the result was stress range , in terms of nominal, structural 

and notch stresses. However, any of stress ranges cannot be directly measured. Measurement 

data included minimum and maximum of force, displacement and strain. Thus, true nominal 

stress range nom,exp could be calculated from equation 1, where external force F was 

replaced by force range Fexp. Respectively, true structural stress range str,exp could be 

calculated from equation 5, where 0.4t was replaced whit strain range exp. 

 

Next, both stress ranges were plotted, as shown in figure 27. Graphs were visually 

determined areas, were stress range remains approximately constant (lnom, lstr). By 

calculating the average value of stresses from these areas, the comparable stress levels were 

found. Nominal stress range remained very stable in all tests, because force range was kept 

constant during the tests. Thus, the mean stress could be calculated almost the whole test 

time. Structural stress range scattering occurred much more, since structural stress is more 

sensitive to crack initiation than nominal stress. This could be recognized by observing strain 

gauge measurements. Therefore, the mean value of structural stress range was defined 

utilizing only the early life cycles. 
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Figure 27. Nominal and structural stress range during the test (JR2B2, gauge side 2A). 

 

In the same context with the determination of stress ranges, changes in structural stress range 

indicated the crack initiation, especially in cases, where the crack initiation point could not 

be accurately determined by visual examination. For example, figure 27 can be noticed how 

stress range began to grow about 12500 cycles and decrease about 21000 cycles. Since, the 

failure occurred on the same side of the joint than gauge was installed, the increase of stress 

could be concluded to be the results of crack initiation on the opposite side, in relation to the 

gauge. Stress reduction at the end refer crack growth already be so large, that it causes 

decreasing of stresses, locally. 

 

Since, strain gauges were not always located on the same side with the crack initiation point, 

structural stress range occurring on crack side did not correspond to the value specified 

above. In these cases, structural stress range was fixed by using stress magnification factor 

Km, including axial Km,e and angular Km, terms (equation 8). Depending on how 

misalignments were located relative to each other, both or only the other term was applied, 

in order to obtain stress from crack side (str,fix). However, all specimens the crack was not 

initiated on joint or it was not possible to conclude exact initiation point. In these cases, the 

greatest stress occurring on joint was applied. Figure 28 is shown the signs of stress 

concentration factor terms Km,e and Km, with respect to the direction of misalignments as 
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well as the signs of maximum and minimum structural stresses. Stress concentration factors 

were calculated by using equations based on IIW recommendations (Hobbacher, 2008). 

 

 

Figure 28. The sign of stress concentration factor terms Km,e and Km, in relation to the 

direction of misalignments. Side of maximum stress highlighted green and minimum brown. 

 

After above mentioned examinations and calculations, test results were collected together. 

Specimens were now known number of cycles, actual or presumed crack initiation point, 

nominal stress range and both structural stress range on gauge side and on crack initiation 

side. Data is presented on table 12 and graphically in figure 29 and 30. 

 

  

Side Side Side Side

1A/1 -Km, / -Km,e -Km, / +Km,e 1B/4 1A/1 +Km, / -Km,e +Km, / +Km,e 1B/4

2A/3 +Km, / +Km,e +Km, / -Km,e 2B/2 2A/3 -Km, / +Km,e -Km, / -Km,e 2B/2

Side Side Side Side

1A/1 -Km, / +Km,e -Km, / -Km,e 1B/4 1A/1 +Km, / +Km,e +Km, / -Km,e 1B/4

2A/3 +Km, / -Km,e +Km, / +Km,e 2B/2 2A/3 -Km, / -Km,e -Km, / +Km,e 2B/2

  > 0,   e > 0

  < 0,   e < 0   > 0,   e < 0

  < 0,   e > 0
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Table 12. Test specimens service lives, assumed crack initial points, calculated nominal and 

structural stress ranges and structural stress concentration factors. 

Test 

specimen 

Service 

life Nf 

[cycles] 

Crack initial point 

Stress range [MPa] 
khs 

)*** 
Nominal 

nom,exp 

Structural 

str,exp 

Structural 

str,fix 

JR1A1 81237 base material edge 593 635 688 1.16 

JR1A2 68887 weld toe 2A )* 524 634 634 )** 1.21 

JR1B1 31286 weld toe 2A 569 629 689 )** 1.21 

JR1B2 38126 weld toe 2B )* 599 631 631 1.05 

JR2A1 161617 base material edge 616 627 674 1.09 

JR2A2 99654 weld toe B )* 604 628 628 1.04 

JR2B1 5296 weld toe A 591 626 626 )** 1.06 

JR2B2 23419 weld 1A 551 627 627 1.14 

JR3A1 71538 weld toe 3 609 627 632 )** 1.04 

JR3A2 98767 weld toe 3 700 700 600 0.86 

JR3B1 12398 weld toe 2 )* 615 629 629 1.02 

JR3B2 13245 weld toe 2 )* 621 627 627 1.01 

JR4A1 3808 weld root 2/4 635 627 643 1.01 

JR4A2 7161 weld root 2/4 528 629 616 1.17 

JR4B1 5640 weld root 1/3 564 630 622 1.10 

JR4B2 4134 weld root 2/4 700 700 657 )** 0.94 

JR5B1 147604 edge crack 2B 602 627 627 1.04 

JR5B2 78646 base material edge 723 743 743 1.03 

JR5B3 166271 base material edge 620 631 631 1.02 

JR6B1 141327 edge crack edge 624 627 627 1.00 

JR6B2 111854 edge crack edge 623 629 629 1.01 

JR7B1 82270 edge crack edge 613 628 628 1.02 

JR7B2 76005 edge crack edge 618 629 650 1.05 

       
 

)* Strain gauge was located on the same side with the crack 

Maximum structural stress was located on the same side with the 

crack 

 

)**  

)*** khs = str,fix / nom,exp  
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Figure 29. Test results on SN-graph based on nominal stress range nom. 

 

 

 

Figure 30. Test results on SN-graph based on structural stress range str,fix. 
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In addition to nominal and structural stress ranges, notch stress range NS was also 

determined for MAG-welded joints. Notch stresses were determined according to the Anthes 

equations presented in section 2.3.2, in which case calculations based on assumption, where 

maximum fatigue notch factor Kf,max is achieved by applying stress concentration factor Kt 

with fictitious notch radius r = 1 mm. Thus, the determination of maximum notch stress was 

made by multiplying nominal stress with stress concentration factor Kt (r = 1 mm). Because 

in HFMI-treated specimens weld toe was clearly smoother than the untreated ones, the actual 

notch radius  was decided to apply in these cases. Otherwise, the calculations were applied 

data recorded in pre-tests measurements. Since, throat thickness a and root face length s were 

not defined all the cruciform joints, calculations were made by applying average values 

(table 4). Notch stress ranges are presented in table 13, and together with fatigue life in figure 

31. 

 

Table 13. Notch stress ranges calculated by Anthes equations. 

Specimen 

Notch stress 

range NS 

[MPa] 

Specimen 

Notch stress 

range NS 

[MPa] 

Specimen 

Notch stress 

range NS 

[MPa] 

JR1A1 943 JR3A1 1322 JR4A1 2080 

JR1A2 947 JR3A2 1344 JR4A2 1729 

JR1B1 1157 JR3B1 1507 JR4B1 1729 

JR1B2 1146 JR3B2 1494 JR4B2 1988 
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Figure 31. Test results on SN-graph based on calculated notch stress range NS. 

 

 

 



72 

 

4 FE-ANALYSIS 

 

 

FE-analysis is one potential method to investigate and analyze different structures, without 

they need to be manufacture and experimentally test. Thus, the method is commonly used in 

situations, where the solutions are new and hence it is necessary to provide information e.g. 

local stress distributions. In fatigue assessments, calculated stresses are utilized in estimation 

of service life. Therefore, it is important to understand how accurate the results obtained with 

the different methods are. 

 

In this research, FE-analysis was used to determine stresses from critical areas of joints using 

plane strain and applying hot-spot and ENS methods. The results obtained this way could be 

compared with results obtained experimentally, thus enabling to evaluate the suitability of 

investigation for the joints made of Strenx 960. This section has been presented how the FE-

analysis has been completed and what results were obtained. Comparison of the results has 

been made later in section 5, discussion. 

 

Analyzed models were created based on surface measurement data and thus, geometrical 

errors were minimized. As mentioned earlier in section 2.2, fatigue durability not only 

depend on the shape of the joint, but also, i.a. residual stresses and material strength. Other 

factors than shape were not taken into account in FE analysis, but the material was thought 

to be homogeneous without residual stresses. Therefore, joints in as-welded condition were 

only analyzed, when the analysis were thought to be more realistic due natural stress 

distribution. Also, applied assessment methods do not take a stand on consideration of 

HFMI-treatment, and thus their suitability for post-processed joints cannot be certain. 

 

Based on above made decisions, laser and MAG welded butt joints together with load and 

non-load carrying X-joints in as-welded condition were selected for analysis. Although, the 

measured joint geometry were modeled completely, examined areas were chosen based on 

critical weld toes given in table 7. Thus, methods of examination could be focused on critical 

areas and results comparability was ensured. Also, the time of analysis were shortened at the 

same. However, hot-spot method is not applicable to examination of potential root cracks, 



73 

 

according to design guidelines. For this reason, load carrying X-joints were only studied 

with ENS method, applying visually defined dimensions of macro graphs. Other joints were 

analyzed with both methods. Modelling and implementation of the analyses has been 

described in more detail in next section. 

 

FE-analysis specimens were assumed to behave linear-elastic, as was also fatigue tests. 

Therefore, some local elastic behavior of the material was not noticed, but analyzes were 

made applying linear-elastic analysis and plain strain condition. Modelling and post-

processing were made with Siemens PLM Software Inc. FEMAP analysis software version 

11.1.1. Analyzing was used NX Nastran solver. Formation of FE models has been described 

in conjunction of modeling in following section. 

 

4.1 Surface shapes 

FE-modeling was started by transforming external surfaces of investigated joints into one 

continuous curve, utilizing xy-point clouds obtained from surface measurement. The curves 

were formed by the method of the moving average by applying the Blackman window - 

calculation. Best fits were achieved with window width of 0.5 mm, when particular the 

measurement points of the boundary line were investigated visually. All curves were created 

with the same settings. Figure 32 shows, how the selected method weights values of the 

measuring points around the point under consideration. Construction of the curves was made 

CurveExpert Professional program version 1.6.5. 

 

 

Figure 32. Blackman window function in total width of 5.0 mm (plot with CurveExpert 

Professional version 1.6.5). 
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Hot-spot or ENS method is not intended to examination of the accurately modeled form, 

which is why curves on side of weld toes were made some modification. In hot-spot method, 

stresses were determined on the surface of the base plate, at distance of 0.4t and 1.0t from 

the weld toe, as shown in figure 8. Since, fitted curve were not smooth on these areas, the 

stress was highly vary. For this reason, surfaces at the side of the examined boundary lines 

were replaced by the straight lines, obtained by using regression analysis to the measurement 

points. By this procedure, the surface was obtained absolutely flat and stress range due to 

the rough surface were excluded. 

 

At the second, location of actual weld toe and this way the location of extrapolation points, 

was not unambiguously defined. Because of good welding quality, the shape of the weld toe 

seemed to be smooth in all sections, and thus, location of weld toe was very difficult. 

Therefore, fitted arcs were placed on weld toes, which made weld reinforcement easier to 

detect. Generation of the fitted arc is described below in the connection with the ENS method 

required changes (form 2).  

 

ENS methods modifications were mostly focused on weld toe radius. As mentioned before, 

ENS method is recommended to use effective notch root radius of 1 mm (Hobbacher et al. 

2008, p. 34). Since, the actual radius of the models did not correspond to the 

recommendation, it was decided to study the functionality of the method by varying the 

radius of weld toe. Thus, four different form were applied in calculations. However, critical 

area for crack initiation of load carrying X-joints is located on root side. In these models, 

weld toes were not made any changes, but root were modeled applying the average 

dimensions obtained from tables 8-10. 

 

The first form, r = true, was obtained by using previously fitted curve, so that radius was 

composed of several different arc. In these cases, surface form was thought to be realistic 

and sharp shapes were possible. In the second form, r = fit, circular arc fitted to weld toe 

were used, in which case points of the radius was fitted circle by applying nonlinear 

regression analysis. The location of the radius, and thus the points of it, were determined 

visually from the point cloud. Finally, curve under fitted circle was replaced with smooth 
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arc. Table 14 is shown the minimum radii (rmin) of first forms and the radii of the fitted circles 

(rfit) from the second forms. 

 

Table 14. Minimum and fitted radius of weld toes. 

 JR1B1 JR1B2 JR2B1 JR2B2 JR3B1 JR3B2 

rmin [mm] 1.21 2.69 0.42 0.27 0.41 0.38 

rfit [mm] 2.95 5.16 0.52 0.36 0.77 0.74 

 

 √(𝑋𝑝 − 𝑋𝑐)
2

+ (𝑌𝑝 − 𝑌𝑐)
22

− 𝑅 (22) 

 

Regression analyzes were done by minimizing sum of the equation 22 by applying NLREG 

program version 1.1.1. At the equation, Xp and Yp are coordinates of the measured points, Xc 

and Yc determined center point of the circle and R determined radius. Thus, the analysis was 

based on minimization of sum of radial distances between fitted circle perimeter and 

measuring points. 

 

Third and fourth forms were made by replacing weld toe with circular arc. In third form, (r 

= 1), IIW recommended 1 mm radius (r1mm) was used, and in fourth form, (r + 1), previously 

on second form fitted radius plus 1 mm radius (rfit+1mm) was used. Both radii were created 

applying fillet method, and hence, base material was not made undercut more than there was 

already. However, as table 2 can be noted, fitted radii in butt joints are much greater than 1 

mm. In these cases, the radius of 1 mm was made using fictive sharp boundary line and 

applying undercut method. 

 

In addition to models based on measurement data, ideal models with theoretical joint 

geometries were created. In case of butt joints, weld toe angle of 30° was applied together 

with face lengths given in table 8 and 9. In case of X-joints, weld toe angle of 45° was applied 

with throat thicknesses given in table 10. Plate thickness of 8 mm was used in all cases. 

Models used in hot spot method were analyzed with sharp weld toe and in ENS method with 

1 mm radius. 
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4.2 Generation of the models 

After necessary modifications, models to be analyzed were formed. The models were created 

by placing the opposite curves of the joint 8 mm distance from each other and sealing the 

open ends with straight lines. Base plate thickness was not set precisely, since determination 

of the distance would have been difficult due to surfaces roughness, and above all, a small 

distance variation was not seen have any effect on the results of the analysis. Model or 

surfaces was not rotated to the horizontal plane, but they were determined to be in the xy-

plane, as they were in measurements. Possible z-axis rotation error was taken into account 

in boundary conditions. 

 

The analysis of the models was performed with quadratic (Q8) isoparametric plane strain 

elements with thickness of 1 mm. ENS method element size was determined by the size of 

the radius of weld toe under consideration. Following the recommendations of IIW, element 

size was in all cases limited ¼ of the defined minimum radius (Hobbacher et al. 2008, p. 35). 

However, maximum size of the elements were limited at 0.1 mm, since some sharp forms 

was always noticed next to the radius, which may have been otherwise ignored. Around the 

areas to be analyzed, a regular quadrilateral element shape was applied and the elements 

were regularly increased, as presented in figure 33. In this way, it was possible to ensure that 

the analysis provides the most accurate and reliable results. Although the size of the elements 

would have been possible to increase outside of the analyzed area, the size was decided to 

keep approximately constant throughout the model. With this solution, the number of the 

elements and the analyzing time increased slightly, but on the other hand, time of generation 

of the elements were shortened and the examination of stress distribution at other critical 

locations were possible at the rough level. 

 

In hot-spot method, element size could have been significantly greater than in ENS method, 

since IIW recommends element size to be below or equal at 4/10 of the sheet thickness 

(Hobbacher et al. 2008, p. 31). Thus, about 3.2 mm (0.4 x 8.0 mm) element size would have 

been enough in all cases. However, models were decided to use same element size as in ENS 

method, since in this way, the actual shape of the weld toe could be taken into account in the 

analysis. Also in case of rmin and rfit, same models could be utilized in both methods, when 
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ENS method required accurate elements at the weld toe and hot-spot method required 

extrapolation points at the surface was possible model at once. 

 

 

Figure 33. Specimen JR3B2 examined weld toe. Elements size at the radius 0.07 x 0.07 mm. 

 

Since the linear elastic analyses were performed, material were required to give only two 

initial values. These values were elastic modulus E and Poisson’s ration v. Elastic modulus 

was used 210 GPa and Poisson’s ration 0.3. Both values were declared by manufacturer. 

Generally, the results obtained by linear analysis are often conservative i.e. stresses of 

calculations are greater than actual stresses. However, in LCF regime, angular misalignment 

is straightened by high external loads, resulting in reduced bending stress. 

 

4.3 Load and boundary conditions 

Because of the short length of the models, the determination of the boundary and load 

conditions could not be applied as experimental test. The problem could had been solved by 

extending the model to the actual length. However, there were not known, if angular and 

axial errors continues the length of entire specimens or whether the errors are only local. For 

this reason, the problem was decided to solve by creating rigid elements at the both ends of 

the model. By using rigid elements, it was possible to set load and boundary conditions, 

without the models were needed to modify, and thus, affect the results of analysis. 

 

Created rigid elements allowed nodes to move at direction of plate thickness, but at the 

longitudinal direction, nodes were kept in a straight line. Thus, transformation under the load 

was possible, but rotation was possible only solid plane. However, even applying rigid 

elements, the situation could not be made totally corresponding to the test conditions, which 
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is why boundary conditions were decided to implement in two different way, as shown in 

figure 34. 

 

 

 

Figure 34. Principle drawing load and boundary conditions of the models. a) Ends rotation 

locked, b) Ends rotation allowed. 

 

In the first method (a), ends rotation was locked and thus they remained always parallel. In 

this way, misalignments were thought to be only local and base plate opposing the rotation. 

The second method (b), ends were allowed to rotate without restriction. Now, misalignments 

were thought to continue throughout the entire specimen, wherein base plate would not 

prevent the rotation. In both method, the second end of the model were allowed to move 

perpendicular, as compared to the direction of the load. Thus, the boundary conditions did 

not cause shear and thus bending stresses to the models. 

 

The load was introduced the second end of the models, uniformly over the thickness. 

Magnitude of the loads was used nominal stress range, calculated based on fatigue tests data, 

shown in table 12 (section 3.3.2). The direction of the force was always the direction of 

negative x-axis. 

 

4.4 Results 

FE-analyses provided model’s stress distributions, which were possible to read stresses at 

the element level. In hot-spot method, principal stresses from extrapolation points were 

defined. Next, the hot-spot stresses σHS was calculated, from equation 4. Hot-spot stresses 

with different methods are presented in table 15. 
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Table 15. FE-analysis determined hot-spot stresses. (σ0.4t  / σ1.0t ; σHS) 

Test 

specimen 

Hot-spot stress, σHS [MPa] 

Ends locked in parallel Ends free to rotate 

r = true r = fit ideal r = true r = fit ideal 

JR1B1 
609 / 592; 

621 

605 / 599; 

609 

575 / 567; 

580 

630 / 615; 

640 

617 / 599; 

628 

575 / 567; 

580 

JR1B2 
608 / 596; 

616 

607 / 597; 

614 

604 / 596; 

610 

622 / 610; 

629 

621 / 610; 

628 

604 / 596; 

610 

JR2B1 
610 / 605; 

614 

613 / 605; 

618 
- 

638 / 633; 

641 

644 / 637; 

648 
- 

JR2B2 
580 / 566; 

589 

579 / 566; 

588 
- 

621 / 608; 

629 

620 / 609; 

628 
- 

JR3B1 
613 / 610; 

616 

615 / 611; 

619 

612 / 611; 

612 

618 / 615; 

621 

620 / 615; 

623 

612 / 611; 

612 

JR3B2 
621 / 617; 

623 

620 / 617; 

623 

618 / 617; 

618 

621 / 608; 

623 

621 / 618; 

622 

618 / 617; 

618 

 

ENS method stresses were read from elements, located at the surface of the radius. ENS 

stress, σENS, was determined based on the maximum observed stress. Since, ENS method is 

possible to apply using both principal and Von Mises stresses, both were recorded. ENS 

stresses by the specimens and the applied methods are presented in tables 16-17. 

 

Table 16. FE-analysis determined ENS stresses. (Principal stress / Von Mises stress). 

Test 

specimen 

ENS stress, σENS [MPa] 

Ends locked in parallel 

r = true r = fit r = 1 r + 1 ideal 

JR1B1 865 / 856 880 / 871 937 / 921 841 / 834 965 / 946 

JR1B2 815 / 808 813 / 808 917 / 900 769 / 765 1014 / 995 

JR2B1 1254 / 1226 1248 / 1227 1089 / 1079 1089 / 1079 903 / 885 

JR2B2 1166 / 1141 1264 / 1236 1033 / 1024 907 / 903 842 / 826 

JR3B1 1298 / 1255 1348 / 1308 1261 / 1238 1126 / 1111 1289 / 1261 

JR3B2 1439 / 1406 1492 / 1452 1309 / 1288 1123 / 1109 1301 / 1274 

JR4B1 - - 1691 / 1654 - 1834 / 1793 

JR4B2 - - 1809 / 1769 - 1957 / 1914 
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Table 17. FE-analysis determined ENS stresses. (Principal stress / Von Mises stress). 

Test 

specimen 

ENS stress, σENS [MPa] 

Ends free to rotate 

r = true r = fit r = 1 r + 1 ideal 

JR1B1 892 / 883 896 / 887 953 / 936 864 / 857 965 / 946 

JR1B2 832 / 825 830 / 825 939 / 922 786 / 782 1014 / 995 

JR2B1 1309 / 1279 1308 / 1286 1142 / 1132 1142 / 1132 903 / 885 

JR2B2 1246 / 1220 1350 / 1320 1100 / 1090 967 / 962 842 / 826 

JR3B1 1305 / 1256 1355 / 1315 1261 / 1238 1132 / 1117 1289 / 1261 

JR3B2 1438 / 1405 1492 / 1451 1307 / 1285 1126 / 1112 1301 / 1274 

JR4B1 - - 1694 / 1657 - 1834 / 1793 

JR4B2 - - 1804 / 1764 - 1957 / 1914 
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5 DISCUSSION 

 

 

This chapter presents a summary of the results, as well as compare them with the results 

obtained in the previous researches. At the beginning, pre-test measurements are discussed, 

however, considering that some of the results have been discussed in previous sections. After 

that, the section focuses on the results of fatigue tests, which has been compared to IIW 

recommendations and the results from FE analyses. The results are not intended to be 

detailed, but above all, the purpose was to combine the data into a single entity. 

 

5.1 Pre-test measurements 

Pre-test measurements consisted three different measurements; hardness, surface shape and 

residual stress measurements. In hardness measurements, the effect of heat input to material 

strength was studied from macro sections. Based on measurements, it can be noted, that in 

all cases hardness remain at the level of the base material hardness or below it in the HAZ 

area. The lowest hardness values were mostly measured from the fusion line and the base 

material. In these points, the hardness values decreased about 80-100 units (about 30 %), 

compared to the hardness of the base material. The lowest harness value at all, 264 HV5, 

was measured just at this point from the center line of the butt joint. According SSAB 

(Ruukki 2014c) this indicates about 850 MPa ultimate strength, while on the base material 

it is reported to be 980 to 1250 MPa, meaning more than 300 HV10 hardness values (Ruukki 

2014b). However, in this case, the measuring point located in the area where the heat input 

had affected from direction of both surface and root sides. Near the surface of plate, in area 

of one heat cycle, the smallest measured values remain above 279 HV5, which indicates 

about 900 MPa ultimate strength. 

 

When approaching weld metal from the direction of base material, the hardness increases in 

the coarse-grained area, but just before fusion line, it suddenly drops. The distribution clearly 

resembles graphs presented by Kumulainen et al. (2011, p. 7), see figure 1.  However, the 

area of low hardness in the fusion line remained very narrow, while between HAZ and base 

material, the softened zone is much larger. Hardness distributions can also be noted, that the 
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lowest strength value is possible to detect either on the fusion line or between HAZ and base 

material. 

 

The data of second measurement, i.e. surface shape, were mainly applied in FE-analysis, but 

with visually examination the difference between as-welded and HFMI- treated weld toe can 

be clearly observe (appendix 8). The treatment was performed with a pin radius of 5 mm, 

and thus, the smooth area formed wide and low. The change can also be observed from the 

macro graphs shown in appendix 7, where the smooth shape is clearly visible across the 

HAZ area. As a result, both smooth form and small depth of groove reduce notch factor, 

resulting lower notch stress (Forschungsvereinigung Stahlanwendung e.V. 2010, p. 27). 

 

In addition to the surface form, HFMI-treatment also affect the hardness and the residual 

stresses. At the hardness measurements the effect was not observed, but this could be 

assumed, since all measuring points were at least 0.5 mm from the edge, while the hardness 

changes reach the depth of about 0.2 to 0.3 mm. (Forschungsvereinigung Stahlanwendung 

e.V. 2010, p. 22-23.) However, residual stress measurements the effect was clearly 

perceived. In annex 9, the measurement results are shown in graphic form, so that the treated 

and untreated joints are always on the same side. Results can be noticed, how HiFIT 

treatment has increased compressive stress by about 2-3 mm on the weld toe. The change 

was detectable in all joints. Considering, that the pin radius was 5 mm and the treatment was 

align to the weld toe, the stress may be noticed to increase exclusively under the treated area. 

Therefore, the process, especially the pin alignment in the right place, cannot be overlooked. 

 

Based on the measurements, the effect of the post-processing to residual stresses it is difficult 

to estimate, since measurements were not made on the same specimen before and after 

processing. However, compression stress can be roughly estimated to increase between 130 

MPa to 580 MPa. The measured maximum compression stress, 1147 MPa, was obtained 

non-load carrying X-joint, but it must be noted, that the variation of the result was over 230 

MPa. Generally, more than 600 MPa compression stresses were measured from all treated 

weld toes, which exceed corresponding points measured stresses from specimens in as-

welded condition. Also, from treated specimens was not measured compressive stresses 
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below 260 MPa near the weld toe, while from untreated specimens even tensile stresses were 

measured. 

 

In addition, residual stresses were measured from the straight specimens. Measurements 

were aligned to the center of the cut edge, which was tough to be the most critical region for 

fatigue crack. From the results can be noted, that all measured series are very similar, 

although each set is made from different edge. In machined and water cut edges, the stresses 

were about 10 MPa on tension, while laser cut edge, stress is about 50 MPa on tension. On 

the basis of the measurement, all the cutting methods generate tensile stress on the treated 

edge in this material, but clearly the greatest stress is generated by laser. However, when 

comparing the results from laser cut edge to results reported by Laitinen et. al. (2013, p. 

286), measured stresses are more than half smaller, even taking into account the variation of 

the measurement. 

 

5.2 Fatigue tests 

The results of fatigue tests were divided into three groups according to the applicable 

method. These methods were nominal, structural and ENS method. In this section, the results 

are discussed separately for each method and compared particularly commonly used FAT 

classes. However, due to the small number of the test results, actual fatigue curve alignment 

was not made, but the curve was always aligned with the same slope as a curve, in which the 

results were compared. If the curve was fitted only some of the result, it is always mentioned 

separately. 

  

All S-N curves are presenting mean curves, i.e. FAT50% curves. Therefore, in the text and 

graphs, fatigue classes are always given as mean values, but however, corresponding 

characteristic FAT-class, i.e. FAT95% value, is marked in the brackets next to the FAT50%-

value. The change between the classes has been made by applying equation 12. 

 

5.2.1 Nominal stress 

Nominal stress results with few FAT curves are shown in SN-graph in figure 35. From the 

graph can be noticed, that most of the tests results remain above the FAT 219(160) curve 

with a slope of m = 5. The curve represents the fatigue class of base material and thus all the 
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results above the curve can be noted to be above the highest available fatigue class (SFS-EN 

1993-1-9, IIW). However, five results below the curve are above the characteristic base 

material curve FAT 160, so they can noted to be within the allowable range. In addition, root 

side crack fatigue class FAT 49(36) is generally applied to load carrying X-joint, which 

based on obtained test results calculated average fatigue class FAT 81(59) is clearly exceed. 

Laser welded butt joint, instead, fatigue class FAT 123(90) is assumed, which one laser 

welded joint with value FAT 82(60) cannot reach. 

 

 

Figure 35. Fatigue test results in SN-graph, nominal stress. 

 

Except for the aforementioned laser joint, the remaining butt joints exceed the FAT 123(90) 

class. Second laser welded joint ranked just next to the limit value with FAT 125(91), while 

the MAG welded joints fatigue class became FAT 151(110), which is over 1.2 times the 

design value. Post-treated MAG joint average fatigue class became FAT 187(137), which is 

about 1.2 times higher compared to the untreated. However, the laser welded joints, the effect 

of the treatment was even greater, up to 2.4 times higher, giving the average fatigue class 

FAT 244(178). In both MAG and laser welded butt joints, IIW allow increase a fatigue class 
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to FAT 171(125), when the HiIFT treatment has been applied (Hobbacher et al. 2008, p. 89). 

Both joints meet this requirement. 

 

Non-load carrying X-joints as-welded state were placed above FAT 110(80) curve, which 

correspond to the highest allowed design curve for the joint (SFS-EN 1993-1-9, IIW). With 

an average of FAT 115(84), the results are just above the curve. Treated joints are evenly 

aligned with the curve of FAT 212(155), which is more than 1.9 times higher than design 

curve, and more than 1.8 times higher than untreated joints. According to IIW, by applying 

HiFIT treatment, the fatigue class is possible to improve a factor of 1.5, when the applicable 

fatigue class increase to FAT 164(120) (Hobbacher et al. 2008, p. 89). The calculated value 

of treated joints is 1.3 times higher than improved design curve. However, in many contexts 

IIW recommendations for high strength steels are considered slightly conservative and 

universal, and especially after the treatment, fatigue classes are recommended to be 

increased. For example, Marquis and Barsoum (2013a, p. 100) recommended a characteristic 

value up to FAT 180 with  a slope m = 5, while based on Pedersen et. al. (2009, p. 216) 

summary, even characteristic value FAT 259 with slope of m = 5 could be possible. Applying 

slope m = 5, treated specimens reach the characteristic fatigue class FAT 236, which exceed 

value given by Marquis and Barsoum more than 1.3 times, but remain slightly below 

Pedersen et. al. curve. 

 

The highest results in the test were reached straight specimens. This was expected, as the 

fatigue class of machine cut edges is noted to be FAT 171(125) or 192(140). For water cut 

specimens the value of results was FAT 210 (153), laser cut specimens FAT 256(187) and 

machined specimens FAT 248(181). However, since in previous tests (Laitinen et. al. 2013), 

fatigue classes FAT 171(125) and 192(140) for thermally cut edges and fatigue class FAT 

219 (160) for machined edges has been noted to be conservative, the curves with a slope of 

m = 5 was decided to fit. As a result, water cut specimens fatigue class changed to value 

FAT 323(236), laser cut specimens to value FAT 371(271) and machined to value FAT 359 

(262). Comparing to the maximum fatigue class FAT 219(160), all results were at least 1.4 

times higher. The average value for all results was FAT 351(256), which is 1.6 times higher 

than the corresponding value for the base material given in IIW recommendations. FAT 
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354(258) is also well suited to the trend curve of fatigue strength of plates presented by 

Laitinen et. al. (2013, p. 285). 

 

5.2.2 Structural hot spot stress 

Structural stress results with FAT curves are shown SN-graph in figure 36. Structural stress 

method i.e. hot spot method was applied only to joints, where the stress range was possible 

to define in front of the potential crack location. Thus, considering the shape of the test 

specimens, butt and non-load carrying X-joints were studied. However, the straight 

specimens were also considered, as they were thought to represent a base material. In 

addition, structural stress made possible to notify misalignments in plate stress levels. 

 

 

Figure 36. Fatigue test results in SN-graph, structural stress. 

 

The hot spot method includes two fatigue classes, FAT 123(90) and FAT 137(100), which 

curves are shown in figure 36. Both butt joint and non-load carrying X-joint belong to 

category FAT 137(100), so clearly, three results remain below the design curve. However, 

notifying that mean value FAT 137 leads to characteristic value FAT 100, X-joints with 

average value FAT 117(85) and laser welded butt joints with average value FAT 114(84) 
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can be noted to be between these values. Also, both cases average values exceed base 

material FAT 219(160) curve. 

 

The highest fatigue values of untreated specimens reached MAG welded butt joints with 

value of FAT 170(124). Both test results can be noticed to be close FAT 171(125) curve, 

which represent the fatigue class of the HiFIT treated load carrying fillet welds. Both treated 

butt joints also exceed the raised FAT value; MAG welded with value of FAT 221(162) 

about 1.3 times higher and laser welded with value of FAT 261(161) over 1.5 times higher. 

The effect of HiFIT treatment is clearly visible in both results, MAG welded 1.3 times and 

laser welded over 2.2 times. Also in the X-joint, the effect of treatment is clearly noticeable 

as the increase is over 1.8-times to value FAT 214(156). However, unlike the butt joints, 

IIW gives the treated non-load carrying fillet welds higher fatigue class FAT 192(140), 

which value exceed only about 1.1-times. 

 

In case of non-welded specimens, the change between nominal and structural stresses was 

maximum 4 percent. The slight change is explained by the fact that the specimens were 

primarily very straight, so that the secondary bending could not be elicited. As a result, 

stresses calculated based on stain correspond well to nominal stress nom. A slope of m = 5 

fatigue classes were: water cut FAT 335(244), laser cut FAT 381(278) and machined FAT 

361(264). The average value for all results was FAT 362(265). 

 

As mentioned before, the fatigue behavior of Strenx S 960QC has also previously 

investigated by LUT. For example, non-load carrying X-joint has been tested in HCF regime.   

Figure 37 shows the results of HCF tests together with results of LCF tests with the uniform 

loading ration R = 0.1. 
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Figure 37. The results of fatigue tests of non-load carrying X-joint in LCF and HCF 

regimes, structural stress. 

 

As visually can be observed, HCF results in welded condition, with the weld toe radius r > 

1 mm, correspond well to the results of the LCF tests. The calculated fatigue class for the 

HCF results is FAT 121(88), while LCF results it was almost the same with value FAT 

117(85). However, by examining the treated specimens, the difference between the results 

is higher. In HCF regime, treated specimens fatigue class is FAT 174(127), while in LCF 

regime, FAT is 214(156). Thus, the effect of the treatment can be found to be almost 40 

percentage point higher in the LCF regime than in the HCF regime. 

 

As mentioned in the previous section, higher fatigue classes is recommended for HiFIT 

treated non-load carrying welded joints by Marquis and Barsoum (2013). In case of hot spot 

stress, fatigue class FAT 343(250) with a slope of m = 5 is mentioned. Results of treated 

LCF specimens are located close to the mean curve, with fatigue class FAT 329(238). 

However, the average value of corresponding HCF results with a slope of m = 5 is FAT 

207(151), and thus is clearly below recommendation. Thus, Marquis and Barsoum presented 

improved curve can be noted to be too optimistic for the results. 
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5.2.3 Effective notch stress 

In the ENS method, it is not possible to measure directly stress range during a test, but it 

should be determined separately by using analytical stress concentration factors. In this 

research, Anthes equations were applied to determination. Therefore, the review includes 

only 3 different joints, in which the method is applied. However, because the suitability of 

the method is not known exactly at the LCF regime, the comparison of the results should 

also take into account the possibility that the results of Anthes equation are not directly 

applicable to the ENS method in LCF regime, for example due to plastication of material. 

Figure 38 shows the results together with mean and characteristic FAT 225 curves. 

 

 

Figure 38. Fatigue test results in SN-graph, effective notch stress (Anthes). 

 

The results of load-carrying X-joint located between the mean and characteristic curves with 

fatigue class of FAT 254(185). Untreated non-load carrying X-joints and butt joints reach 

slightly higher values, FAT 279(203) and FAT 298(217), but remained still below the 

computational mean curve. Correspondingly, the treated specimens of both series exceed the 

mean curve, butt joins with value FAT 316(213) and X-joints with value FAT 464(339). 

However, it should be noted, that HiFIT-treatment was not considered in determination of 
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concentration factor, but Anthes equations were applied as a smooth weld toe. Thus, the 

deviating results were expected. 

 

As before, also in the ENS method, HFMI improved welded joints were reported higher 

fatigue class FAT 500 with a slope of m = 5 by Marquis and Barsoum (2013). Treated butt 

joints remained below this curve with the value FAT 490(358), but X-joints, instead, exceed 

the curve with a value of FAT 708(517). 

 

5.3 FE-analysis 

In FE-analyses, stress ranges were defined in different ways, so that the accuracy of the 

methods could be compared to both each other and results of fatigue tests. Hot spot and ENS 

methods were applied in the analyzes, with two different boundary conditions, and with a 

few different toe options. In the hot spot method, the real geometry (rmin) and the fitted arc 

(rfit) as a toe radius were used. In the ENS method, in addition to the above, radius of 1 mm 

(r1mm) and radius of fitted arc plus 1 mm (rfit+1mm) were used. Both methods, the models made 

by the recommendations of IIW (ideal) were also analyzed. For comparison, service lives 

calculated based on recommended fatigue classes and defined stresses (str,fix and NS) 

were noted on graphs. 

 

The service lives of the specimens were possible to calculate by applying stress ranges. 

Calculation were made by using fatigue classes mean values (FAT50%), whereby the results 

could be directly compare to the results of the experimental tests. Thus, in graphs the curve 

with a slope of 1:1 correspond a situation, where the results are consistent. Characteristic 

values, again, are equivalent to the curve with a slope of 1:1.37². Since the number of test 

specimens was low, the curves were not aligned to results, but the examinations were 

performed visually. 

 

Hot spot method 

Figure 39 shows the results for the hot spot method, calculated on fatigue class FAT 

137(100). The results are divided on the both side of the 1:1 curve. Most below is another 

laser welded specimen (JR2B), which results are even below the characteristic curve. 

Comparing results to another laser welded specimen, which results are evenly on the both 
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side of the mean curve, it can be inferred, that the other model did not clearly consider factors 

leading to the failure of the specimen. In addition, the results of both specimens have clearly 

highest difference between the fixed and free ends, indicating local defect.  

 

Figure 39. The results of experimental tests in relation to the results of FE analysis applying 

hot spot method. 

 

Non-load carrying X-joints (JR3B) were also below the mean curve. However, compared to 

the laser welded sections, all results form a considerably narrower band, which indicates that 

neither boundary conditions or radius have great importance on calculations. In figure 39, 

though the set of points is drawn a line, that represent average fatigue class FAT 117(85) 

from test results. When comparing the results to curve, it can be noticed that the results match 

well, even though are slightly below. Thus, since the results were below both curves, stresses 

from FE-models were too low or applied fatigue classes to high. 

 

In case of butt joints, all results were above the mean curve. The variation between the results 

increase, as compared to the NLC X-joints, but remains smaller than laser welded specimens. 

By comparing the results to the fatigue class FAT 170(124), results are distributed equally 
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on both sides. Thus, the results are well in line with fatigue tests, but when compared to the 

mean curve, either stress ranges were too high or the used fatigue class too small. 

 

From hot spot results is also possible to notice, how in case of MAG welded joints, the ideal 

shape indicates the highest fatigue strength. In any case, however, the results do not match 

with experimental results, but in the case of the butt joints, the agreement is best. Because 

of the small number of specimens, the accurate comparison of the results and definition of 

most truthful results is not possible. 

 

ENS method 

The result of ENS method was calculated by applying FAT 308(225), in case of principal 

stresses, and FAT 274(200), in case of Von Mises stresses. Due the large number of the 

different models, the results were not reasonable to present in a single graph. Therefore, the 

results were divided into 4 different graphs, according to the method of stress determination 

(principal PS and Von Mises VM) and boundary conditions (free and fixed). However, 

boundary condition was not visually noticed to affect the shape of the graph, which is why 

only the results with the fixed ends are shown in this context below in figure 40. 

Corresponding graphs for the results of free edges are presented in annex 10. 

 

In ENS method, nearly all the results were below experimental test results, and thus remain 

below 1:1 curve, while in hot spot method, the results were on the both side of the curve. 

Thus, the stresses from the analysis can be noted to be too low or the applied fatigue classes 

too high. In both cases, the situations are disadvantageous, because the calculation model 

predicts too many cycles to failure. However, there is small difference between the principal 

and Von Mises stresses. By applying the principal stresses and fatigue class FAT 308(225), 

the results seem so be close the characteristic curve. However, when Von Mises stresses and 

FAT  277(200) are applied, the calculated cycles seem to decrease steadily so that the results 

are approximately halfway of characteristic and mean curve. The results of free edges is also 

observed the same effect. 

 

 

 



93 

 

 

 

Figure 40. The results of experimental tests in relation to the results of FE analysis applying 

ENS method and fixed ends. Upper graph is applied principal stresses ja FAT 308, below 

Von Mises and FAT 274. 
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6 CONCLUSION 

 

 

In this research, the behavior of Strenx 960 structural steel under high fluctuating tension 

cycles was investigated. The research was performed by testing 8 mm plate manufactured 

details (joints and edges) experimentally using fatigue tests. The details were chosen from 

the commonly applied structural solutions and they were laser and MAG welded butt joint, 

MAG welded load carrying and non-load carrying X-joint, water and laser cut edge and 

machined edge. For comparison, half of the welded joints were post-treated with a HiFIT 

device, which was expected to improve fatigue strength. In addition, untreated welded joints 

were formed FE models based on pre-test measurements. By utilizing these models, hot spot 

and ENS method applicability to LCF was investigated. 

 

As a result of experimental tests, every specimen was damaged by fatigue, which proved 

that LCF failure mode is possible. Next, the test results were compared to commonly used 

design curves if possible. In first case, the results were compared based on nominal stress. 

The comparison showed, that every MAG welded joint exceeds the mean curve of 

recommended fatigue classes. Thus, the designing based on fatigue classes defined by 

structural detail is suitable also in LCF regime. Laser welded joints only other specimens 

reach the mean curve, while the other was far below. Therefore, fatigue class calculated by 

the results remained below the characteristic curve. However, notifying the base material 

fatigue class FAT 160 with a slope m = 5, both laser welded joints were above the 

characteristic curve and another even above the mean curve.  In case of the other specimens, 

the fatigue class of the base material proved to be conservative, as the fatigue classes defined 

for the structural details were exceed. 

 

HiFIT treatment was also noticed to improve fatigue class clearly, and in each case the 

improvement was more than IIW recommend. Therefore, for example, in case of non-load 

carrying X-joint, the higher characteristic fatigue class FAT 180 with a slope of m = 5 

proposed by Marquis and Barsoum (2013a, p. 100) may be justified. However, specimens 

without joint were predictable reach the highest number of cycles. In nominal stress range, 

characteristic average value of specimens was FAT 258, which is well above the highest 
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fatigue class FAT 160 for base material. Therefore, corresponding details would be justified 

to apply higher fatigue class, for example based on Laitinen et. al. (2013, p. 285). 

 

In the second comparison, results were presented based on structural stress. The structural 

stresses were defined based on strain gauge measurements, and therefore, load carrying X-

joints were not observed. Also, since crack was not always initiate on the gauge side, stresses 

were flip on the crack side by applying misalignment defined stress concentration factors. 

 

Based on structural stress, joints recommended characteristic fatigue class FAT 100 was 

exceeded untreated joints only MAG welded butt joint with value FAT 124. Laser welded 

butt joints with value FAT 84, and non-load carrying X-joints with value FAT 85, remained 

clearly below design curve. However, notifying base material FAT 160, both joints exceed 

the curve, which indicates that fatigue classes of mentioned joints are too high in LCF 

regime, and the restrictions of the FAT 160 curve should be noted.   

 

As in nominal stress method, also in structural stress method, the effect of post-treatment on 

fatigue capacity was clearly noticeable. In all cases, the results of treated specimens 

increased over the highest recommended fatigue class FAT 140, which can be reach by 

treatment. A better value for the results would have been FAT 160. Non-load carrying fillet 

welds is recommended FAT 250 with a slope m = 5 by Marquis and Barsoum (2013a, p. 

100). However, both LCF and HCF regime the results of X-joints remain below the proposed 

curve, and thus the curve can be noted to be too optimistic. Straight specimens with fatigue 

class FAT 265 remain close nominal stress fatigue class FAT 258. 

 

In addition to comparing the results with the recommendations, results of non-load carrying 

X-joints was possible to compare between LCF and HCF regimes. The comparison showed, 

that untreated specimens are well in same curve with values FAT 85 and 88 (m = 3). 

However, treatment increased fatigue class in LCF regime 2.7 times to value FAT 238, while 

increase was in HCF regime only 1.8-times. Thus, it can be noted that the effect of post-

processing is detectable in both regimes, however slightly higher in LCF regime. 
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In third method, ENS method, MAG welded butt joints and X-joints was calculated stresses 

by applying Anthes equations. The calculations were made by applying measured values, 

however, notifying the worst-case assumption r = 1 in case of un-treated joints. 

 

ENS results was noticed that none of the untreated joints reached the fatigue class FAT 225. 

The average value of the results was FAT 201, which is very close Von Mises stresses 

applied FAT 200. The results of treated joints, instead, exceed the FAT 225. However, 

Marguis and Barsoum (2013) proposed FAT 500 with a slope of m = 5 is too high for butt 

joints, but non-load carrying X-joints it seem to be fit. 

 

In the last part of the research, the results of the FE-analysis and the results obtained from 

fatigue tests were compared. In the hot spot method, results from FE-analysis were both 

bigger and smaller. Too high expectations were anticipated laser welded butt joints and non-

load carrying X-joints. In both cases, the average values of point clouds indicate about 40% 

more cycles than the test gave. In case of butt joint, the results were on the opposite side, 

about average of 70%. 

 

The error in the ENS method was clearly more systematic. All average values for each 

specimen were higher than the test results, meaning that the FE analysis gave too positive 

vision. The average of difference was about 60 to 160 %. 

 

As a summary, the study shows that Strenx 960 steel is suitable for use in the LCF regime. 

However, dimensioning must be taken into account, that when general recommendations are 

applied, the results are varying according to the applied method. For untreated joints, the 

results on the safe side are achieved by the nominal stress method, but when using the ENS 

method instead of the hot spot method, the uncertainty of the results increases. For the treated 

joints, the situation is not the same, but in all methods, the results are above the highest 

allowable fatigue curve. Cut and machined edges, the results were also high above design 

curve. In FE-analysis, the results were distributed over a wide area, which is why the 

accuracy of the methods requires further research. Also, further experimental studies would 

be necessary, as the small number of test series increase the possibility of misinterpretation. 
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Appendix 1. Notch stress concentration factors to butt and cruciform joints by Anthes 

(Anthes et al. 1993, p. 685-687). 

 

Butt joints: 

𝐾𝑡,𝑏𝑗 = [1+𝑏1 (
𝑡

𝜌
)

𝑏2

] [1+[𝑎0+𝑎1 sin 𝜃 +𝑎2 sin2 𝜃 +𝑎3sin3 𝜃)] (
𝑡

𝜌
)

𝑙1+𝑙2sin (𝜃+𝑙3)

] (23) 

where θ = weld toe angle [°] 

 t = plate thickness [mm] 

  = notch radius [mm] 

 

Table 18. Coefficient table to equation 23. 

Loading a0 a1 a2 a3 b1 b2 l1 l2 l3 

Tension 0.169 1.503 -1.968 0.713 -0.138 0.2131 0.2491 0.3556 6.1937 

Bending 0.181 1.207 -1.737 0.689 -0.156 0.207 0.2919 0.3491 3.283 

 

 

Cruciform joints: 

𝐾𝑡,𝑐𝑗 = 𝑚0 + [1 + 𝑚1 (
𝑎

𝑡
)

𝑝1

(
𝑠

𝑡
)

𝑝2

+ 𝑚2 (
𝑡

𝜌
)

𝑝3

+ 𝑚3(sin 𝜃)𝑝4] (sin 𝜃)𝑝5 (
𝑡

𝜌
)

𝑝6

 (24) 

where θ = weld toe angle [°] 

 t = plate thickness [mm] 

  = notch radius [mm] 

 a = throat thickness [mm] 

 s = root face length [mm] 

 

Table 19. Coefficient table to equation 24. 

Loading Location m0 m1 m2 m3 p1 

Tension 
Toe 1.538 0.621 1.455 -2.933 -1.655 

Root 0.947 0.770 1.307 -2.315 -1.054 

Bending 
Toe 1.256 0.023 2.153 -3.738 -3.090 

Root 0.202 0.190 0.001 -1.046 -1.361 
       

Loading Location p2 p3 p4 p5 p6 

Tension 
Toe 2.474 0.208 1.213 2.086 0.207 

Root 1.198 0.093 -0.029 0.410 0.370 

Bending 
Toe 2.412 0.154 0.481 1.723 0.172 

Root 0.953 0.867 -0.104 0.550 0.353 
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Appendix 3. Equations for welding energy Ew and tooling time t8/5. 

 

Welding energy, Ew 

 

 

𝐸𝑤 =
𝐼 ∙ 𝑈

1000𝑣
=

𝑃

1000𝑣
 

Ew = welding energy [kW/mm] 

 I = current [A] 

 U = voltage [V] 

  v = traveling speed [mm] 

  P = power [W] 

 

Welding energy corrected with the welding cable resistance, Ecal 

 

 

𝐸𝑐𝑎𝑙 =
𝐼 ∙ 𝑈 − 𝑅𝑐 ∙ 𝐼2

𝑣
 

Ecal = welding energy [kW/mm] 

(considering cable resistant) 

 I = current [A] 

 U = voltage [V] 

  v = traveling speed [mm] 

 
 

Rc = cable resistant [] 

= 0.01489  

 

Heat input, Q 

 

 

𝑄 = 𝑘 ∙ 𝐸𝑤 
Q = heat input [kW/mm] 

 k = thermal efficiency 

 Ew = welding energy [kW/mm] 

 

 

Cooling time, two-dimensional heat conduction, t8/5 

 

 

𝑡8 5⁄ = (4300 − 4.3 ∙ 𝑇0) ∙ 105 ∙ (
𝑄

𝑑
)

2

∙ [(
1

500 − 𝑇0
)

2

− (
1

800 − 𝑇0
)

2

] ∙ 𝐹2  

 

 
 

t8/5 = cooling time between 800°C-500°C [s] 

  T0 = working temperature [°C] 

  Q = heat input [kW/mm] 

  d = work piece material thickness [mm] 

 

 

F2 = joint type factor in two-dimensional 

heat conduction 

0.9 between runs in butt welds 

0.45-0.67 single run fillet welds on a T-

joint 
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[ID] [nro] [PA, PB] [A] [V] [W] [mm/s] [kJ/mm] [kJ/mm] [kJ/mm] [m/min] [mm]

1 PA 224 29,4 6530 8,0 0,73 0,8 0,66 0,58 10,6 20

2 PA 223 29,4 6492 8,0 0,73 0,8 0,66 0,58 10,6 20

1 PA 224 29,4 6518 8,0 0,73 0,8 0,66 0,58 10,6 20

2 PA 222 29,3 6453 8,0 0,72 0,8 0,65 0,58 10,6 20

1 PA 223 29,3 6491 8,0 0,72 0,8 0,65 0,58 10,6 20

2 PA 223 29,4 6488 8,0 0,73 0,8 0,66 0,58 10,6 20

1 PA 228 29,4 6630 8,0 0,74 0,8 0,67 0,59 10,6 20

2 PA 222 29,3 6470 8,0 0,72 0,8 0,65 0,58 10,6 20

1 PA - - 6500 33,3 0,20 #VALUE! #VALUE! - -

2 PA - - 6500 33,3 0,20 #VALUE! #VALUE! - -

1 PA - - 6500 33,3 0,20 #VALUE! #VALUE! - -

2 PA - - 6500 33,3 0,20 #VALUE! #VALUE! - -

1 PA - - 6500 33,3 0,20 #VALUE! #VALUE! - -

2 PA - - 6500 33,3 0,20 #VALUE! #VALUE! - -

1 PA - - 6500 33,3 0,20 #VALUE! #VALUE! - -

2 PA - - 6500 33,3 0,20 #VALUE! #VALUE! - -

1 PB 224 29,1 6481 5,9 0,98 0,8 0,88 0,78 13,2 22

2 PB 226 29,1 6528 5,9 0,99 0,8 0,89 0,79 13,2 22

3 PB 224 29,0 6448 5,9 0,97 0,8 0,88 0,78 13,2 22

4 PB 226 29,1 6525 5,9 0,99 0,8 0,89 0,79 13,2 22

1 PB 226 29,1 6500 5,9 0,99 0,8 0,89 0,79 13,2 22

2 PB 226 29,0 6517 5,9 0,98 0,8 0,89 0,79 13,2 22

3 PB 226 29,1 6522 5,9 0,99 0,8 0,89 0,79 13,2 22

4 PB 227 29,0 6518 5,9 0,99 0,8 0,89 0,79 13,2 22

1 PB 227 29,0 6536 5,9 0,99 0,8 0,89 0,79 13,2 22

2 PB 224 29,0 6461 5,9 0,97 0,8 0,88 0,78 13,2 22

3 PB 229 29,0 6553 5,9 0,99 0,8 0,90 0,79 13,2 22

4 PB 229 29,1 6603 5,9 1,00 0,8 0,90 0,80 13,2 22

1 PB 226 29,0 6485 5,9 0,98 0,8 0,89 0,79 13,2 22

2 PB 226 28,9 6465 5,9 0,98 0,8 0,89 0,78 13,2 22

3 PB 227 28,9 6499 5,9 0,98 0,8 0,89 0,79 13,2 22

4 PB 227 29,0 6531 5,9 0,99 0,8 0,89 0,79 13,2 22

1 PB 229 29,0 6571 5,9 0,99 0,8 0,90 0,79 13,2 22

2 PB 224 28,9 6421 5,9 0,97 0,8 0,88 0,78 13,2 22

3 PB 227 29,2 6569 5,9 0,99 0,8 0,90 0,79 13,2 22

4 PB 226 29,1 6514 5,9 0,99 0,8 0,89 0,79 13,2 22

1 PB 224 29,1 6462 5,9 0,98 0,8 0,88 0,78 13,2 22

2 PB 228 28,9 6525 5,9 0,99 0,8 0,89 0,79 13,2 22

3 PB 227 29,1 6550 5,9 0,99 0,8 0,90 0,79 13,2 22

4 PB 227 29,0 6535 5,9 0,99 0,8 0,89 0,79 13,2 22

1 PB 226 28,9 6490 5,9 0,98 0,8 0,89 0,78 13,2 22

2 PB 225 28,9 6459 5,9 0,97 0,8 0,88 0,78 13,2 22

3 PB 226 29,0 6507 5,9 0,98 0,8 0,89 0,79 13,2 22

4 PB 223 29,0 6435 5,9 0,97 0,8 0,88 0,78 13,2 22

1 PB 225 29,0 6453 5,9 0,98 0,8 0,88 0,78 13,2 22

2 PB 226 29,0 6504 5,9 0,98 0,8 0,89 0,79 13,2 22

3 PB 223 29,0 6416 5,9 0,97 0,8 0,88 0,78 13,2 22

4 PB 226 28,9 6493 5,9 0,98 0,8 0,89 0,78 13,2 22
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JR4B2

Specimen Weld   
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JR3B1

JR3B2
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Current Voltage Power

JR3A1

JR3A2

JR1B1

JR1B2

JR2A1

JR2A2

JR2B1

JR2B2

JR1A1

JR1A2

Welding 

speed

Welding 

energy

Thermal 

efficienty
Heat input

Heat input 

(häviöt)

Wire feed 
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Additive 

wire length
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Frequency Amplitude

[ID] [nro] [+/-] [°] [°] [mm] [Hz] [mm]

1 Off - 90 5 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

2 Off - 90 5 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

1 Off - 90 5 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

2 Off - 90 5 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

1 Off - 90 5 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

2 Off - 90 5 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

1 Off - 90 5 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

2 Off - 90 5 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

1 - - 90 0 - - - -

2 - - 90 0 - - - -

1 - - 90 0 - - - -

2 - - 90 0 - - - -

1 - - 90 0 - - - -

2 - - 90 0 - - - -

1 - - 90 0 - - - -

2 - - 90 0 - - - -

1 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

2 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

3 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

4 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

1 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

2 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

3 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

4 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

1 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

2 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

3 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

4 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

1 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

2 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

3 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

4 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

1 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

2 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

3 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

4 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

1 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

2 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

3 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

4 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

1 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

2 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

3 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

4 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

1 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

2 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

3 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -

4 On (index curve) 0 45 18 (thrust) Union X96 [1,0 mm] Ar+10 % CO₂ - - -
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JR3B1

JR3B2

JR4A1

JR4A2
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[ID] [nro] [°]

1 0 bottom of the groove

2 0 bottom of the groove

1 0 bottom of the groove

2 0 bottom of the groove

1 0 bottom of the groove

2 0 bottom of the groove

1 0 bottom of the groove

2 0 bottom of the groove

1 0 -

2 0 -

1 0 -

2 0 -

1 0 -

2 0 -

1 0 -

2 0 -

1 4 (downhill)

2 4 (downhill)

3 4 (downhill)

4 4 (downhill)

1 4 (downhill)

2 4 (downhill)

3 4 (downhill)

4 4 (downhill)

1 4 (downhill)

2 4 (downhill)

3 4 (downhill)

4 4 (downhill)

1 4 (downhill)

2 4 (downhill)

3 4 (downhill)

4 4 (downhill)

1 4 (downhill)

2 4 (downhill)

3 4 (downhill)

4 4 (downhill)

1 4 (downhill)

2 4 (downhill)

3 4 (downhill)

4 4 (downhill)

1 4 (downhill)

2 4 (downhill)

3 4 (downhill)

4 4 (downhill)

1 4 (downhill)

2 4 (downhill)

3 4 (downhill)

4 4 (downhill)

JR4A2

JR4B1

JR4B2

Specimen Weld   

JR1A1

JR1A2

JR1B1

JR1B2

JR2A1

JR2A2

JR2B1

JR2B2

JR3A1

JR3A2

JR3B1

JR3B2

JR4A1

about 1 mm on the side of the 

lower plate

Welded specimen in an 

upright position

Welded specimen in an 

upright position

Welded specimen in an 

upright position

Welded specimen in an 

upright position

Welded specimen in an 

upright position

Welded specimen in an 

upright position

Welded specimen in an 

upright position

Welded specimen in an 

upright position

about 1 mm on the side of the 

lower plate

about 1 mm on the side of the 

lower plate

about 1 mm on the side of the 

lower plate

about 1 mm on the side of the 

lower plate

about 1 mm on the side of the 

lower plate

about 1 mm on the side of the 

lower plate

about 1 mm on the side of the 

lower plate

Specimen tilt Wire alignment Note



Appendix 5. The field book of JR3A2 specimen. 
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Appendix 7. Macrographs with dimensions.  1/3 

 

 

JR1A1: Butt joint, MAG-welded, HfMIT 

 

 

JR1B1: Butt joint, MAG-welded, AW 

 

  

JR2A1: Butt joint,  JR2B1: Butt joint, 

laser welded, HfMIT  laser welded, AW 
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JR3A1: Non-load carrying X-joint, HfMIT 

 

 

JR3B1: Non-load carrying X-joint, AW 
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JR4A1: Load carrying X-joint, HfMIT 

 

 

JR4B1: Load carrying X-joint, AW 
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Appendix 9. Results of residual stress measurements. Longitudinal correspond to the 
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Appendix 10. The results of experimental tests in relation to the results of FE analysis 

applying ENS method and free ends. Upper graph applied principal stresses ja FAT 308, 

below Von Mises stresses and FAT 274. 

 

 

 


