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The use of ultra-high-strength steels (UHSS) has increased in the engineering industry 

during past decades especially in the fields of welded structural applications where 

products are required to possess a specific combination of high load-carrying capacity, 

structural durability and energy efficiency. However, current material standards and 

welding codes or recommendations do not fully apply UHSS grades and recognize the 

special characteristics of direct quenched UHSS, which set substantial demands for 

design and manufacturing. This thesis discusses the performance quality of direct 

quenched UHSS weld joints, which determine the functional quality of components, 

structures, and eventually, the final product. The aim is to concretize the essential factors 

of performance quality and establish a method to recognize the quality level of a UHSS 

weld joint in terms of static and fatigue strength and deformation capacity. The research 

comprises a relationship between workshop manufacturing operations and the final 

properties of direct quenched UHSS weldments by means of theoretical review, 

experimental testing and finite element analyses. The results of the research show the 

effect of geometry, microstructure and residual stresses on the performance quality of 

welded joints made of direct quenched UHSS. Furthermore, appropriate manufacturing 

parameters are found to result in higher performance quality compared to available 

standards and recommendations. Future research is needed to develop analysing tools for 

UHSS weldments with high performance quality and to extend the perspective of the 

performance quality of a welded joint to larger entities, such as components, structures 

and products. 

Keywords: ultra-high-strength steel, direct quenching, performance quality, welding, 

workshop manufacturing  
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Q heat input kJ/mm 
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r weld toe radius mm 
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T temperature °C 
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x distance mm 
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Δ range – 

δ displacement mm 

ε strain – 
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θ angle ° 
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σres residual stress MPa 
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min minimum 

res residual 

test test 

theor theoretical 
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C carbon 
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He helium 

HFMI high frequency mechanical impact 

HV Vickers hardness 
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LBW laser beam welding 
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Nb niobium 

NDT non-destructive testing 
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O oxygen 

P phosphorus 
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Ref. reference 
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SCF stress concentration factor 
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Sn tin 
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1 Introduction 

This chapter introduces the research and scientific framework of this thesis. The objective 

and research questions of this study are based on the motivation and research problem. 

This chapter also specifies the scientific positioning of the research, its unambiguous 

scope and limitations. In addition, it describes the novelty value and contribution of the 

research as well as the outline of the thesis. 

1.1 Background 

The direct quenching method for making steel plates was introduced in the late 1970s and 

has developed during the past decades. The method has been applied and utilized for 

manufacturing various types of structural steel with different strength classes, thickness 

ranges, alloying and microstructures (Ouchi, 2001; Kömi, et al., 2016). Subsequently, the 

use of direct quenched low-alloy UHSS materials has increased in the engineering 

industry, which produces advanced steel structures and welded applications with high 

payload capacity, durability and energy efficiency as well as low failure sensitivity, 

emissions and environmental risks. However, these requirements set various demands for 

the materials and their properties along with the applied design and manufacturing 

processes to achieve the desired performance of the product. Different fields of the 

welding industry have distinctive needs regarding base material properties in conjunction 

with welding technologies and consumables because the performance of a single 

component, structure or entire product is usually governed more by the properties and 

features of welded joints than the properties and features of pure base material (Ohkita & 

Oikawa, 2007). 

Different standpoints are related to the quality of welded joints and structures. Material 

standards, such as European norms (EN) 10025-1 (2004), EN 10025-2 (2004) and EN 

10025-6 + A1 (2009), define the quality of materials by imposing delivery conditions, 

mechanical and technological properties as well as limit values for alloying elements, 

which, on the other hand, often possess a relatively broad range of variation. In 

proportion, various quality standards exist regarding the welding and manufacturing of 

weldments, such as EN International Organization for Standardization (ISO) 3834 (2005) 

and EN ISO 5817 (2014), which govern the quality requirements for fusion welding of 

metal materials and determine the quality levels of welding imperfections for different 

metal materials, respectively. However, these standards do not directly take into account 

the structural performance of welded joints, which comprises various demands and 

features depending on the loading and environmental conditions (Jonsson, et al., 2016).  

This thesis studies the quality of welded joints made of direct quenched UHSS by means 

of the performance quality concept, which integrates factors and features related to 

material and manufacturing technologies and the strength of materials. The effect of 

different manufacturing operations and welding parameters on the material properties and 

behaviour of direct quenched UHSS and thus, on the static, impact and fatigue strength 
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properties of UHSS weldments are investigated and analysed by performing a theoretical 

literature review, experimental studies, measurements, tests, analytical analyses and 

numerical modelling. The results of the research shows the importance of appropriate 

manufacturing parameters for welded joints made of direct quenched UHSS and the 

essential factors in order to achieve high performance quality weldments. 

1.2 Motivation and objective of the research 

The motivation of the research originates from interest in utilizing direct quenched UHSS 

and manufacturing high quality welded joints in the engineering industry. However, the 

challenges in applying UHSS materials in demanding structural applications relate to the 

lack of knowledge regarding the welding of UHSS, related standards and codes (EN 

10025-6 + A1, 2009; EN ISO 16834, 2012; EN 1993-1-8 + AC, 2005; EN 1993-1-9 + 

AC, 2005), and recommendations and guidelines (Fricke, 2012; Fricke, 2013; Haagensen 

& Maddox, 2013; Hobbacher, 2017), which are often limited to steel grades below UHSS 

level or generalized to cover a wide variety of steel grades without considering the special 

features of direct quenched UHSS. In addition, several scientific studies have dealt with 

characteristics of UHSS materials, welding or other manufacturing processes of UHSS 

and properties of UHSS weldments, such as those by Muckelroy, et al. (2013), Hemmilä, 

et al. (2010(B)) and Farrokhi, et al. (2015), respectively. However, the published 

information is generally scattered and the studies usually concentrate on special subjects 

without compiling an overall picture of the structural performance of direct quenched 

UHSS weld joints. 

The above-mentioned demands from industrial and academic fields generates this 

dissertation’s research problem, which is composed of two interrelated and synergetic 

issues. Firstly, concerted information and knowledge of the special characteristics of 

direct quenched UHSS weldments and their behaviour under different loading conditions 

are lacking. Secondly, knowledge and recognition of the performance quality of welded 

joints and their adaption to direct quenched UHSS material are also lacking. 

Consequently, scientific research needs to fill these gaps and recognize and scrutinize the 

essential factors related to the performance quality of welded joints made of direct 

quenched UHSS. 

Figure 1.1 shows the scientific positioning of the research. In general, the performance 

quality concept in this study is described by means of macro-level interdisciplinarity, 

which comprises the fields of manufacturing engineering, structural analysis and material 

science. From this standpoint, the studies and analyses of this research focused on 

different workshop operations related to welding procedures, mechanical properties of 

welded joints and direct quenched low-alloy UHSS material. Section 1.3 presents a more 

detailed scope and limitations of the research. 
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Figure 1.1: Scientific positioning and interdisciplinarity of the research. 

 

The objective of this research is to define the dependence of workshop manufacturing 

operations on the properties and behaviour of direct quenched low-alloy UHSS welded 

joints subjected to different loading conditions. Based on the presented research problems 

and the objective of this thesis, the following research questions are composed: Do the 

current standards, codes and recommendations take into account the special 

characteristics and features of welded joints made of direct quenched UHSS? What are 

the essential factors of the performance quality of welded joints in terms of mechanical 

properties and different failure criteria? How do the manufacturing parameters and 

workshop operations affect the performance quality of welded joints made of direct 

quenched UHSS? Figure 1.2 outlines the solution of the research problem and the 

achievement of the research objective as well as the research questions and connections 

to the publications included in this thesis. 
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Figure 1.2: Objective and related research questions of the study along with connections to the 

publications included in this thesis. 

 

1.3 Scope and limitations of the thesis 

This thesis concentrates on the performance quality of welded joints made of direct 

quenched UHSS. Due to the wide diversity of the standpoints regarding quality and 

welding themes, this thesis contains limitations in terms of the studied material, employed 

workshop manufacturing processes, and applied performance quality concept. 

The investigated base material is direct quenched low-alloy UHSS with a nominal yield 

strength of 960 MPa. The thermal joining and processing methods used are restricted to 

fusion welding processes, comprising gas metal arc welding (GMAW), laser welding, 

hybrid laser GMAW, gas metal arc brazing (GMA brazing) and heat treatments 

performed on the base material. In addition, post-weld treatments, such as burr grinding, 

high frequency mechanical impact (HFMI) treatment, TIG dressing and laser dressing, 

are included in the study. The performance quality concept is adapted and defined for 

welded joints, which are a part of the quality chain in welding production illustrated in 

Figure 1.3. 
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Figure 1.3: Performance quality levels of welding production. 

 

In welding production, the definition of performance quality depends on the quality level 

in question. The performance quality of a material refers to the material’s purity and 

uniformity regarding alloying, microstructure and properties. The performance quality of 

a joint is founded on microstructure, geometry and residual stress aspects, which are 

discussed more closely in section 2.4. The performance quality of a component relates to 

the accuracy of the component’s dimensions and amount of distortions, which determine 

the functionality of the component. The performance quality of a structure indicates the 

compatibility of different components to fit and act in unity. Finally, the performance 

quality of a product is composed of the levels above and demonstrates the operational 

features of the product, such as applicability for service and functional reliability. 

At each above-mentioned welding production level, the performance quality reflects the 

quality of both design and manufacturing processes, and thus, their connection and co-

operation are important to emphasize. In the engineering industry, utilizing high quality 

material with uniform mechanical properties, microstructures and behaviour, the design 

and manufacturing solutions and operations govern the performance quality of the weld 

joints, which hence determine the functional quality of the components, structures and 

eventually, the final product in terms of capacity and durability under service load. 

1.4 Novelty value of research results and contribution to knowledge 

The research results of this thesis provides: 

 A review of the characteristics of direct quenched low-alloy UHSS base material 

and weldments. 

 An interdisciplinary perspective on the performance quality concept for welded 

joints, comprising material science, structural analysis and manufacturing 

engineering. 

 An overall assessment of the performance quality of welded joints in terms of 

mechanical properties and different failure criteria, such as static, fatigue and 

impact strength. 

 An understanding of the effect of different workshop manufacturing operations 

and parameters on the performance quality of welded joints made of direct 

quenched UHSS. 

Component Structure Product Joint Material 
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Studies published on welded joints made of UHSS generally ignore the steel grade used, 

and observations concerning the manufacturing process or delivery condition of the steel 

material are deficient or cursory. However, the research on a certain direct quenched low-

alloy UHSS in this thesis proved the material possessed distinctive characteristics, such 

as softening in the heat affected zone (HAZ) due to thermal processing (e.g. welding, arc 

brazing, dressing and heat treatment), sensitivity in terms of the applied joint types and 

preparations in welding, and formation of the residual stresses in as-welded and different 

post-weld treatment conditions. These characteristics were shown to have an essential 

effect on the static, impact or fatigue strength of the joints made of direct quenched low-

alloy UHSS. 

An analysis of the research results from former studies and the findings of this thesis 

related to individual factors, such as microstructural alterations, joint geometries and 

residual stresses produced by welding, post-weld or heat treatment or arc brazing, and 

their combined effect, yielded an extensive overall picture of the performance quality of 

welded joints. This is illustrated with an eight-step template, which can be used to 

recognize the quality of a weld joint. In addition, taking into account the special features 

of direct quenched low-alloy UHSS and complying with the workshop manufacturing 

operations presented in this template, it is possible to utilize the full potential of the 

material and thus achieve high performance quality weld joints in terms of both static and 

fatigue strength. 

Furthermore, this thesis responds to the need for experimental test data on UHSS 

weldments expressed in several standards, codes, recommendations, guidelines and 

scientific publications. To this end, the study presents a multitude of measurement and 

test results related to the geometry, residual stress and hardness of butt and fillet joints 

made of direct quenched UHSS as well as static tensile tests, impact tests at a low 

temperature and constant amplitude fatigue tests with different stress ratios performed on 

these joints. The experimental test data comprises the results presented in the publications 

included in this thesis and formerly unpublished results from measurements and tests 

introduced in sections 4 and 5. In future research, this data can be utilized for developing 

novel theories along with efficient analysis methods and tools, for UHSS weldments, and 

for updating current standards, codes, recommendations and guidelines. 

1.5 Overview and structure of the thesis 

This thesis comprises the following eight chapters: Chapter 1 is the introduction of the 

subject and framework of the study, including background information on the research 

theme. Chapter 2 describes the theoretical background of the performance quality of 

welded joints along with an overview of current standards, codes and recommendations 

in terms of steel materials and weldments, characteristics of direct quenched UHSS and 

features of different thermal joining and processing methods. Chapter 3 presents the 

materials studied and applied research methods in this thesis. Chapter 4 introduces the 

performed experimental measurements and tests, of which results are compiled in chapter 
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5. Chapter 6 contains the numerical simulations and analyses conducted with the finite 

element method. The research results, in conjunction with the theoretical background, are 

discussed in chapter 7, and the conclusions of the work are presented in chapter 8. 

Furthermore, the related publications are included at the end of the thesis. 
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2 Theoretical background 

This chapter presents the general standards, recommendations, codes and essential 

features of direct quenched UHSS material. In addition, it describes the basic principles 

of thermal joining and processing methods and the quality aspects of welded joints, 

components and structures in terms of performance and durability. 

2.1 Current standards, codes, recommendations and guidelines 

According to EN standards (EN 10025-1, 2004; EN 10025-6 + A1, 2009), the steel 

making process is at the discretion of the manufacturer with the exclusion of the Siemens-

Martin process, and direct quenching after hot rolling followed by tempering is 

considered equivalent to conventional quenching and tempering. However, several 

studies have shown differences between direct quenched and conventionally quenched 

and tempered steels in terms of material properties and microstructures (Muckelroy, et 

al., 2013; Xiao, et al., 2010; Meysami, et al., 2010) as well as behaviour and 

characteristics at elevated or low temperatures (Azhari, et al., 2015; Qiang, et al., 2013; 

Heidarpour, et al., 2014; Duan, et al., 2012; Qiu, et al., 2010) due to dissimilar thermo-

mechanically controlled rolling, cooling and tempering conditions applied in the 

manufacturing processes. In addition, the material divergences may vary depending on 

different direct quenching processes or parameters (Lu, et al., 2015; Bracke, et al., 2015; 

Kaijalainen, et al., 2013) and whether the direct quenched steel is made with or without 

subsequent and optional tempering (Chang, 2002; Porter, 2015). Moreover, in 

conjunction with steel making processes, it is important to take into account the alloying, 

which has also an essential effect on the above-mentioned differences (Ouchi, 2001; Dhua 

& Sen, 2011; Hwang, et al., 1998). 

In current EN design standards, the steel grades are mostly limited to mild and high-

strength steels without concerning UHSS grades. The general Eurocode (EC) 3: Design 

of steel structures standard (EN 1993-1-1 + AC, 2005) covers nominal values of yield 

and ultimate tensile strengths between structural steel grades S235 - S460, and the 

complementary part (EN 1993-1-12, 2007) gives additional rules up to steel grades S700. 

Furthermore, the supplementary rules for cold-formed members and sheeting (EN 1993-

1-3, 2006) includes also structural steel grades up to S700. The EC 3 standard for the 

design of joints made with bolts, rivets, pins or welds (EN 1993-1-8 + AC, 2005) is in 

accordance with above-mentioned general and additional rules. In contrast to EC 3 

standards, e.g. the product standard for mobile cranes (EN 13000 + A1, 2014) contains 

limit strength values for structural and fine grain steel types including UHSS grades, such 

as S890, S960 and S1100. 

In terms of fatigue design, the EC 3 standard (EN 1993-1-9 + AC, 2005) or International 

Institute of Welding (IIW) recommendations (Hobbacher, 2017) consider the steel 

strength neither in the case of base material nor bolted or as-welded joints. However, the 

general design standard for cranes (EN 13001-3-1 + A1, 2013) takes into account the steel 
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grade in the characteristic fatigue strength of the base material of structural members, but 

on the other hand, the strength of the steel is not considered in non-welded connections 

or welded members. 

The IIW has published several recommendations and guidelines for the fatigue design 

and analysis of as-welded and post-weld treated joints, components and structures made 

of steel or aluminium: 

 Recommendations for fatigue design of welded joints and components 

(Hobbacher, 2017) 

 Structural hot-spot stress approach to fatigue analysis of welded components 

(Niemi, et al., 2018) 

 Recommendations for the fatigue assessment of welded structures by notch stress 

analysis (Fricke, 2012) 

 Recommendations on methods for improving the fatigue strength of welded joints 

(Haagensen & Maddox, 2013) 

 Recommendations for the HFMI treatment (Marquis & Barsoum, 2016) 

ISO standards for welding quality focus on the manufacturing control and inspection of 

welded structures (EN ISO 3834, 2005), the designation and classification of welding 

imperfections in general (CEN ISO/TS 17845, 2004; EN ISO 6520-1, 2007), and quality 

levels of welding imperfections for different materials (EN ISO 5817, 2014; EN ISO 

10042, 2005) and welding processes (EN ISO 12932, 2013; EN ISO 13919, 1996). 

However, they do not directly reflect or concentrate on the structural performance or 

durability of welded joints. Concerning the relationship between weld quality and fatigue 

strength, the IIW has published a guideline specifying the effects of standardized weld 

geometric imperfections on fatigue durability (Jonsson, et al., 2016). The guideline 

includes comprehensive information regarding fatigue assessment procedures, the 

standard classification of weld imperfections, weld quality levels and guidance for quality 

control, inspection and documentation. In addition, the publication presents the 

correlation between the fatigue class (FAT) of a weld joint and quality criteria and groups 

B, C and D of standard EN ISO 5817, which Hobbacher and Kassner (2012) have also 

reviewed. Despite the quantitative analyses of welding quality, the scopes of both above-

mentioned publications are limited to fatigue loading and the strength of welded joints in 

terms of geometric parameters and variables without taking into account other essential 

factors, such as different loading types, material characteristics, residual stresses and 

environmental effects. 

2.2 Characteristics and features of direct quenched low-alloy ultra-

high-strength steel  

The use of high-strength steels has increased in past decades, and it is estimated to grow 

even more in the future due to the economic and efficient manufacturing process of direct 
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quenching (Omata, et al., 2003; Porter, 2006; Nishioka & Ichikawa, 2012) and the 

demanding structural applications in terms of load-carrying capacity, structural durability 

(Nonaka, et al., 2003; Nassirnia, et al., 2016), energy efficiency, emission control, life 

cycle management and recycling (Takahashi, 2003; Geyer, 2008). According to Kömi, et 

al. (2016), UHSS is a structural steel with a yield strength of 900 MPa or more, and the 

main function of direct quenched low-alloy UHSS is to combine good strength, hardness, 

toughness and ductility properties. In general, the microstructure is martensitic or 

martensitic-bainitic, depending on the alloying and process parameters of direct 

quenching (Ouchi, 2001; Porter, 2015), with an average grain size in the order of 1 µm 

(Kaijalainen, et al., 2010). The studies of 900 MPa, 960 MPa and 1100 MPa grade direct 

quenched steels by Hemmilä, et al. (2010(B)) and Suikkanen, et al. (2014) have shown 

the suitability of the base materials for cold forming, thermal cutting and welding with 

proper parameters as well as good tensile, fatigue and impact strength properties for 

welded joints in terms of standard testing methods and procedures. 

Despite the above-mentioned beneficial features of direct quenched low-alloy UHSS 

materials, the base material properties and behaviour under different loading conditions 

may change substantially after several workshop manufacturing processes, such as 

thermal cutting, cold forming, welding and heat or post-weld treatment. Mäntyjärvi, et al. 

(2009) have observed microstructural changes and variation of hardness values in the 

HAZ of laser cut edges, which they have also shown to have lower fatigue strength 

compared to water cut or machined specimens. Saastamoinen, et al. (2017) have studied 

the effect of thermomechanical treatments on the microstructure, strength properties and 

bendability. The subsequent tempering was found to improve bendability and either 

increase or decrease the tensile strength properties depending on the initial finish rolling 

temperature of the direct quenching process. Bracke, et al. (2017) have proven the 

harmful effect of a high nitrogen content on bending behaviour, and thus, on the fatigue 

strength of cold-formed specimens made of direct quenched UHSS. In addition, alloying 

elements, such as chromium, molybdenum and vanadium, have been found to suppress 

the softening phenomenon in the HAZ of GMAW butt joints, which Amraei, et al. (2016) 

have shown to have a detrimental effect on the plastic strain capacity of as-welded and 

post-weld treated specimens subjected to static tensile loading. Furthermore, Penttilä 

(2013) and Peltoniemi (2016) have studied load-carrying and non-load-carrying fillet 

weld joints, respectively, and defined the effect of different joint geometries and GMAW 

parameters, i.e. heat input, on the static strength, deformation capacity and failure 

locations of direct quenched UHSS structures. As for other welding processes, Farrokhi, 

et al. (2015) have studied tensile and impact strength properties of laser welded butt joints 

and observed the sensitivity of the welding parameters to mechanical properties. 

Increasing welding energy generated a wider softened region in HAZ and lower tensile 

strength results, but on the other hand, decreasing welding energy created a wider coarse-

grained region in HAZ and lower impact strength results. Thus, considering also the 

quality requirements of the joint, the allowable cooling time t8/5 was recommended to be 

between 2 and 4 seconds, which corresponds to a relatively narrow range of a welding 

energy and a travel speed in the order of 0.5 kJ/mm and 1 m/min, respectively. 
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Based on these findings, Figure 2.1 illustrates a general concept of factors influencing 

material properties. The microstructure and features of the steel material used in joints, 

components, structures and products are founded on the combined effect of steel 

manufacturing and alloying as well as applied workshop operations and processes, which 

is important to emphasize. 

  

Figure 2.1: Factors influencing the microstructure and properties of steel. 

 

2.3 Thermal joining and processing methods 

Different thermal joining and processing methods can be divided into groups based on 

whether the base material melts or whether filler metal is used, as Figure 2.2 shows. 

Welding comprises a wide variety of different applications, but in general, it can be fusion 

welding with a filler metal, such as GMAW or submerged arc welding (SAW), or without 

a filler metal, such as laser beam welding (LBW), or solid-state welding without a filler 

metal, such as friction welding (FRW). Arc brazing resembles GMAW but differs from 

it regarding the use of filler metals and unmelted base material. Compared to soldering, 

higher temperatures and thus different filler metals are used in arc brazing. Other 

processing methods, such as dressings and heat treatments, can be applied in different 

phases of the production chain, e.g. after welding or before machining.  

To establish a comprehensive understanding of the performance quality of weldments 

made of direct quenched low-alloy UHSS, each of the four groups of different thermal 

joining and processing methods showed in Figure 2.2 are included in this thesis. 

Publication I concerns welding with a filler metal (GMAW) and Publication II covers 

welding with and without a filler metal (GMAW and LBW). Other processing methods 

are presented in Publication III (heat treating) and Publication IV (dressing). In addition, 

Publication V deals with thermal joining without base material melting (brazing). 
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Figure 2.2: Grouping and basic principles of different thermal joining and processing methods. 

 

2.3.1 Welding 

Without underrating other workshop manufacturing processes and the history of riveting, 

screwing or bolting and soldering or brazing, welding is the most common joining method 

for steel structures at present. In addition, welding has the most substantial effect on the 

microstructure and properties of the base material and joint, especially in the case of direct 

quenched low-alloy UHSS. According to Porter (2015), direct quenched steels are more 

susceptible to softening compared to quenched and tempered steels. Figure 2.3 illustrates 

the hardness distributions from the weld fusion line towards the base material of direct 

quenched and quenched and tempered S960 grade steels. Compared to the quenching and 

tempering process, direct quenching enables a lower degree of alloying for the UHSS. 

Due to this, however, the thermal cycle of welding causes softening particularly in the 

sub-critical HAZ (SCHAZ) and inter-critical HAZ (ICHAZ) regions of the weld joint. In 

addition, Skriko and Björk (2015) have shown prominent softening in the fusion line 

region and partially melted zone of a direct quenched UHSS weld, which is also illustrated 

in Figure 2.3(a). 

 

Figure 2.3: Illustrative hardness distributions from the HAZ of (a) direct quenched and (b) 

quenched and tempered S960 grade steels (modified from Porter (2015)). 
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Several studies have dealt with the welding of direct quenched low-alloy UHSS with 

different fusion welding processes, such as GMAW and laser welding, (Guo, et al., 2017; 

Guo, et al., 2015) gas tungsten arc welding (Javidan, et al., 2016), SAW (Asahi, et al., 

2004) as well as electron beam welding, hybrid laser GMAW and plasma welding 

(Schneider, et al., 2018). However, despite the variety of applicable welding processes, 

the manufacturing and welding parameters employed are proved to have an essential 

effect on weldments, the strength properties of which are often difficult to align with the 

base material (Siltanen & Tihinen, 2012). Alternatively, high quality UHSS weld joints 

with excellent static and fatigue strength properties are attainable by applying appropriate 

process parameters and manufacturing methods (Salminen, et al., 2016; Nykänen, et al., 

2013). 

2.3.2 Arc brazing 

Arc brazing is a commonly utilized process in structures with thin-walled and galvanized 

steel plates (Sharma, et al., 2017; Makwana, et al., 2018), such as in the automotive 

industry (Kim, et al., 2016), due to its advantages compared to conventional fusion 

welding. Applying arc brazing, the low heat input of the process and the unmelting of the 

base material reduces thermal distortions, residual stresses and vaporisation of the 

corrosion protective zinc layer. In addition, the applicability of the arc brazing process to 

dissimilar lap (Murakami, et al., 2003; Basak, et al., 2016(A)) and butt (Qin, et al., 2017) 

joints between steel and aluminium plates has been studied and proved. However, few 

studies have dealt with arc brazed joints made of thick-walled or high-strength steels. 

Lepistö and Marquis (2004) have studied the fatigue resistance of arc brazed load-

carrying and non-load-carrying fillet joints made of mild steel with a plate thickness of 5 

mm. Arc brazing, as a sole joining method or post-weld improvement method, was 

observed to produce higher fatigue strength compared to standard values for weldments. 

Gericke, et al. (2017) have found similar results for arc brazed non-load-carrying bush 

attachments on mild steel plates with a thickness of 20 mm. In proportion, Basak, et al. 

(2016(B)), Reisgen, et al. (2017) and Varol, et al. (2013) have studied the effect of process 

parameters on the microstructure and mechanical properties of arc brazed lap and butt 

joints made of 600 MPa, 780 MPa and 800 MPa grade high-strength steels with plate 

thicknesses of 1.4 mm, 1.2 mm and 1.0 mm, respectively. The results showed the 

sensitivity of the arc brazing parameters to joint properties, but the static strength of the 

joint equal to the base material was found achievable. Based on joint configurations, 

process parameters and loading conditions, the failure locations in static and fatigue tests 

were either in the base material HAZ, at the interface between the base material and filler 

metal, or in the braze metal. 

In terms of direct quenched UHSS material characteristics and obtainable joint properties, 

theoretically, arc brazing has several beneficial features compared to conventional 

GMAW: 
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 Less base material softening in the HAZ due to lower heat input and melting 

energy. 

 A lower notch effect at the joint toe due to lower viscosity of the liquid braze 

metal compared to liquid steely filler metal, which enables a smooth transition 

between the base material and braze metal. 

 Lower stress concentration due to a lower Young’s modulus of the braze alloy 

compared to the base material. 

 Lower residual stresses due to a lower Young’s modulus and yield strength of the 

braze alloy compared to steely filler metal. 

 No initial crack formation, such as undercut, at the joint toe due to no base material 

melting. 

 No conventional fusion line due to no base material melting. 

 Improved penetration in the root gap and face due to potential capillary action. 

 A relatively high yield and ultimate strength of braze alloys, extending up to 650 

MPa and 900 MPa, respectively. 

 Better corrosion resistance of the joint due to better corrosion resistance properties 

of the braze alloy compared to steely filler metal. 

However, the arc brazing method and braze alloys also have disadvantages and negative 

features compared to the conventional GMAW process or UHSS base material. Scientific 

literature lacks published information on arc brazing applications for steel plates with 

wide thickness ranges and different grades or strength classes. In addition, braze metals 

are generally undermatching compared to UHSS, and thus, more susceptible to static or 

fatigue failure. From the economic standpoint, the braze alloys are more expensive 

compared to conventional filler metals applied in GMAW. 

2.3.3 Other processing methods 

Other thermal processing methods comprise different dressings performed with TIG, 

plasma or laser welding equipment and heat treatments, such as heat straightening and 

stress relief annealing. The main function of TIG, plasma and laser dressing is to improve 

the geometry of the weld toe and consequently the fatigue strength of weldments 

(Kirkhope, et al., 1999). In terms of TIG dressing, Dahle (1998) has studied filled-welded 

non-load-carrying longitudinal attachments made of steel grades between S350 - S900 

and performed fatigue tests under constant and variable amplitude tensile loads. The tests 

showed that the greater the yield strength of the welded steel material was, the more TIG 

dressing improved the fatigue strength. Van Es, et al. (2013) have observed similar results 

for constant amplitude tensile loaded butt weld joints made of steel grades S460 - S1100, 

although the TIG dressing was found to improve butt joints less than fillet joints. In 

addition, the beneficial effect of TIG dressing on the fatigue resistance of high-strength 

steel filled-welded joints under constant amplitude tensile and bending loads were studied 

by Lieurade, et al. (2008) and Pedersen, et al. (2010), respectively. In proportion, the 
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fatigue life improvement of bending loaded transverse attachments by means of plasma 

dressing and tensile loaded longitudinal attachments by means of laser dressing were 

investigated by Ramalho, et al. (2011) and Gerritsen, et al. (2013), respectively. 

Although several studies have addressed dressings of high-strength steels, and the 

advantages of re-melting regarding fatigue durability has been proved, the manufacturing 

process or detailed description of the steel material used has often been ignored in these 

publications. In addition, published information is lacking on the effect of different 

dressing processes on the static strength of weldments made of high-strength steels. 

Concerning heat treatments, Dabiri, et al. (2015) have showed that annealing relives the 

residual stresses from machined specimens made of direct quenched UHSS the most 

efficiently compared to polishing and acid treatment. However, excessive heat treatment 

was observed to cause material softening, which affects the mechanical properties and 

behaviour of the material. In proportion, Qiang, et al. (2013) have studied the performance 

of quenched and tempered UHSS with S460 and S690 grade steels after the materials 

experienced elevated temperatures between 300 and 1000 °C. The effect of heat 

treatments on the elastic modulus, yield strength and ultimate strength was found to 

depend on the steel grade used. In general, high heat treatment temperatures were shown 

to decrease the strength and increase the strain capacities of the quenched and tempered 

UHSS, although the alterations in properties were not straightforward relative to 

treatment temperatures. Azhari, et al. (2015) have observed similar results and stress-

strain behaviour for specimens sectioned from cold-formed tubes made of direct 

quenched UHSS. Performing heat treatments with temperatures below 600 - 700 °C, the 

changes in microstructure and strength were determined by the maximum applied 

temperature and the hold time at an elevated temperature, whereas above 600 - 700 °C, 

the essential factor was the cooling rate from the elevated temperature. In addition, Zhao, 

et al. (2016) have studied the effect of post-weld heat treatments on the mechanical 

properties and residual stresses of high-strength steel weldments. Based on the results, 

the deteriorated ductility of the specimens due to welding was shown to improve by 

means of heat treatment, but on the other hand, the strength of the specimens was reduced. 

In terms of residual stresses caused by welding, the heat treatments were found to 

decrease the residual stresses in the vicinity of the weld toes. 

On the grounds of the above-mentioned studies, the effect of heat treatments on material 

properties and behaviour depends on the structure and steel grade in question. Mild steels 

are generally insensitive to elevated temperature peaks or cycles, but applying heat 

treatments to high-strength steels, severe alterations may occur in the strength and 

ductility of the material, joint, component or structure. 

2.4 Performance quality of welded joints 

Quality not only describes the durability of the joints or structures in terms of different 

loading conditions or strength properties against ductile, brittle or fatigue fracture 

resistance, but also the deviation or scatter of a certain population relative to a given 
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characteristic reference level, for example yield strength, fracture toughness or FAT class. 

In a practical production chain, which includes design, manufacturing and inspection, this 

requires both appropriate properties and the high repeatability of the materials, joints, 

components, structures and products. 

In recent years, several studies have dealt with welding quality in terms of structural 

performance (Huther, et al., 2005; Björk, et al., 2008; Barsoum & Jonsson, 2011; 

Barsoum, 2011; Åstrand, 2015; Stenberg, et al., 2017), but they have mainly concentrated 

on fatigue parameters and strength, ignoring microstructural issues and other types of 

failures, such as static, ductile or brittle fractures. For a more extensive quality analysis, 

Sonsino (2007) has introduced a lightweight design concept especially for automotive 

applications. In this approach, the interaction of material parameters, loading conditions, 

design procedures and manufacturing operations governs the structural durability, of 

which the key criteria are impact and fatigue strength. In addition, Sonsino (2009) has 

expanded and adapted the idea of structural durability to a wider field of the engineering 

industry and welded steel structures with different material grades and thicknesses. 

However, despite the mention of other failure criteria, fatigue issues are more highlighted 

in these studies. Focusing on fatigue is reasonable due to its complexity, number of 

effective parameters, and shortcomings in standards and recommendations, but especially 

when using UHSS material, the comprehensive quality analysis of welded joints and 

structures requires the consideration of different loading types, structural parameters and 

material properties in conjunction with various failure criteria. 

Based on the above-mentioned studies performed by Sonsino (2007; 2009), Figure 2.4 

displays a modified presentation of the factors influencing the performance quality of 

welded joints. In this scheme, the different manufacturing processes and workshop 

operations determine the microstructure and properties of the material, as Figure 2.1 

described above, as well as the geometry and residual stresses of the weld joint. Thus, the 

properties and performance of the joint are based on the combined effect of these three 

factors, which result from applied workshop manufacturing parameters. Furthermore, it 

is important to emphasize and adjust these internal factors in accordance with the external 

factors, such as loading conditions and environmental effects, in order to achieve high 

performance quality weldments. 
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Figure 2.4: Factors influencing the performance quality of welded joints (modified from 

Sonsino (2007)). 

2.4.1 Microstructure 

In general, a fusion weld joint comprises, along with the base material, the regions of 

weld metal, the fusion zone and HAZ, which, in single-pass welds, is composed of coarse-

grained HAZ (CGHAZ), fine-grained HAZ (FGHAZ), ICHAZ and SCHAZ (Zerbst, et 

al., 2014). Depending on the thermal and mechanical history, such as the manufacturing 

process, and thermal properties of the base material as well as applied welding 

parameters, various changes occur in HAZ regarding the microstructure and material 

properties (Easterling, 1992). 

Softening in the SCHAZ or ICHAZ is natural for direct quenched low-alloy UHSS 

weldments due to the characteristics of the base material (Porter, 2015). Together with 

high hardness and strength properties, the martensitic-bainitic microstructure of the direct 

quenched UHSS is affected by normal fusion welding, the thermal cycle of which alters 

the fine grain size, precipitations and high dislocation density resulting from the complex 

combined effect of low alloying, thermo-mechanically controlled rolling and rapid 

cooling process (Kömi, et al., 2016). According to Suikkanen and Kömi (2014), the 

allowable cooling time t8/5 for direct quenched UHSS welds is below 10 seconds, without 

a minimum limit value, in order to achieve the best tensile strength properties. However, 

considering the impact toughness requirements, the recommended t8/5 was defined 

between 2 and 10 seconds. 
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Several studies examine the effect of base material softening on the load-carrying 

capacity of different weld joints made of direct quenched UHSS. Björk, et al. (2012) and 

Valkonen (2014) have studied transverse and longitudinally loaded fillet weld joints and 

observed that welding heat input governs the failure locations and properties of the joints. 

Low heat inputs resulted in moderate local softening in HAZ and thus base material 

failures without reductions in joint capacity. In contrast, high heat inputs increased the 

softened region in HAZ and caused joint failures with decreased strength and relatively 

low plastic deformation as well as fusion line failures in load-carrying fillet welds, which 

was also found by Penttilä (2013). For butt weld joints, Björk, et al. (2017(B)) have 

showed the softening effect to determine the critical failure plane and the load-

displacement behaviour of inclined welds at the weld angles between 0 and 45 °. In 

contrast to tensile loaded weldments, Björk, et al. (2016) have observed partially softened 

base plate material not to diminish the capacity of fillet weld joints subjected to pure shear 

load or combined shear and bending load. 

Based on the above-mentioned studies as well as the ones presented in section 2.2, the 

necessity to consider the softening effect in direct quenched UHSS weld joints depends 

on the amount of softening and its magnitude, i.e. the width and depth of the softened 

region in HAZ, with relation to loading conditions. The reduction of static strength and 

deformation capacity is proved significant in certain cases, but a lack of published 

information exists regarding the effect of softening on fatigue properties of direct 

quenched UHSS weldments. 

2.4.2 Geometry 

Global and local geometric factors, such as  the shape of the structure, the path of the load 

flow, the throat thickness, penetration level, weld flank angle and toe radius, have an 

effect on both the static and fatigue strength of weldments (Björk, et al., 2008). Barsoum 

and Khurshid (2017) have studied the load-carrying capacity and failure modes of butt 

and fillet weld joints made of steel grades between S350 and S960. The static strength of 

the joints was observed to increase as the penetration level increased. The effect of this 

was found to be more significant in joints welded with undermatching filler metal than in 

joints welded with matching or overmatching filler metal. On the other hand, the load-

carrying and deformation capacity of welded structures is dependent on the failure 

location, i.e. whether the fracture appears in a weld joint region or in unaffected base 

material. Peltoniemi (2016) showed the constraint effect to have an essential influence on 

the strength and deformation capacity of butt and fillet weld joints made of direct 

quenched UHSS. In butt joints, rather small weld reinforcements produce a minor 

constraint, which causes failures to occur in the softened HAZ of the joint. Alternatively, 

fillet joints with transverse attachments have strong constraints, and thus, failures form in 

the unaffected base material where the strength and deformation properties are better 

compared to the weld joint region. However, the microstructural issues, such as cooling 

time and softening described in section 2.4.1, are also important to emphasize when 

considering geometric factors and constraint effects in UHSS weldments subjected to 

static loading (Björk, et al., 2017(A)). 
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In the fatigue strength of weld joints, studies have recognized several effective geometric 

factors and variables, such as the weld toe radius and flank angle, reinforcement width 

and height, and undercuts, ripples and misalignments (Schork, et al., 2017). In addition, 

various studies have been published on the basic principles and approaches for analysing 

fatigue loaded weldments, such as the concepts for the fatigue assessment of welded joints 

introduced by Radaj, et al. (2009), recommendations for fatigue design of weldments 

established by Hobbacher (2017), and a guideline focusing on the fatigue analysis of the 

weld root side presented by Fricke (2013). However, common standards, codes and 

guidelines are generally independent of the steel grades applied in weldments and are 

therefore found to result in conservative outcomes when geometrically high quality weld 

joints made of high-strength steels are produced (Barsoum, et al., 2018). On the other 

hand, minor weld defects, such as local undercuts, are observed to reduce the increased 

fatigue strength achieved by utilizing high-strength steel material (Ottersböck, et al., 

2016), which shows the importance of geometric parameters for the fatigue durability of 

welded structures. 

2.4.3 Residual stresses 

In common with geometric factors, the residual stress issues are often related to the 

fatigue strength of welded joints. In general, tensile residual stresses have a detrimental 

effect on fatigue strength due to increased mean stress levels, whereas compressive 

residual stresses have a beneficial effect on fatigue strength (Krebs & Kassner, 2007). In 

addition, residual stresses in the vicinity of weld joints are found to be related to the yield 

strength of the base material. Somodi and Kövesdi (2018) have observed tensile residual 

stresses equal to or slightly lower than yield strength for mild steels S235 - S460 and 

high-strength steels S500 - S960, respectively. However, several studies have also shown 

the formation of substantially lower tensile or even compressive residual stresses for 

UHSS weldments in as-welded (Farajian-Sohi, et al., 2010; Stoschka, et al., 2013; Hensel, 

et al., 2015) and post-weld treated conditions, such as TIG dressed (Hensel, et al., 2012), 

laser dressed (Suominen, et al., 2013) and HFMI treated (Berg & Stranghöner, 2016) 

conditions. Regarding the enhancement of fatigue strength by means of HFMI, Leitner, 

et al. (2015) have proved that the effectiveness of the method is founded more on the 

induction of compressive residual stresses than the geometric improvement of the weld 

toe. 

In terms of static strength, residual stresses are generally ignored if the behaviour of the 

welded structure is ductile, whereas in the occurrence of a brittle fracture, high tensile 

residual stresses are harmful. Based on the studies by Nevasmaa, et al. (2010) and 

Nykänen, et al. (2014), the behaviour of direct quenched low-alloy UHSS base material 

as well as cold-formed and welded structures is ductile down to a temperature of -40 °C. 
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2.5 Eight-step template 

On the grounds of the above-mentioned microstructure, geometry and residual stress 

factors and the predominant loading conditions, the eight-step template showed in Figure 

2.5 can be utilized to analyse the performance quality of welded joints. To achieve welded 

joints with high performance quality, it is important to include each required level, and 

starting from the bottom, to proceed towards the top gradually step by step. According to 

Björk, et al. (2008), the performance quality of welded joints subjected to static loading 

are governed by the primary levels, which serve as an essential foundation to the 

subsequent levels where fatigue loading is the determining factor. 

 

Figure 2.5: Eight-step template for attaining high performance quality of welded joints 

(modified from (Björk, et al., 2008)). 

 

The various levels on the eight-step template are described as follows: 

1st level: Material strength, toughness and ductility 

This level is the foundation of the eight-step template. The essential factors are 

the strength, toughness and ductility properties of the applied base material and 

filler metal as well as the HAZ produced, which determines the load-carrying 

and deformation capacity of the weld joint. As a general rule, the requirement 

of ductile behaviour is important to be fulfilled in each region of the weld joint, 

i.e. in the weld metal, HAZ and unaffected base material. (Jonsson, et al., 2016) 

2nd level: Imperfections and defects 

This level considers imperfections and defects, which reduce the net cross-

sectional area and thus decrease the load-carrying capacity of the weld joint. 

 

 

Potential of material

Residual stresses

Initial cracks

Notch stress

Structural stress
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Imperfections and defects

Material strength, toughness and ductility
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3rd level: Nominal stress 

This level straddles the boundary between the upper level of the static strength 

category and the basic level of the fatigue strength category. The essential 

factors are base material thickness and weld throat thickness, the path of the 

load flow, the deformation capacity of the weld joint, the basis of which is 

outlined in previous levels, the global stress field and distribution, the location 

and orientation of the weld joint, macro-geometric effects and structural 

continuity. 

4th level: Structural stress 

This level defines the geometry and shape of the structural details, such as axial 

and angular misalignment, eccentricity, non-circularity, unequal joint 

thicknesses, fillets, chamfers and scallops, which produce structural stress 

concentration in the weld joint. 

5th level: Notch stress 

This level focuses on the transverse and longitudinal geometry and shape of 

the weld, such as the toe radius, flank angle, reinforcement width and height, 

blunt undercuts and root sides, ripples or weaves, and weld concavity or 

convexity, which produce local stress concentration in the vicinity of the weld. 

6th level: Initial cracks 

This level concentrates on the soundness of the weld in order to utilize the 

crack initiation period in the total fatigue life. The essential factors are 

incomplete penetration with sharp corner, which results in root side fatigue 

failure, sharp undercuts, cold laps and micro-flaws, which, in contrast to 

imperfections and defects included in 2nd level, have no effect on the static 

strength of the weld joint. 

7th level: Residual stresses 

This level covers the residual stress state of the weld joint, which is governed 

by the boundary conditions and rigidity of the structure, welding parameters 

and sequence, filler metal, and post-weld treatments, such as peening, 

overloading and stress relieving methods. The essential factors are the 

effectiveness of the stress range, the local mean stress level and the threshold 

value of the stress intensity range. 

8th level: Potential of material 

This is the final level of the eight-step template. If all of the previous levels are 

passed with high quality, the full potential of the material can be utilized in 

terms of fatigue strength. The essential factors are the type and properties of 

crystal lattice, slip systems, grain size and shape, crystal orientations between 

grains, inclusions, and surface roughness and damage, which have an effect on 

the fatigue crack initiation period (Schijve, 2009). In proportion, the fracture 
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mechanics parameters of the Paris power law, constant C0 and exponent m, 

have an effect on the fatigue crack growth period (Macdonald, 2011). In 

addition, despite the minor effect of the critical crack size on the total fatigue 

life, the safety aspect and detectability of the final crack size is important to 

take into account. 
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3 Materials and methods 

This chapter presents the materials studied and the research methods. The main research 

focus was on UHSS joints and structures welded with the GMAW process, but different 

welding or joining processes, such as laser, hybrid laser GMAW and GMA brazing, and 

welding consumables were also used and studied in this work. 

3.1 Base materials and welding consumables 

The base material studied in this work was S960 grade structural steel, which is 

manufactured by thermomechanical hot rolling where direct quenching is included in the 

controlled rolling process instead of conventional reheat quenching after hot rolling 

(Porter, 2006). This type of UHSS is a low-alloy structural steel including a dual-phase 

microstructure, which comprises partially autotempered martensite and mainly upper 

bainite, but also some regions of lower bainite (Hemmilä, et al., 2010(A)). The base 

material used fulfils the standard (EN 10025-6 + A1, 2009) demands of yield strength 

and impact toughness values for quenched and tempered S960QL steel and meet the 

standard (EN 10149-2, 2013) requirements for S960MC steel. It also offers good welding 

properties for GMAW, laser and hybrid laser GMAW processes. As for other workshop 

manufacturing methods, it is applicable to cold forming, high-frequency welding, 

pickling, hot-dip galvanizing and laser cutting without significant detrimental effects on 

mechanical properties (Hemmilä, et al., 2010(B)). 

In addition to the above-mentioned UHSS material, standard S355 grade structural steel 

(EN 10025-2, 2004) was also used when manufacturing some experimental structures, 

but the focus of the studies was not on this steel grade or the welded joints between S355 

and S960. The reason for using S355 was its thickness because the direct quenched S960 

employed in this study was only available in a limited thickness range (t ≤ 10 mm), and 

thus, a lower strength structural steel had to be applied when thick plates were needed. 

The filler metals applied in the welding varied from well undermatching to slightly 

undermatching compared to the S960 base material. This research employed both solid 

and metal-cored wires. In addition to welded joints, GMA brazing was studied as one 

case where the filler metals used were copper-based aluminium bronze alloys Cu 6100 

and Cu 6338. Both of these aluminium bronzes are undermatching compared to the S960 

base material, but the Cu 6338 has a far higher yield and ultimate strength than Cu 6100 

(MTC, 2014). 

Table 3.1 and Table 3.2 present the nominal chemical compositions and mechanical 

properties of the base materials and filler metals in this research, respectively. The 

percentage values of alloying elements in Table 3.1 are maximum content values apart 

from aluminium content of S960MC, which is a minimum content value (EN 10149-2, 

2013). The mechanical properties in Table 3.2 are guaranteed minimum values for each 

material. 
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Table 3.1: Chemical compositions of base materials and filler metals (%) (EN 10149-2, 2013; 

EN 10025-2, 2004; EN ISO 14341, 2011; EN ISO 16834, 2012; EN ISO 18276, 2006; EN ISO 

24373, 2009). 

 C Si Mn P S Al Nb V Ti Cu Cr Ni Mo B Fe Pb Zn 

Base materials                  

S960MC 0.20 0.60 2.20 0.025 0.010 0.015 0.09 0.20 0.25    1.00 0.005 bal.   

S355J2 0.20 0.55 1.60 0.025 0.025     0.55     bal.   

Filler metals                  

G 42 4 M20 3Si1 a 0.14 1.00 1.60 0.025 0.025 0.02  0.03  0.35 0.15 0.15 0.15  bal.   

G 89 4 M Mn4Ni2CrMo a 0.12 0.90 2.10 0.015 0.018 0.12  0.03 0.10 0.30 0.45 2.30 0.70  bal.   

G 89 5 M21 Mn4Ni2.5CrMo a 0.13 0.80 2.10 0.015 0.018 0.12  0.03 0.10 0.30 0.60 2.80 0.65  bal.   

T 89 4 Z M M 3 H5 b c 

T 89 4 Mn2NiCrMo M M 1 H5 b 0.10 0.90 2.00 0.020 0.020  0.05 0.05  0.30 0.60 2.60 0.60  bal.   

S Cu 6100 a  0.20 0.50   8.50    bal.  d   d 0.02 0.20 

S Cu 6338 a  0.10 14.0   8.50    bal.  3.00   4.00 0.02 0.15 

a Solid wire 

b Metal-cored wire 

c Any other agreed composition 

d The total of Fe, Ni and Sn shall not exceed 0.4 % 

 

Table 3.2: Mechanical properties of base materials and filler metals (minimum values) (EN 

10149-2, 2013; EN 10149-1, 2013; EN 10025-2, 2004; EN ISO 14341, 2011; EN ISO 16834, 

2012; EN ISO 18276, 2006; MTC, 2014). 

 Yield strength Ultimate strength Elongation Impact strength  

 fy [MPa] fu [MPa] A [%] T [°C] KV [J] 

Base materials      

S960MC 960 980 - 1250 7 -40 27 

S355J2 345 470 - 630 20 -20 27 

Filler metals      

G 42 4 M20 3Si1 a 420 500 - 640 20 -40 47 

G 89 4 M Mn4Ni2CrMo a 890 940 - 1180 15 -40 47 

G 89 5 M21 Mn4Ni2.5CrMo a 890 940 - 1180 15 -50 47 

T 89 4 Z M M 3 H5 b 890 940 - 1180 15 -40 47 

T 89 4 Mn2NiCrMo M M 1 H5 b 890 940 - 1180 15 -40 47 

S Cu 6100 a 200 430 40 +20 100 

S Cu 6338 a 650 900 10 c c 

a Solid wire 

b Metal-cored wire 

c Not specified 
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Shielding gases in GMAW and hybrid laser GMAW were mixed gases including different 

amounts of argon and carbon dioxide (Ar + 8 % CO2, Ar + 10 % CO2, Ar + 18 % CO2 

and Ar + 25 % CO2). In proportion, the shielding gases used in laser welding were 

compressed air (N2 + 20.9 % O2) and pure helium (99.996 % He), depending on the 

applied laser type. In GMA brazing, the shielding gas was pure argon (99.99 % Ar), which 

was also used in TIG dressing or laser dressing as a post-weld treatment to weld joints. 

3.2 Research methods 

This research employed the following research methods: 

 Theoretical review 

Based on former studies and scientific publications, this study describes the 

theoretical background of the features and specific aspects of the performance 

quality of welded joints made of direct quenched UHSS. The foundation of this 

study was established with a literature review, which presented current standards 

and recommendations, the characteristics related to direct quenched UHSS in 

terms of thermal joining and processing, and the performance quality of welded 

joints. 

 Experimental studies, measurements and tests 

The effect of different manufacturing parameters on the performance quality of 

welded joints made of direct quenched UHSS was defined by means of 

experimental studies, measurements and tests. The experiments comprised 

different welding and workshop processes, joint configurations and preparations, 

geometry, residual stress and hardness measurements, as well as static tensile, 

impact, bend and fatigue tests, which included 362 test specimens in total. 

 Analytical methods 

The study utilized commonly recommended analytical methods to process the 

experimental measurements and test results. Static tensile, impact, bend and 

fatigue test results were analysed in accordance with the standard procedures used 

(EN ISO 4136, 2012; EN ISO 6892-1, 2016; EN ISO 6892-3, 2015; EN ISO 5173 

+ A1, 2011; EN ISO 9016, 2012; EN ISO 148-1, 2016) and statistical methods 

presented by Hobbacher (2017) and Niemi, et al. (2018). 

 Numerical modelling 

The behaviour and features of experimentally studied and tested UHSS structures 

and weldments were numerically modelled and simulated with the finite element 

(FE) method. Depending on the analysed structure and loading case, the study 

employed different base material and filler metal parameters, joint types, 

geometries and conditions. The FE modelling and analyses of fatigue loaded joints 

were performed by following the general recommendations and guidelines of the 
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effective notch stress (ENS) method presented by Fricke (2012) and Baumgartner 

and Bruder (2013). 
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4 Experiments 

This chapter presents the experimental studies, measurements and tests performed. The 

experiments comprised different welding processes, joint types and configurations, 

loading types and conditions as well as measurements and analyses. Besides welding, this 

study also examines other workshop processes and welding preparations. The applied 

joint types and configurations, joining processes, i.e. welding and brazing, as well as other 

workshop operations are typical for the engineering industry, and the parameters of 

different processes, such as cutting, bending, welding and machining, were in accordance 

with the recommendations for the base material presented by the steel manufacturer. 

The experimental studies in this thesis contained various test specimens, some of which 

were based on standard specifications, such as static tensile tests (EN ISO 4136, 2012; 

EN ISO 6892-1, 2016), impact tests (EN ISO 9016, 2012; EN ISO 148-1, 2016) and bend 

tests (EN ISO 5173 + A1, 2011) of butt-welded joints (section 4.1). In proportion, the 

static tensile test specimens of fillet-welded joints in different conditions (section 4.3), 

such as as-welded, burr ground, HFMI treated, TIG dressed and laser dressed, were 

similar to corresponding fatigue test specimens in order to enable the comparison between 

the static and fatigue strengths of these joints. Furthermore, the geometry of the static 

tensile test specimen for studying the effects of other workshop processes (section 4.5) 

was designed based on EC 3 standards (EN 1993-1-8 + AC, 2005; EN 1993-1-12, 2007). 

In addition, standards for tensile testing of metallic materials (EN ISO 6892-1, 2016; EN 

ISO 6892-3, 2015) were followed in terms of test conditions, such as gripping, test rate 

and temperature. 

Regarding the fatigue tests for transverse loaded joints, the test specimens of butt joints 

were cut off from welded slab billets (section 4.1). In proportion, the fatigue test 

specimens of fillet joints in different conditions, such as weaved (section 4.2), as-welded, 

HFMI treated, TIG dressed, laser dressed (section 4.3) and GMA-brazed (section 4.6), 

were manufactured as separate workpieces. The form of the specimens was similar in 

each case, i.e. uniform gauge section test specimens were applied, but the dimensions of 

the specimens varied due to different laboratory circumstances during the testing period 

between the years 2010 and 2017. However, the essential factors in terms of fatigue 

testing were similar in each specimen. The length of the reduced section in the middle of 

the specimen was sufficient to ensure uniaxial loading, and the width of the reduced 

section in the middle of the specimen was reasonable to take into account the statistical 

variation in the produced weld shape and geometry. In longitudinally loaded joints 

(section 4.4), the fatigue strength studies focused on the joint regions and welds instead 

of the shape or dimensions of the structure under loading. Thus, test specimens with 

simple cross-sections, such as a rectangular box girder and I-beam, were chosen and 

manufactured. 
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4.1 Welding processes 

This study examined the effect of different welding processes and filler materials on the 

static and fatigue strength of butt joint specimens. Static tests comprised transverse tensile 

tests, face and root side bend tests and Charpy V-notch (CVN) impact tests. The fatigue 

tests used uniaxial constant amplitude cyclic loading, and the stress ratio R, stress range 

Δσ, and maximum stress level σmax varied between different test specimens. In addition 

to destructive testing, several non-destructive tests (NDT) were also performed, such as 

visual, radiographic and macrographic examinations and measurements of hardnesses, 

residual stresses and joint geometries. 

The size of butt-welded slab billets was 1000 x 600 x 6 mm, from which the test and 

macrographic examination specimens were manufactured. The welding processes 

employed were GMAW and hybrid laser GMAW, both with slightly undermatching (G 

89 5 M21 Mn4Ni2.5CrMo) and well undermatching (G 42 4 M20 3Si1) filler metals, and 

autogenous laser welding (without a filler metal). Figure 4.1 shows the prepared groove 

shapes and dimensions of butt joints for different process variations, and Table 4.1 

displays the welding parameters of GMAW, hybrid laser GMAW and laser welding. The 

shielding gas in GMAW and hybrid laser GMAW was a mixed gas with Ar + 8 % CO2, 

and laser welding included compressed air as a shielding gas. Figure 4.2 shows the 

macrographs from each welding process. Two macrographic examination samples were 

taken from each welding variation to observe the differences in joint geometries of butt-

welded slab billets, which were manufactured under normal workshop quality conditions. 

 

Figure 4.1: Groove shapes and dimensions of (a) GMAW, (b) hybrid laser GMAW and (c) laser 

welded butt joints. All dimensions in mm. 
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Table 4.1: Welding parameters of GMAW, hybrid laser GMAW and laser welding. 

Welding process WP I U vwire vtravel θtravel Plaser fposition dprocess Earc t8/5 

Filler metal  [A] [V] [m/min] [mm/s] [°] [kW] [mm] [mm] [kJ/mm] [s] 

GMAW            

G 42 4 M20 

3Si1 
PA 255 27 14.0 13.3 5 a - - - 0.52 4.9 

G 89 5 M21 

Mn4Ni2.5CrMo 
PA 256 26 14.0 13.3 5 a - - - 0.51 4.7 

Hybrid laser GMAW            

G 42 4 M20 

3Si1 
PA 140 20 7.5 30.0 20 a 6.5 0 2.5 0.31 b 1.5 

G 89 5 M21 

Mn4Ni2.5CrMo 
PA 139 21 7.5 30.0 20 a 6.5 0 2.5 0.31 b 1.5 

Laser welding            

- PA - - - 20.0 - 4.5 0 - 0.23 0.8 

a Backhand technique (drag) 

b Considered the arc energies of both GMAW and laser welding process 

 

 

Figure 4.2: Macrographs from (a) GMAW with G 42 4 M20 3Si1 filler metal, (b) GMAW with 

G 89 5 M21 Mn4Ni2.5CrMo filler metal, (c) hybrid laser GMAW with G 42 4 M20 3Si1 filler 

metal, (d) hybrid laser GMAW with G 89 5 M21 Mn4Ni2.5CrMo filler metal and (e) laser 

welded butt joints. The scales are in 1 mm increments. 

(a) (b)

(c) (d)

(e)
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The NDT procedures were performed according to standards EN ISO 5817, EN ISO 

13919-1, EN ISO 6520-1 and EN 12517-1. The Vickers hardness test was used to measure 

the hardnesses from macrographic examination specimens showed in Figure 4.2. The 

residual stresses from the butt weld toe and root side of each welding process variation 

were measured by the X-ray diffraction method. Residual stresses were defined both in 

the transverse and longitudinal directions towards the weld joints. The local geometries 

of butt joints welded with different processes were measured by using a two-dimensional 

(2D) coordinate measuring device with an inductive displacement transducer and a laser 

displacement sensor. 

The destructive test specimens were cut or sawn from butt-welded slab billets and 

machined to the desired shape and dimensions. The weld toe and root reinforcements or 

undercuts were removed from the static test specimens before testing in order to obtain a 

smooth surface and eliminate the effects of stress concentrations. In face and root side 

bend tests, the bending angle was 180°. For impact tests, subsize CVN specimens with 

the dimensions 5 x 10 x 55 mm were manufactured due to limited base material thickness. 

In GMAW and hybrid laser GMAW joints, four different notch locations were applied: 

weld metal, fusion line, fusion line + 1 mm and fusion line + 2 mm. In laser welded joints, 

two different notch locations were applied: weld metal and fusion line. 

In addition, CVN impact tests were performed on butt joints made of 9 mm thick base 

material. This case applied GMAW with a single bevel groove and laser welding with a 

square groove. Figure 4.3, Table 4.2 and Figure 4.4 show the groove shapes and 

dimensions, welding parameters, and macrographs of these joints, respectively. The 

shielding gases in GMAW and laser welding were Ar + 18 % CO2 and pure helium 

(99.996 He), respectively. The thicker base material allowed making CVN specimens 

with the dimensions 7.5 x 10 x 55 mm. Moreover, a perpendicular groove face in both 

welding variables enabled measuring the fusion line and the impact strength of a single 

HAZ region more accurately because the notch of the CVN specimen could be adjusted 

more precisely to the desired location instead of including several joint regions in the 

notch simultaneously. The studied joint regions were weld metal, fusion line, CGHAZ 

and FGHAZ. Thus, the notch locations in the GMAW joint were weld metal, fusion line, 

fusion line + 0.8 mm and fusion line + 2.5 mm, and the notch locations in laser welded 

joint were weld metal, fusion line, fusion line + 0.3 mm and fusion line + 0.6 mm. 

The impact tests were performed at a -40 °C temperature because the base material impact 

toughness was determined and guaranteed at that temperature by the steel manufacturer. 

Furthermore, the additional CVN specimens were of the same size as the base material 

specimens used by the steel manufacturer. Consequently, the base material impact 

toughness value from the material certificate was comparable with the impact test results 

from the above-mentioned experiments. The impact toughness transition temperatures 

(e.g. T28J) for different weld joint regions were not defined because the purpose of the 

impact tests was not to analyse the transition from ductile to brittle behaviour but to 

observe and compare the effect of different joint preparations and welding processes on 

the impact strength of butt joints. 
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Figure 4.3: Groove shapes and dimensions of additional (a) GMAW and (b) laser welded butt 

joints for CVN impact tests. All dimensions in mm. 

 

Table 4.2: Welding parameters of additional GMAW and laser welded butt joints for CVN 

impact tests. 

Welding process WP I U vtravel Plaser fposition Earc 

Filler metal  [A] [V] [mm/s] [kW] [mm] [kJ/mm] 

GMAW        

G 89 5 M21 

Mn4Ni2.5CrMo 
PA 122 - 142 21.2 - 21.9 3.6 - 3.8 - - 0.72 - 0.82 

Laser welding        

- PA - - 13.3 4.8 0 0.36 

 

 

Figure 4.4: Macrographs from additional (a) GMAW and (b) laser welded butt joints for CVN 

impact tests. The scales are in 1 mm increments. 
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Figure 4.5 displays the shape and dimensions of the fatigue test specimens. The fatigue 

tests were performed in a servo-hydraulic test rig from which the load and displacement 

values were monitored. In addition, strain gauges were used to define the structural 

stresses and structural stress concentration factors of each butt joint specimen. The fatigue 

tests were done in load control and the frequency of loading was 4.0 - 10.0 Hz. The 

majority of the tests were performed with the stress ratio R = 0.1, but higher stress ratios 

were also used as reference values. Additional stress ratios R = 0.34 - 0.56 were applied 

for GMAW and hybrid laser GMAW joints welded with G 42 4 M20 3Si1 filler metal. 

Correspondingly, additional stress ratios R = 0.60 - 0.72 were applied for GMAW and 

hybrid laser GMAW joints welded with G 89 5 M21 Mn4Ni2.5CrMo filler metal and 

laser welded joints. The total rupture of the test specimen was used as the failure criterion 

in each fatigue test. 

 

Figure 4.5: Shape and dimensions of GMAW, hybrid laser GMAW and laser welded fatigue test 

specimens. All dimensions in mm. 

 

Publication II gives more information related to the experiments of butt joints welded 

with different welding processes and filler materials. 

4.2 Special welding technique 

Weaving is a special welding technique, which is usually applied to position welding and 

wide weld grooves. However, it is possible to manipulate the local weld toe geometry by 

utilizing the weaving technique and thus improve the quality of the weld joints in terms 

of fatigue strength (Matsumoto, et al., 1979; Chapetti & Otegui, 1997). Consequently, 

this study examined the effects of the weaving technique on the fatigue strength of 

transverse loaded fillet welds. 

Weaving can be performed with several different methods and patterns, depending on the 

joint type, groove shape, position, filler metal and welding process. In terms of fatigue 
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durability, the weaving shape can be beneficial in the transverse loaded weld toe but 

detrimental in the longitudinally loaded weld toe. This study applied the zigzag weaving 

pattern shown in Figure 4.6. The process involved robotized and mechanized GMAW 

with different filler metals, such as solid and metal-cored wires, and welding parameters, 

such as heat input, welding position, weaving factors and the alignment of the welding 

torch. The objective was to study the combined effect of different filler materials and 

welding parameters on the behaviour of the weld pool and thus attain an optimal weaving 

pattern and smooth weld toe geometry, which will produce the high fatigue strength in 

the joint. In addition to fillet joints welded with the weaving technique, conventional, i.e. 

unweaved, fillet joints were also welded, tested and analysed as reference values. 

 

Figure 4.6: Zigzag weaving pattern in a fillet weld. 

 

Figure 4.7 shows the shape and dimensions of the fatigue test specimens welded with and 

without the weaving technique. A non-load-carrying fillet-welded cruciform joint was 

used to eliminate root side failure. The shapes of the welded parts were laser-cut and both 

the starting and ending points of the weld were removed afterwards by machining to 

ensure constant weld geometries in the lateral direction of the joints. Table 4.3 shows the 

welding parameters of different filler metals. The diameters of solid and metal-cored 

wires were 1.0 mm and 1.2 mm, respectively. The shielding gases were mixed gases with 

different amounts of argon and carbon dioxide (Ar + 10 % CO2, Ar + 18 % CO2 and Ar 

+ 25 % CO2). Single-pass welding was performed to produce a nominal throat thickness 

in the order of 5 mm, and the temperature between weld runs was kept below 50 °C in all 

specimens. The weaving technique was applied with both solid and metal-cored wires, 

which were slightly undermatching compared to the base material. Unweaved fillet joints 

were welded with well undermatching filler metal and also with G 89 5 M21 

Mn4Ni2.5CrMo and T 89 4 Z M M 3 H5 filler metals. Figure 4.8 and Figure 4.9 show 

typical weaved and unweaved fillet welds in as-welded condition and macrographs from 

fillet joints welded with different filler metals and welding positions, respectively. The 

dark spots on the surfaces of weaved and unweaved fillet welds (Figure 4.8) are slag 

particles, which mainly consist of silicon oxides (SiO2) and manganese oxides (MnO) 

(Ahsan, et al., 2017; Umehara, et al., 2009). 

45º
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Figure 4.7: Shape and dimensions of fatigue test specimens welded with and without the 

weaving technique. All dimensions in mm. 

 

Table 4.3: Welding parameters of weaved and unweaved filled weld joints. 

Welding process WP I U vwire vtravel θtravel CTWD fweaving Aweaving Q 

Filler metal  [A] [V] [m/min] [mm/s] [°] [mm] [Hz] [mm] [kJ/mm] 

GMAW           

G 42 4 M20 

3Si1 
PB 238 - 266 27.8 - 31.0 16.0 3.8 - 5.8 0 20 - - 0.90 - 1.54 

G 89 4 M 
Mn4Ni2CrMo 

PA / PB 210 - 224 23.5 - 26.1 10.6 5.8 - 6.0 14 - 20 a 20 1.0 3.0 0.60 - 0.64 b 

G 89 5 M21 
Mn4Ni2.5CrMo 

PA / PB 219 - 253 24.2 - 27.0 10.6 6.0 14 a 20 1.0 - 2.0 2.0 - 3.0 0.62 - 0.78 b 

T 89 4 

Z M M 3 H5 
PA / PB 242 - 296 21.2 - 25.2 10.6 5.8 - 7.0 10 - 15 a 18 1.0 2.0 - 3.0 0.56 - 0.75 b 

T 89 4 

Mn2NiCrMo M M 1 H5 
PB 299 - 304 21.2 - 21.6 10.4 6.2 20 a 18 1.0 3.0 0.65 - 0.66 b 

a Forehand technique (push) 

b Considered the electrical cable resistance of the robot welding equipment 

 

 

Figure 4.8: UHSS fillet joint welded (a) with weaving and (b) without weaving. 
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Figure 4.9: Macrographs from fillet joints welded with (a) G 42 4 M20 3Si1, (b) G 89 4 M 

Mn4Ni2CrMo, (c) G 89 5 M21 Mn4Ni2.5CrMo, (d) T 89 4 Z M M 3 H5 and (e) T 89 4 

Mn2NiCrMo M M 1 H5 filler metal. The scales are in 1 mm increments. 

 

Different measurements were performed on the fillet-welded specimens before fatigue 

testing. Local weld geometries and misalignments were defined using a 2D coordinate 

measuring device with an inductive displacement transducer and a laser displacement 

sensor. From unweaved fillet joints, the weld profiles were measured at the centreline of 

each fatigue test specimen, but from weaved fillet joints, the local geometry 

measurements focused on the different parts of weld toe weaving patterns, i.e. jutting and 

receding regions of the weave shape. The X-ray diffraction method determined the 

longitudinal residual stresses from weld toes and base material surfaces near the weld 

toes. The residual stress measurements were taken in the same location as the weld profile 

measurements. In addition, the Vickers hardness test method was used to measure the 

hardnesses from the cross-sectional areas of the fillet-welded cruciform joints in order to 

observe the base material softening in the HAZ region caused by different welding 
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parameters, heat inputs, and thus, cooling times. Specimens for macrographic 

examination were also utilized for analysing the local weld geometries and the 

connections between fillet welds and the base material. 

Fatigue tests were carried out using a uniaxial constant amplitude cyclic loading with the 

stress ratio R = 0.1. The tests were performed in load control and the frequency of loading 

was 2.8 - 8.0 Hz. The stress range Δσ varied between different test specimens, and strain 

gauges were used to measure the structural stresses and define the structural stress 

concentrations of each fillet-welded specimen. In addition, the load and displacement 

values were monitored from the operated servo-hydraulic test rig. The total rupture of the 

test specimen was used as the failure criterion in each fatigue test. 

Publication I presents more information related to the experiments of fillet joints welded 

with different filler metals and welding parameters in conjunction with the weaving 

technique. 

4.3 Post-weld treatments 

This study examined the effect of different post-weld treatments on the static and fatigue 

strength of fillet weld joints. The post-weld treatments applied comprised both weld 

geometry and residual stress improvement techniques containing machining, remelting 

and peening methods. Static tests included transverse tensile tests, which were performed 

in different ambient temperatures: room temperature (+20 °C) and -40 °C. Fatigue tests 

were carried out using uniaxial constant amplitude cyclic loading with different stress 

ratios. In addition, equivalent static and fatigue test were performed on as-welded joints, 

the results of which were used as reference values. 

Figure 4.10 shows the shape and dimensions of the specimens used in both static and 

fatigue tests. The nominal base material thicknesses in the static and fatigue test 

specimens were 7.7 mm and 8 mm, respectively. A non-load-carrying fillet-welded and 

post-weld treated cruciform joint was used because the static tests focused on base 

material behaviour and HAZ properties, and to avoid root side failures in fatigue tests. 

The shapes of the sheet parts were laser-cut and both the starting and ending point of the 

welding and post-weld treatments were removed afterwards with sawing and fine 

machining to ensure constant weld geometries in the lateral direction of the joints. A 

robotized GMAW process was used to weld the static and fatigue test specimens. Post-

weld treatments included burr grinding, HFMI treatment, TIG dressing and laser dressing, 

which were performed manually apart from laser dressing. Table 4.4 and Figure 4.11 

show the welding and post-weld treatment parameters of fillet joints and macrographs 

from as-welded and different post-weld treated conditions, respectively. The filler metal 

used was a slightly undermatching solid wire with a diameter of 1.0 mm. In GMAW, 

various mixed gases with different amounts of argon and carbon dioxide (Ar + 8 % CO2, 

Ar + 10 % CO2 and Ar + 18 % CO2) were used as a shielding gas. In proportion, pure 

argon (99.99 % Ar) was applied when performing TIG dressing or laser dressing as a 

post-weld treatment to fillet weld joints. Single-pass welding was performed to produce 
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a nominal throat thickness in the order of 5 mm, and the temperature between weld runs 

was kept below 50 °C in all specimens. Similarly in TIG dressing and laser dressing, the 

specimens were allowed to cool down before the next weld treatment. The forehand 

technique was used in welding, HFMI treatment and TIG dressing, but the burr grinding 

was carried out with backhand technique, and in laser dressing, the beam was aligned 

perpendicular to the direction of motion. All of the post-weld treatments were performed 

only for the weld toes between the attachment and base material because in terms of both 

static and fatigue strength, those are the critical areas in the non-load-carrying cruciform 

joints under investigation. 

 

Figure 4.10: Shape and dimensions of as-welded and post-weld treated static and fatigue test 

specimens. All dimensions in mm. 

 

Table 4.4: Welding and post-weld treatment parameters of fillet weld joints. 

Process WP I U vwire vtravel θtravel θtilt CTWD Plaser Q 

  [A] [V] [m/min] [mm/s] [°] [°] [mm] [kW] [kJ/mm] 

GMAW           

G 89 5 M21 

Mn4Ni2.5CrMo 
PB 225 - 258 28.1 - 31.7 13.2 5.9 18 a 45 22 - 0.76 - 0.96 c 

Post-weld treatment           

Burr grinding PB - - - 1.7 - 2.5 30 - 45 b 20 - 45 - - - 

HFMI treatment PB - - - 8.3 - 10.0 5 - 15 a 60 - 80  - - - 

TIG dressing PB 180 13.2 - 2.4 - 3.4 5 - 10 a 60 - 90 - - 0.42 - 0.59 

Laser dressing PB - - - 8.3 0 64 - 2.0 0.22 

a Forehand technique (push) 

b Backhand technique (drag) 

c Considered the electrical cable resistance of the robot welding equipment 
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Figure 4.11: Macrographs from cruciform joints in (a) as-welded, (b) burr ground, (c) HFMI 

treated, (d) TIG dressed and (e) laser dressed condition. The scales are in 1 mm increments. 

 

Different measurements were performed on the cruciform joints before static and fatigue 

testing. Local joint geometries, misalignments and undercuts caused by welding and 

different post-weld treatments were defined at the centreline of each test specimen using 

a 2D coordinate measuring device with an inductive displacement transducer and a laser 

displacement sensor. The X-ray diffraction method was used to determine the 

longitudinal residual stresses and stress distributions on the surface from weld or post-

weld treatment toes to the base material. The residual stress measurements were taken in 

the same location as the weld profile measurements. In addition, the Vickers hardness test 

method was used to measure the hardnesses from the cross-sectional areas of the 

cruciform joints in order to observe the base material softening in the HAZ region caused 

by welding and different post-weld treatments. Specimens for macrographic examination 

were also utilized for analysing the effect of different post-weld treatments on the local 

joint geometries and the base material thickness reduction in the vicinity of the joints. 

Static tests were implemented applying uniaxial transverse loading on the as-welded and 

post-weld treated cruciform joints. Room temperature and -40 °C were the test 

temperatures in order to investigate the effect of low ambient temperature on the 

capacities of as-welded and post-weld treated specimens. The tests were carried out with 

a servo-hydraulic test rig from which the load and displacement values were monitored. 

The room temperature tests included an additional 3D strain measurement system based 

on digital image correlation (DIC) to observe the critical areas and the formation of the 

failures in as-welded and post-weld treated specimens. In proportion, an axial 

(a) (b) (c)

(d) (e)
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extensometer was used in low ambient temperature tests, which were performed in an 

environmental test chamber with a remote air conditioning system. 

Fatigue tests were carried out on cruciform joints in as-welded, HFMI treated, TIG 

dressed and laser dressed condition using uniaxial constant amplitude cyclic loading. The 

tests took place in room temperature and the frequency of loading was 0.7 - 5.2 Hz. The 

applied stress range Δσ and the stress ratio R varied between different test specimens (R 

= 0.1 - 0.7). Strain gauges measured the structural stresses and defined the structural stress 

concentrations of each as-welded and post-weld treated specimen. In addition, the load 

and displacement values were monitored from the servo-hydraulic test rig. The total 

rupture of the test specimen was the failure criterion in each fatigue test. 

Publication IV and the research done by Haajanen (2017) provide more information 

related to the experiments of as-welded, burr ground, HFMI treated, TIG dressed and 

laser dressed fillet weld joints. 

4.4 Longitudinally loaded weld joints 

In addition to the above-mentioned experiments where the loading was aligned 

perpendicular to the butt- and fillet-welded joints, this research also dealt with the fatigue 

strength of longitudinally loaded weld joints. In longitudinally loaded welds, the factors 

affecting fatigue strength are different compared to transverse loaded welds, and thus, 

e.g. the weaving technique or fatigue life improvement methods cannot be utilized in 

these joints. The weld toe radius or flank angle do not play a significant role in 

longitudinally loaded weld joints. Instead, longitudinal continuity is important. Therefore, 

the essential factor is the permanent weld toe and root side geometry in the longitudinal 

direction without any discrepancies. This is a consequence of welding procedure 

parameters, such as the travel and movement of the welding torch and the amount of 

stop/start positions, and different welding preparation matters, such as the groove shape 

and root gap, the locations of tack welds and the surface roughness of cutting edges in 

partial penetration welds. 

In certain structures, i.e. box beams, the longitudinally loaded welds were made only on 

one side due to circumstances, and thus, the root side fatigue becomes critical. In these 

types of welds, the control of penetration is essential, yet difficult to manage without a 

backing plate if a full penetration is demanded. Figure 4.12 illustrates two examples of 

fillet weld joints. If a full penetration fillet weld without a backing plate is applied, the 

root side geometry becomes non-uniform (Figure 4.12(a)), which will decrease the 

fatigue strength. Alternatively, a partial penetration fillet weld will have better root side 

continuity but leaves a non-fused root face (Figure 4.12(b)), which can act as an initial 

crack. This raised the need for optimizing the joint configuration in longitudinally loaded 

fillet welds subjected to fatigue loading. 
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Figure 4.12: Illustrations of root side geometries for (a) full penetration and (b) partial 

penetration fillet weld joints. 

 

The structures for fatigue tests of longitudinally loaded weld joints were rectangular 

hollow section box girders and I-beams, which were designed to be non-critical for static 

failure modes, such as the buckling of a sheet part or lateral buckling of a beam. Figure 

4.13 shows the shape and dimensions of the cross-sections. The box girders had both 

symmetric (Figure 4.13(a)) and asymmetric (Figure 4.13(b)) cross-sections and the I-

beams asymmetric ones (Figure 4.13(c)). The lengths of the box girders and I-beams were 

1600 mm and 1400 mm, respectively. 

 

Figure 4.13: Shape and dimensions of the cross-sections of (a) symmetric box girder, (b) 

asymmetric box girder and (c) asymmetric I-beam structures for fatigue tests. All dimensions in 

mm. 

 

The longitudinal welds of box girders were welded only from one side, applying different 

manufacturing and welding parameters. Both robotized GMAW with slightly 

undermatching G 89 5 M21 Mn4Ni2.5CrMo filler metal and laser welding without a filler 

metal were used. The shielding gases in GMAW and laser welding were mixed gas (Ar 
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+ 8 % CO2) and pure argon (99.99 % Ar), respectively. In joints between the top flange 

and web, full penetration GMAW multi-pass welds with a throat thickness of 9 - 10 mm, 

and partial penetration laser welds were applied. In proportion, GMAW single-pass fillet 

welds with a throat thickness of 4 mm and partial penetration laser welds were 

implemented in joints between the bottom flange and web. Table 4.5 and Figure 4.14 

show the welding parameters and macrographs of different box girder structures, 

respectively. 

Table 4.5: Welding parameters of box girder structures. 

Welding process WP I U vwire vtravel θtravel θtilt CTWD Plaser Q 

  [A] [V] [m/min] [mm/s] [°] [°] [mm] [kW] [kJ/mm] 

GMAW           

Multi-pass Root PB 215 - 285 25.8 - 26.4 14.0 - 14.1 6.5 - 8.3 0 - 30 a 45 15 - 20 - 0.55 - 0.90 

 Fill PB 215 - 290 25.8 - 26.4 13.2 - 14.1 6.5 - 8.3 0 - 30 a 45 15 - 20 - 0.55 - 0.92 

 Cap PB 215 - 255 26.1 - 26.4 8.0 8.3 0 - 30 a 45 15 - 20 - 0.55 - 0.64 

Single-pass PB 215 - 290 26.4 - 26.6 9.1 12.0 - 13.5 0 - 30 a 45 15 - 20 - 0.38 - 0.46 

Laser welding           

Single-pass PB - - - 30.0 - 33.0 0 15 - 20 - 5.0 0.14 - 0.15 

a Forehand technique (push) 

 

 

Figure 4.14: Macrographs from (a) symmetric box girder welded with GMAW process, (b) 

asymmetric box girder welded with GMAW process, (c) asymmetric box girder welded with 

laser welding process and (d) asymmetric box girder welded with GMAW and laser welding 

processes. The scales are in 1 mm increments. 

 

The longitudinal welds of I-beams were welded using mainly robotized but also manual 

GMAW with slightly undermatching G 89 5 M21 Mn4Ni2.5CrMo filler metal and 

various mixed gases (Ar + 8 % CO2 and Ar + 10 % CO2) as welding consumables. In 

(a) (b) (c) (d)
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each specimen, the joint between the top flange and web was welded from both sides with 

full penetration to avoid the fatigue failure in that part of the structure. In proportion, fillet 

and groove welds with different ratios of penetration to base material thickness were 

applied in joints between the bottom flange and web. In groove welds, the bevel angle 

was set to 45 ° but the root face and gap varied 0 - 1.0 mm and 0 - 3.0 mm, respectively, 

to attain different penetration depths. The study focused on one-sided welds, but fatigue 

tests were also performed on I-beam structures with double-sided fillet and full 

penetration welds, the results of which were used as reference values. Table 4.6 and 

Figure 4.15 show the welding parameters and macrographs of different I-beam structures, 

respectively. 

Table 4.6: Welding parameters of I-beam structures. 

Welding process WP I U vwire vtravel θtravel θtilt CTWD Q 

  [A] [V] [m/min] [mm/s] [°] [°] [mm] [kJ/mm] 

GMAW          

Multi-pass Root PAa / PB 180 a - 231 22.1 a - 25.3 9.0 a - 10.0 2.0 a - 7.0 5 - 10 b 0 a - 35 18 - 20 0.53 c - 1.59 a 

 Fill PAa / PB 205 a - 206 26.5 a - 26.6 10.0 - 10.5 a 4.7 a - 7.0 5 b 0 a - 35 18 - 20 0.55 c - 0.92 a 

 Cap PAa / PB 212 - 225 a 26.0 - 27.9 a 10.0 - 11.0 a 3.6 a - 7.0 5 - 10 b 0 a - 35 18 - 20 0.55 c - 1.40 a 

Single-pass Fillet PB 223 - 227  27.0 - 27.2 10.5 5.8 10 b 35 18 0.73 - 0.75 c 

 Groove PB 229 - 264 24.1 - 26.5 10.5 - 10.6 5.3 - 5.8 10 - 13 b 35 16 - 18 0.73 - 0.84 c 

a Manual welding 

b Forehand technique (push) 

c Considered the electrical cable resistance of the robot welding equipment 

 

 

Figure 4.15: Macrographs from (a) one-sided full and partial penetration, (b) one-sided fillet 

weld, (c) double-sided fillet weld and (d) double-sided full penetration joints between bottom 

flange and web of I-beam structures. The scales are in 1 mm increments. 

 

Fatigue tests of the box girder and I-beam structures were carried out using a four-point 

bending test with uniaxial constant amplitude cyclic loading. The applied configuration 

(a)
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4.4 Longitudinally loaded weld joints 59 

enabled a uniform bending moment region in the middle of the beam structures without 

a shear load, as Figure 4.16 shows. However, if the fatigue fracture occurred outside the 

uniform bending moment region, the effect of shear load was taken into account based on 

IIW recommendations (Hobbacher, 2017). The fatigue tests were carried out in load 

control. The frequency of the bending load was 0.4 - 1.0 Hz and the stress ratios were R 

= 0.05 - 0.1. The load and displacement values were monitored from the servo-hydraulic 

test rig, and strain gauges measured the longitudinal stresses from the top surface of the 

bottom flange near the weld joint, as Figure 4.17 shows. The total rupture of the test 

specimen was the failure criterion in each fatigue test. 

 

Figure 4.16: Two-dimensional (a) moment and (b) shear diagram of four-point bending test. 

 

 

Figure 4.17: Locations of strain gauges in (a) box girder and (b) I-beam structures. 

 

Different measurements were performed on the box girder and I-beam structures after 

fatigue tests to analyse the effect of geometric factors on fatigue strength and the grounds 

for fatigue fracture locations. Global profile dimensions, local joint geometries and 

penetration ratios of critical welds were defined from the cross-sections and the 

specimens for the macrographic examination of each box girder and I-beam structure. In 

addition, the joints surrounding the fatigue fracture locations were cut to a certain length 

to observe the longitudinal continuity of the weld root side and potential welding defects. 

The root side geometries and shapes were also measured using a 2D coordinate measuring 

device with an inductive displacement transducer and a laser displacement sensor or a 3D 

laser scanning device with a manually movable measuring arm. 

The research conducted by Hakala (2012) provides more information related to the 

experiments of longitudinal weld joints of rectangular hollow section box girders. 
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4.5 Effects of other workshop processes 

Besides welding, this research also examined the effects of other workshop processes and 

welding preparation on performance quality. Static tensile tests were performed on 

specimens with and without stress concentration due to structural discontinuity. The 

workshop processing methods were heat treatment and cold forming, which corresponded 

to welding or flame straightening and bending or folding, respectively. In addition, 

equivalent static tensile tests were carried out on pure base material specimens, the results 

of which were used as reference values. The focus of the investigations was to study and 

analyse the effect of the above-mentioned processing variables on the load carrying and 

deformation capacity of UHSS material. 

Figure 4.18 displays the shape and dimensions of pure base material, heat-treated and 

cold-formed static tensile test specimens. The nominal base material thickness was 9 mm 

and the shapes of the sheet part were laser-cut. In addition, the edges of the critical region 

in the middle of the specimens were finished by machining to eliminate the heat effect of 

laser cutting and the starting and ending points of the heat treatment. In the studied area 

at the centre of the specimens, different stress concentrations were produced by drilling 

holes of different sizes. The geometries were: no hole, and holes with a diameter of 8 mm, 

24 mm and 40 mm, which resulted in hole diameter to specimen width ratios of 0, 0.1, 

0.3 and 0.5, respectively. Specimens without a hole and with different sizes of holes were 

applied to each workshop processing variable, i.e. pure base material, heat-treated and 

cold-formed conditions. 

 

Figure 4.18: Shape and dimensions of pure base material, heat-treated and cold-formed static 

tensile test specimens. All dimensions in mm. 

 

The heat treatment was carried out using a laser process, and the laser beam was aligned 

perpendicular to both the base material surface and the direction of motion, which was 

transverse to the length of the specimen. The treatment was performed on one side at the 
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centre of the specimen with a single-pass and in specimens with holes; the laser 

processing was applied after the holes were drilled. Table 4.7 and Figure 4.19 show the 

process parameters of laser heat treatment and an illustration of the treatment principles 

including a macrograph from the cross-section and surface of a treated specimen, 

respectively. The cold forming was carried out using three-point bending where the 

loading was aligned with the laser heat treatment. Specimens were subjected to reversed 

bending, which comprised cold forming to an angle of 65 degrees and back to the original 

shape. Figure 4.20 shows the principles and procedure of cold forming. The drilling of 

the specimens with holes took place prior to the cold forming processes. 

Table 4.7: Process parameters of laser heat treatment. 

Process WP Plaser vtravel θtravel θtilt flength fposition dfiber Earc 

  [kW] [mm/s] [°] [°] [mm] [mm] [µm] [kJ/mm] 

Laser treatment          

Single-pass PA 1.0 0.8 0 0 120 / 400 0 300 1.20 

 

 

Figure 4.19: Laser heat treatment: (a) illustration of process principles and (b) macrograph from 

cross-section and surface of treated specimen. 

 

 

Figure 4.20: Cold forming: (a) illustration of process principles and (b) first stage of reversed 

three-point bending procedure. All dimensions in mm. 
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Static tensile tests were performed at room temperature, applying uniaxial loading with a 

controlled strain rate to the pure base material, heat-treated and cold-formed specimens. 

The load and displacement values were monitored from the servo-hydraulic test rig, and 

a 3D strain measurement system based on DIC was utilized to observe the critical areas, 

deformation changes and formation of failures in the material during the tests. Figure 4.21 

shows the configuration of the static tensile tests, including a 3D strain measurement 

device. In addition, different measurements and analyses were carried out on specimens 

before and after tensile tests. The Vickers hardness test method was used to measure the 

hardnesses from the cross-sectional areas and surface of heat-treated specimens in order 

to observe the base material softening in the HAZ region caused by laser processing. A 

scanning electron microscope (SEM) was also utilized to analyse the microstructures 

from the fusion zone, throughout the HAZ, to the base material and fracture surfaces of 

the material heat-treated with laser.  

 

Figure 4.21: Static tensile test configuration with 3D strain measurement device. 

 

Publication III provides more information related to the experiments on UHSS material 

subjected to different workshop processing methods. 

4.6 Gas metal arc brazing 

Arc brazing, i.e. GMA brazing, is usually applied to thin-walled structures and galvanized 

steel plates due to the advantages of the process compared to welding, which causes a 

higher heat input and base material melting, and thus, potentially deteriorates corrosion 

resistance. However, it is possible to take advantage of the beneficial features of GMA 

brazing and thus improve the fatigue strength of the UHSS joints. Therefore, this study 

examined the effect of GMA brazing on the fatigue strength of fillet joints. The 

investigations comprised GMA brazing with different filler metals and as a post-weld 

treatment method after conventional GMAW. 

Loading

3D strain measurement device

Test specimen
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Figure 4.22 shows the shape and dimensions of the fatigue test specimens. A non-load-

carrying cruciform joint was used to avoid root side failure, and two different joint 

configurations, including GMA brazing with different braze alloys and a combination of 

GMAW and GMA brazing, were applied. The shapes of the sheet parts were laser-cut. 

Both the starting and ending points of the brazing and welding in combination joints were 

removed afterwards by sawing and machining to ensure constant geometries in the lateral 

direction of the joints. Table 4.8 and Figure 4.23 show the brazing and welding parameters 

of fillet joints and macrographs from GMA-brazed and GMAW-GMA-brazed 

combination joints, respectively. In GMA brazing, the applied filler metals were well and 

moderately undermaching copper based aluminium bronze alloy S Cu 6338 and S Cu 

6100 solid wires with the diameters 1.2 mm and 1.0 mm, respectively. In proportion, a 

slightly undermatching G 89 5 M21 Mn4Ni2.5CrMo solid wire with the diameter of 1.0 

mm was used in GMAW. The applied shielding gases in GMA brazing and GMAW were 

pure argon (99.99 % Ar) and a mixed gas (Ar + 8 % CO2), respectively. Mechanized 

single-pass brazing and welding were performed and the temperature between the braze 

and weld runs was kept below 50 °C apart from the specimens GMA-brazed with S Cu 

6100 filler metal, in which a preheat temperature of 80 °C was applied and the travel 

speed was increased to obtain better quality and joint geometry. Molten braze metal 

behaviour and bonding properties are sensitive to the brazing parameters, and thus, 

preliminary static tensile tests were carried out on GMA-brazed load-carrying cruciform 

joints during the manufacturing of the fatigue tests specimens. 

 

Figure 4.22: Shape and dimensions of GMA-brazed and GMAW-GMA-brazed fatigue test 

specimens. All dimensions in mm. 
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Table 4.8: Brazing and welding parameters of fillet joints. 

Process WP I U vwire vtravel θtravel θtilt CTWD Q 

Filler metal  [A] [V] [m/min] [mm/s] [°] [°] [mm] [kJ/mm] 

GMA brazing          

S Cu 6338 PB 195 - 205 a 25.0 a 8.0 5.8 10 b 35 16 0.67 - 0.71 c 

S Cu 6100 PB 255 - 260 a 27.0 a 11.5 16.7 10 b 45 11 0.33 - 0.34 c 

GMAW          

G 89 5 M21 
Mn4Ni2.5CrMo 

PB 240 - 250 26.6 10.5 8.0 0 45 18 - 20 0.64 - 0.67 

Post-weld treatment, 

GMA brazing 
         

S Cu 6100 PA 170 - 175 a 23.5 a 8.0 16.7 10 b 48 11 0.19 - 0.20 c 

a Pulsed arc method 

b Forehand technique (push) 

c Mean heat input 

 

 

Figure 4.23: Macrographs from cruciform joints (a) GMA-brazed with S Cu 6338 filler metal, 

(b) GMA-brazed with S Cu 6100 filler metal and (c) GMAW and GMA-brazed with G 89 5 

M21 Mn4Ni2.5CrMo and S Cu 6100 filler metals, respectively. The scales are in 1 mm 

increments. 

 

Different measurements were performed on GMA-brazed and GMAW-GMA-brazed 

cruciform joints before fatigue testing. Local joint geometries and misalignments were 

defined using a 2D coordinate measuring device with an inductive displacement 

transducer and a laser displacement sensor. The X-ray diffraction method was used to 

determine the longitudinal residual stresses from weld toes and base material surfaces 

near the weld toes. Both geometry and residual stress measurements were taken at the 

centreline of each fatigue test specimen. In addition, the Vickers hardness test method 

was used to measure the hardnesses from the cross-sectional areas of the cruciform joints 

to observe the hardnesses of the applied braze metals and base material softening in the 

HAZ region caused by different brazing and welding parameters, heat inputs, and thus, 

cooling times. Specimens for macrographic examination were also utilized for analysing 

the local joint geometries and the connections between the braze metals and base material. 
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Fatigue tests were carried out using uniaxial constant amplitude cyclic loading with the 

stress ratio R = 0.1. The tests were conducted in load control at room temperature and the 

frequency of loading was 2.0 - 5.0 Hz. The applied stress range Δσ varied between 

different test specimens, and strain gauges measured the structural stresses and defined 

the structural stress concentrations of each GMA-brazed and GMAW-GMA-brazed 

specimen. In addition, the load and displacement values were monitored from the 

operated servo-hydraulic test rig. The total rupture of the test specimen was the failure 

criterion in each fatigue test. 

Publication V provides more information related to the experiments of fillet joints GMA-

brazed with different filler metals and GMA brazing as a post-weld treatment method. 

 

 





67 

5 Results 

This chapter presents the results from the experiments. First, this chapter discusses the 

results of the geometry, residual stress and hardness measurements. Then, the different 

test results are divided into the groups of static tensile tests, impact tests, bend tests and 

fatigue tests. 

5.1 Geometry measurements 

Table 5.1, Table 5.2 and Table 5.3 show the geometry measurement results of butt joints 

welded with different welding processes and filler materials, non-load-carrying cruciform 

joints in weaved, as-welded, HFMI treated, TIG dressed and laser dressed condition as 

well as GMA-brazed and GMAW-GMA-brazed combination joints, respectively. 

Table 5.1: Geometric factors and variables of butt joints welded with different welding 

processes and filler materials. 

Welding process Weld width  Reinforcement  Toe radius  Flank angle  Misalignment  

Filler metal bf [mm] br [mm] hf [mm] hr [mm] rf [mm] rr [mm] θf [°] θr [°] β [°] e [mm] 

GMAW           

G 42 4 M20 3Si1 6.0 - 9.0 2.5 - 3.5 0.4 - 1.3 0.4 - 1.6 1.1 - 10.4 0 - 4.4 10 - 30 15 - 60 0.1 - 0.7 0 - 0.2 

G 89 5 M21 Mn4Ni2.5CrMo 6.0 - 8.5 1.0 - 3.5 -0.1 - 1.3 0.1 - 2.3 0.6 - 7.0 0 - 7.8 -20 - 30 5 - 90 -0.1 - 0.4 0 - 0.1 

Hybrid laser GMAW           

G 42 4 M20 3Si1 2.5 - 4.5 1.5 - 2.5 -0.3 - 0.5 0 - 0.6 0.3 - 19.2 0 - 10.8 -40 - 30 0 - 40 0.4 - 1.6 0 - 0.2 

G 89 5 M21 Mn4Ni2.5CrMo 3.5 - 4.5 1.5 - 2.5 0 - 0.6 0.3 - 0.7 0.1 - 7.9 0 - 3.8 0 - 25 15 - 45 -0.3 - 0.9 0 - 0.2 

Laser welding           

- 2.5 - 3.5 1.5 - 2.5 -0.2 - 0 0.2 - 0.4 0 - 2.3 0 - 12.7 -35 - 0 5 - 25 -1.0 - -0.4 0 - 0.2 

 

Table 5.2: Geometric factors and variables of non-load-carrying cruciform joints welded with 

the weaving technique and in as-welded, HFMI treated, TIG dressed and laser dressed 

condition. 

Welding process Throat thickness Toe radius Flank angle Undercut Weaving  Misalignment  

Condition a [mm] r [mm] θ [°] d [mm] ww [mm] wd [mm] β [°] e [mm] 

GMAW         

Weaved 5 0.2 - 3.8 30 - 50 0 - 0.3 3.0 - 8.0 0.2 - 1.0 0.1 - 0.6 - 

As-welded 5 0.5 - 3.0 40 - 45 - - - 0.1 - 0.6 - 

HFMI treated 5 2.0 - 2.5 45 0 - 0.1 - - 0.1 - 1.4 - 

TIG dressed 5 0.7 - 5.8 45 0 - 0.3 - - 0 - 0.4 - 

Laser dressed 5 1.2 - 5.9 45 0 - 0.1 - - 0 - 0.7 - 
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Table 5.3: Geometric factors and variables of GMA-brazed and GMAW-GMA-brazed 

combination joints. 

Process Throat thickness Toe radius Flank angle Undercut Misalignment  

Filler metal a [mm] r [mm] θ [°] d [mm] β [°] e [mm] 

GMA brazing       

S Cu 6338 4.7 0.1 45 - 0.1 - 0.4 - 

S Cu 6100 2.9 1.5 40 - 0 - 0.3 - 

GMAW-GMA brazing       

G 89 5 M21 Mn4Ni2.5CrMo &       

S Cu 6100 5.0 & 1.8 0.3 25 - 30 - 0 - 0.6 - 

 

5.2 Residual stress measurements 

Table 5.4 displays the measured longitudinal residual stresses of butt joints welded with 

different welding processes and filler materials. The presented results comprised face and 

root side values defined from the interface between the weld metal and base material, i.e. 

weld toes. 

Table 5.4: Longitudinal residual stresses of butt joints welded with different welding processes 

and filler materials. 

Welding process Residual stress    

Filler metal Face side   Root side   

 σres, max [MPa] σres, min [MPa] σres, max [MPa] σres, min [MPa] 

GMAW     

G 42 4 M20 3Si1 -39 -233 312 211 

G 89 5 M21 Mn4Ni2.5CrMo 168 -237 294 -366 

Hybrid laser GMAW     

G 42 4 M20 3Si1 -59 -211 159 -165 

G 89 5 M21 Mn4Ni2.5CrMo -102 -273 -69 -254 

Laser welding     

- -41 -167 6 -269 

 

Figure 5.1, Figure 5.2, Figure 5.3, Figure 5.4 and Figure 5.5 show the measured 

longitudinal residual stress distributions of non-load-carrying cruciform joints in weaved, 

as-welded, HFMI treated, TIG dressed and laser dressed condition, respectively. The 

results are presented in conjunction with the welding and post-weld treatment sequences 

of the cruciform joints, and the residual stress distributions are set along the surfaces from 

the weld toes or the bottom of the post-weld treatment areas to the base material. In 

addition, the deviations of each residual stress measurement value are shown with the 

exception of the results of the cruciform joint welded with the weaving technique 

presented in Figure 5.1. Furthermore, in the cruciform joint welded with the weaving 

technique, the residual stress distribution was defined solely from weld No. 1, whereas in 
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welds No. 2, 3 and 4, the measurements were set only to the weld toes, the results of 

which Figure 5.1 shows. 

 

Figure 5.1: Longitudinal residual stress distributions of non-load-carrying cruciform joint 

welded with weaving technique and T 89 4 Z M M 3 H5 filler metal. 
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Figure 5.2: Longitudinal residual stress distributions of non-load-carrying cruciform joint in as-

welded condition. 

 

-900

-800

-700

-600

-500

-400

-300

-200

-100

0

100

200

300

400

500

0 2 4 6 8 10 12 14 16 18 20

-900

-800

-700

-600

-500

-400

-300

-200

-100

0

100

200

300

400

500

02468101214161820

-900

-800

-700

-600

-500

-400

-300

-200

-100

0

100

200

300

400

500

0 2 4 6 8 10 12 14 16 18 20

-900

-800

-700

-600

-500

-400

-300

-200

-100

0

100

200

300

400

500

02468101214161820

s
re

s
[M

P
a
] s

res
[M

P
a
]

x [mm] x [mm]

Weld

1

Weld

4

Weld

2

Weld

3



5.2 Residual stress measurements 71 

 

Figure 5.3: Longitudinal residual stress distributions of non-load-carrying cruciform joint in 

HFMI treated condition. 
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Figure 5.4: Longitudinal residual stress distributions of non-load-carrying cruciform joint in 

TIG dressed condition. 
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Figure 5.5: Longitudinal residual stress distributions of non-load-carrying cruciform joint in 

laser dressed condition. 

 

Table 5.5 shows the measured longitudinal residual stresses of GMA-brazed and GMAW-

GMA-brazed combination joints. In each process and filler metal variation, the presented 

residual stress values were defined from the toes of the non-load-carrying cruciform 

joints. 
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Table 5.5: Longitudinal residual stresses of GMA-brazed and GMAW-GMA-brazed 

combination joints. 

Process Residual stress  

Filler metal σres, max [MPa] σres, min [MPa]  

GMA brazing   

S Cu 6338 389 -186 

S Cu 6100 89 -171 

GMAW-GMA brazing   

G 89 5 M21 Mn4Ni2.5CrMo &   

S Cu 6100 408 -197 

 

5.3 Hardness measurements 

Figure 5.6, Figure 5.7 and Figure 5.8 show the hardness measurement results of butt joints 

welded with different welding processes and filler materials. The hardness distributions 

were defined from the cross-sections of the butt-welded specimens, and the presented top 

and bottom lines were positioned 1 mm below the top surface of the base plate and 1 mm 

above the bottom surface of the base plate, respectively. 

 

Figure 5.6: Hardness distributions of GMAW butt joints with G 42 4 M20 3Si1 and G 89 5 M21 

Mn4Ni2.5CrMo filler metal. 
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Figure 5.7: Hardness distributions of hybrid laser GMAW butt joints with G 42 4 M20 3Si1 and 

G 89 5 M21 Mn4Ni2.5CrMo filler metal. 

 

 

Figure 5.8: Hardness distributions of laser welded butt joints. 
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Figure 5.9: Hardness distributions of non-load-carrying cruciform joint in (a) weaved (b) as-

welded, (c) burr ground, (d) HFMI treated, (e) TIG dressed and (f) laser dressed condition. 
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Figure 5.10 shows the hardness measurement results of the laser heat-treated plate 

specimen. The hardness distributions were defined from the cross-section and surface of 

the heat-treated specimen. The presented top, bottom and surface lines were positioned 1 

mm below the top surface of the plate, 1 mm above the bottom surface of the plate and 

on the heat-treated surface of the plate, respectively.  

 

Figure 5.10: Hardness distributions of laser heat-treated plate specimen. 
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S Cu 6100 168 162 
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5.4 Static tensile tests 

5.4.1 Butt-welded joints 

Figure 5.11 and Table 5.7 illustrate the static tensile test results of butt joints welded with 

different welding processes and filler materials. In addition, the measured base material 

properties are presented as reference values. 

 

Figure 5.11: Transverse tensile test results of UHSS base material and butt joints welded with 

different welding processes and filler materials. 
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5.4.2 Fillet-welded joints 

Figure 5.12 and Table 5.8 show the static tensile test results of fillet joints in as-welded, 

burr ground, HFMI treated, TIG dressed and laser dressed condition. Figure 5.13 and 

Figure 5.14 illustrate the fracture locations and surfaces of each test specimen at -40 °C 

and room temperature (+20 °C), respectively. In addition, Figure 5.14 displays the DIC 

strain measurement visualizations of room temperature (+20 °C) test specimens a moment 

prior to the final rupture. Table 5.8 shows the maximum test force (Fmax, test) values 

measured from the test rig and the maximum theoretical force (Fmax, theor) values 

calculated based on the measured minimum cross-section areas of the test specimens and 

the base material ultimate tensile strength presented in the material certificate. The 

displacement (δ) values were measured from the test rig. Fmax, test / Fmax, theor values, which 

are shown in percentages, represent the ratios between maximum test forces and 

calculated theoretical forces. A negative value indicates that the maximum force in the 

tensile test remained below the calculated theoretical force and vice versa. 

 

Figure 5.12: Transverse tensile test results of as-welded, burr ground, HFMI treated, TIG 

dressed and laser dressed non-load-carrying cruciform joints at (a) -40 °C and (b) room 

temperature (+20 °C). 
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Table 5.8: Transverse tensile test results of as-welded, burr ground, HFMI treated, TIG dressed 

and laser dressed non-load-carrying cruciform joints at -40 °C and room temperature (+20 °C). 

Temperature Force  Displacement Fmax, test / Fmax, theor Fracture location 

Condition Fmax, test [kN] Fmax, theor [kN] δmax, test [mm] [%]  

-40 °C      

As-welded 339.1 346.7 13.9 -2.2 Base material 

Burr ground 354.9 349.8 9.1 1.5 Treatment region 

HFMI treated 349.0 348.0 13.6 0.3 Base material 

TIG dressed 323.8 345.8 6.6 -6.4 Treatment region 

Laser dressed 351.1 352.6 14.1 -0.4 Base material 

+20 °C      

As-welded 343.3 348.1 11.9 -1.4 Base material 

Burr ground 341.3 348.9 6.0 -2.2 Treatment region 

HFMI treated 330.1 344.5 10.8 -4.2 Base material 

TIG dressed 317.9 347.6 4.1 -8.5 Treatment region 

Laser dressed 348.6 348.9 13.3 -0.1 Base material 

 

 

Figure 5.13: Fracture locations and surfaces of (a) as-welded, (b) burr ground, (c) HFMI treated, 

(d) TIG dressed and (e) laser dressed non-load-carrying cruciform joints in -40 °C tests. 
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Figure 5.14: Fracture locations and surfaces of (a) as-welded, (b) burr ground, (c) HFMI treated, 

(d) TIG dressed and (e) laser dressed non-load-carrying cruciform joints and DIC strain 

measurement visualizations in room temperature (+20 °C) tests. 

(a) (b)

(c) (d)

(e)



5 Results 82 

5.4.3 Base material, heat-treated and cold-formed plates 

Figure 5.15 presents the static tensile test results of pure base material, heat-treated and 

cold-formed plate specimens without a hole and with different sizes of holes, Figure 5.16 

compares the variations. The stress (σ) values were calculated based on the load values, 

which, in addition to the displacement (δ) values, were measured from the test rig. 

Furthermore, Figure 5.17 shows the fracture locations and DIC strain measurement 

visualizations a moment prior to the final rupture of each test specimen. 

 

Figure 5.15: Transverse tensile test results of (a) pure base material, (b) heat-treated and (c) 

cold-formed plate specimens without a hole and with 8 mm, 24 mm and 40 mm holes. 
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Figure 5.16: Comparison between transverse tensile test results of pure base material, heat-

treated and cold-formed plate specimens without a hole and with 8 mm, 24 mm and 40 mm 

holes. 
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Figure 5.17: Fracture locations and DIC strain measurement visualizations of (a) pure base 

material, (b) heat-treated and (c) cold-formed plate specimens without a hole and with 8 mm, 24 

mm and 40 mm holes. 
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5.5 Impact tests 

Figure 5.18 shows the CVN impact test results of butt joints welded with different 

welding processes and filler materials. The impact toughness values are presented in a 

unit of J/cm2 and the guaranteed as well as the tested base material impact toughnesses 

are shown as reference values. Furthermore, Figure 5.19 presents the CVN impact test 

results of additional butt joints welded with GMAW and laser welding processes and the 

base material impact toughness based on the material certificate. Figure 5.20 shows the 

fracture surfaces of the latter CVN impact test specimens. 

 

Figure 5.18: CVN impact test results of butt joints welded with different welding processes and 

filler materials, and guaranteed and tested base material impact toughness values. 
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Figure 5.19: CVN impact test results of additional butt joints welded with GMAW and laser 

welding processes and the base material impact toughness value. 

 

 

Figure 5.20: Fracture surfaces of additional CVN impact test specimens from butt joints welded 

with (a) GMAW and (b) laser welding processes. 
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5.6 Bend tests 

Table 5.9 shows the bend test results of butt joints welded with different welding 

processes and filler materials. Two face and root side bend tests for each welding process 

and filler metal variation yielded a total of 20 results. 

Table 5.9: Bend test results of butt joints welded with different welding processes and filler 

materials. 

Welding process Bend side Result 

Filler metal [Face / Root]  

GMAW   

G 42 4 M20 3Si1 Face Passed 

 Face Passed 

 Root Fracture, 29 mm 

 Root Fracture, 2 mm 

G 89 5 M21 Mn4Ni2.5CrMo Face Fractured 

 Face Fractured 

 Root Passed 

 Root Fracture, 5 mm 

Hybrid laser GMAW   

G 42 4 M20 3Si1 Face Fracture, 11 mm 

 Face Fractured 

 Root Passed 

 Root Passed 

G 89 5 M21 Mn4Ni2.5CrMo Face Fracture, 6 mm 

 Face Passed 

 Root Passed 

 Root Passed 

Laser welding   

- Face Passed 

 Face Passed 

 Root Passed 

 Root Passed 

 

5.7 Fatigue tests 

5.7.1 Butt-welded joints 

Figure 5.21, Figure 5.22 and Figure 5.23 show the fatigue test results of butt joints welded 

with different welding processes. In compliance with the statistical evaluation of fatigue 

test data by Hobbacher (2017), the FATmean and FATchar represent survival probabilities 

of 50 % and 95 %, respectively. The results from the fatigue tests with R > 0.1 are plotted 
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in each graph as a reference values but they are not included in calculations of S-N curves. 

In addition, the standard fatigue resistance curve, FAT 100 and m = 3, based on structural 

hot-spot stress for as-welded butt joints (Hobbacher, 2017) is also plotted in each graph 

as a reference value. Furthermore, Table 5.10 shows the fatigue resistance values of each 

welding process and filler metal variation. 

 

Figure 5.21: Constant amplitude fatigue test results of GMAW butt joints welded with (a) G 42 

4 M20 3Si1 and (b) G 89 5 M21 Mn4Ni2.5CrMo filler metal. 

 

 

Figure 5.22: Constant amplitude fatigue test results of hybrid laser GMAW butt joints welded 

with (a) G 42 4 M20 3Si1 and (b) G 89 5 M21 Mn4Ni2.5CrMo filler metal. 
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Figure 5.23: Constant amplitude fatigue test results of laser welded butt joints. 

 

Table 5.10: Constant amplitude fatigue test results of GMAW, hybrid laser GMAW and laser 

welded butt joints. 

Welding process Stress ratio FAT values 

Filler metal  Fixed slope  Best-fit slope  

 R [-] m [-] FATmean [MPa] FATchar [MPa] m [-] FATmean [MPa] FATchar [MPa] 

GMAW        

G 42 4 M20 3Si1 0.1 3 122 102 2.21 99 80 

G 89 5 M21 Mn4Ni2.5CrMo 0.1 3 137 98 2.64 128 87 

Hybrid laser GMAW        

G 42 4 M20 3Si1 0.1 3 140 108 2.87 136 105 

G 89 5 M21 Mn4Ni2.5CrMo 0.1 3 151 110 5.01 172 148 

Laser welding        

- 0.1 3 154 120 3.41 165 133 

 

5.7.2 Fillet-welded joints 

Figure 5.24 shows the fatigue test results of fillet joints welded with and without the 

weaving technique. In compliance with the statistical evaluation of fatigue test data by 

Hobbacher (2017), the FATmean and FATchar represent survival probabilities of 50 % and 

95 %, respectively. In addition, the standard fatigue resistance curve, FAT 100 and m = 

3, based on structural hot-spot stress for non-load-carrying fillet welds (Hobbacher, 2017) 

is plotted in each graph as a reference value. Furthermore, Table 5.11 shows the fatigue 

resistance values of each welding process and filler metal variation. 

100

10 000 100 000 1 000 000 10 000 000

D
s

[M
P

a
]

N [cycles]

FAT 100

200

300

400

500

600

FATchar, m = 3

FATmean, m = 3

Laser welding

R = 0.1

R = 0.60 - 0.72



5 Results 90 

 

Figure 5.24: Constant amplitude fatigue test results of (a) unweaved fillet joints with weld toe 

radius r < 1 mm, (b) unweaved fillet joints with weld toe radius r > 1 mm, (c) weaved fillet 

joints with weld toe radius r < 1 mm and (d) weaved fillet joints with weld toe radius r > 1 mm. 
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Table 5.11: Constant amplitude fatigue test results of unweaved and weaved fillet joints with 

different weld toe geometries. 

Welding technique Stress ratio FAT values 

Weld toe radius  Fixed slope  Best-fit slope  

 R [-] m [-] FATmean [MPa] FATchar [MPa] m [-] FATmean [MPa] FATchar [MPa] 

Unweaved        

r < 1 mm 0.1 3 120 85 2.20 96 63 

r > 1 mm 0.1 3 170 101 0.91 65 28 

Weaved        

r < 1 mm 0.1 3 152 100 1.47 106 48 

r > 1 mm 0.1 5 262 187 3.76 235 152 

 

Figure 5.25, Figure 5.26, Figure 5.27 and Figure 5.28 show the fatigue test results of fillet 

joints in as-welded, HFMI treated, TIG dressed and laser dressed condition, respectively. 

In compliance with the statistical evaluation of fatigue test data by Hobbacher (2017), the 

FATmean and FATchar represent survival probabilities of 50 % and 95 %, respectively. 

Figure 5.25 plots the standard fatigue resistance curve, FAT 100 and m = 3, based on 

structural hot-spot stress for non-load-carrying fillet welds (Hobbacher, 2017) in each 

graph as a reference value. Figure 5.26 plots the standard fatigue resistance curves, FAT 

250…160 and m = 5, for HFMI treated welds based on structural hot-spot stress, base 

material strength and the stress ratio (Marquis & Barsoum, 2016) in each graph as a 

reference value. Figure 5.27 and Figure 5.28 plot the maximum proposed fatigue 

resistance curve, FAT 140 and m = 4, for TIG dressed welds based on nominal stress, 

base material strength and joint type (Yildirim, 2015) in each graph as a reference value, 

although the proposal was not extended to transverse non-load-carrying welds with a base 

material yield strength over 950 MPa or laser dressing treatment. Furthermore, Table 5.12 

shows the fatigue resistance values of the as-welded condition and each post-weld 

treatment variation. 
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Figure 5.25: Constant amplitude fatigue test results of as-welded fillet joints loaded with stress 

ratios (a) R = 0.1, (b) R = 0.5 and (c) R = 0.6. 
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Figure 5.26: Constant amplitude 

fatigue test results of HFMI treated 

fillet joints loaded with stress ratios 

(a) R = 0.1, (b) R = 0.38, (c) R = 0.5, 

(d) R = 0.6 and (e) R = 0.7. 
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Figure 5.27: Constant amplitude fatigue test results of TIG dressed fillet joints loaded with 

stress ratios (a) R = 0.1, (b) R = 0.25, (c) R = 0.38 and (d) R = 0.5 - 0.6. 

 

100

1000

10 000 100 000 1 000 000 10 000 000

D
s

[M
P

a
]

N [cycles]

FAT 140

100

1000

10 000 100 000 1 000 000 10 000 000

D
s

[M
P

a
]

N [cycles]

FAT 140

100

1000

10 000 100 000 1 000 000 10 000 000

D
s

[M
P

a
]

N [cycles]

FAT 140

100

1000

10 000 100 000 1 000 000 10 000 000

D
s

[M
P

a
]

N [cycles]

FAT 140

(a) (b)

(d)(c)

FATchar, m = 4

FATmean, m = 4

TIG dressed
R = 0.1

FATchar, m = 4

FATmean, m = 4

TIG dressed
R = 0.25

FATchar, m = 4

FATmean, m = 4

TIG dressed
R = 0.38

FATchar, m = 4

FATmean, m = 4

TIG dressed
R = 0.5

TIG dressed
R = 0.6

200

300

400

500

600

700
800
900

200

300

400

500

600

700
800
900

200

300

400

500

600

700
800
900

200

300

400

500

600

700
800
900



5.7 Fatigue tests 95 

 

Figure 5.28: Constant amplitude fatigue test results of laser dressed fillet joints loaded with 

stress ratios (a) R = 0.1 and (b) R = 0.5. 
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manufacturing variation. In addition, Figure 5.30 shows the effect of the penetration depth 

on the fatigue resistance of I-beam structures with one-sided welds. Furthermore, the 

mean fatigue resistance value of the reference I-beam structures with double-sided full 

penetration groove welds was FATmean = 273 MPa. However, in these structures as well 

as in the I-beam structure with the ratio of penetration p / t = 0.75 (in light grey in Figure 

5.29 and Table 5.13), the fatigue failures were not propagated from the weld joints but 

from the base material surfaces of the bottom flanges. Thus, those results are not directly 

comparable to other fatigue resistance values. 

 

Figure 5.29: Constant amplitude fatigue test results of longitudinally loaded welds in (a) box 

girder and (b) I-beam structures. 
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Table 5.13: Constant amplitude fatigue test results of longitudinally loaded welds in box girder 

and I-beam structures. 

Structure Welding   Ratio of penetration Fatigue resistance Failure propagation 

Geometry Process Implementation p / t  [-] FATmean, m = 3 [MPa]  

Box girder      

Symmetric GMAW One-sided, fillet  156 Weld, bottom flange 

 GMAW One-sided, fillet  187 Weld, top flange 

 GMAW One-sided, fillet  190 Weld, root side, top flange 

Asymmetric GMAW One-sided, fillet  202 Weld, bottom flange 

 Laser One-sided  176 Weld, bottom flange 

 Laser One-sided  189 Weld, bottom flange 

 GMAW & Laser One-sided, fillet  136 Weld, root side, bottom flange 

 GMAW & Laser One-sided, fillet  158 Weld, root side, bottom flange 

I-beam      

Asymmetric GMAW Double-sided, fillet  156 Weld, root side, bottom flange 

 GMAW One-sided, fillet 0.22 192 Weld, root side, bottom flange 

 GMAW One-sided, groove 0.63 185 Weld, root side, bottom flange 

 GMAW One-sided, groove 0.68 192 Weld, root side, bottom flange 

 GMAW One-sided, groove 0.75 215 Base material, bottom flange 

 GMAW One-sided, groove 0.86 194 Weld, bottom flange 

 GMAW One-sided, groove 1.04 160 Weld, root side, bottom flange 

 GMAW One-sided, groove 2.31 133 Weld, root side, bottom flange 

 

 

Figure 5.30: Fatigue resistance values of one-sided welds of I-beam structures with different 

ratios of penetration to base material thickness. 
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5.7.3 GMA-brazed joints 

Figure 5.31 shows the fatigue test results of GMA-brazed and GMAW-GMA-brazed 

combination joints. In compliance with the statistical evaluation of fatigue test data by 

Hobbacher (2017), the FATmean and FATchar represent survival probabilities of 50 % and 

95 %, respectively. In addition, the standard fatigue resistance curve, FAT 100 and m = 

3, based on structural hot-spot stress for non-load-carrying fillet welds (Hobbacher, 2017) 

is plotted in each graph as a reference value. Furthermore, Table 5.14 presents the fatigue 

resistance values of each process and filler metal variation. 

 

Figure 5.31: Constant amplitude fatigue test results of fillet joints (a) GMA-brazed with S Cu 

6338 filler metal, (b) GMA-brazed with S Cu 6100 filler metal and (c) GMAW and GMA-

brazed with G 89 5 M21 Mn4Ni2.5CrMo and S Cu 6100 filler metals, respectively. 
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Table 5.14: Constant amplitude fatigue test results of GMA-brazed and GMAW-GMA-brazed 

combination joints. 

Process Stress ratio FAT values 

Filler metal  Fixed slope  Best-fit slope  

 R [-] m [-] FATmean [MPa] FATchar [MPa] m [-] FATmean [MPa] FATchar [MPa] 

GMA brazing        

S Cu 6338 0.1 3 139 90 3.06 140 92 

S Cu 6100 0.1 3 191 149 3.33 200 161 

GMAW-GMA brazing        

G 89 5 M21 Mn4Ni2.5CrMo &        

S Cu 6100 0.1 3 151 113 3.61 162 129 

 

 





101 

6 Finite element analyses 

This chapter presents the finite element analyses (FEAs) performed and the results from 

those studies. The analyses comprised numerical FE models with different base material 

and filler metal parameters, joint types, geometries and conditions, such as as-welded, 

weaved, post-weld treated, heat-treated, cold-formed and GMA-brazed. In fatigue 

loading cases, the FE analyses and modelling were performed in accordance with the 

general recommendations and guidelines for the use of the ENS concept (Fricke, 2012; 

Sonsino, et al., 2012; Baumgartner & Bruder, 2013) in terms of an idealized or actual 

geometry profile shape and meshing, along with element types, sizes and aspect ratios. 

The numerical modellings and analyses reported in this chapter are from several studies, 

such as the ones by Sattarpanah (2012), Ghafouri (2014), Amraei (2015) and Lehtoviita 

(2016). These studies were designed, directed and supervised within the framework of 

this thesis in order to support the experiments and results presented in sections 4 and 5. 

6.1 Laser welded butt joints 

This research examined the effect of excessive penetration (Ref. No. 504), sagging (Ref. 

No. 509) and an incompletely filled groove (Ref. No. 511), presented in the standard of 

welding geometric imperfections (EN ISO 6520-1, 2007), on the stress concentration 

factor (SCF) of laser welded butt joints. Figure 6.1 shows the geometric factors and 

variables of butt joints, and Figure 6.2 presents the matrix of FE-modelled joint 

geometries. In addition to a standard reference radius of 1 mm for ENS analyses, a smaller 

notch rounding of 0.5 mm was also used to attain better sensitivity for the effect of 

modelled variables on the SCF. Figure 6.3 shows the results of the analyses in terms of 

the maximum principal stress criterion. 

 

Figure 6.1: Geometric factors and variables of butt joints: width of weld face (bf), width of weld 

root (br), height of weld face reinforcement (hf), height of weld root reinforcement (hr), toe 

radius of weld face (rf) and toe radius of weld root (rr). 
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Figure 6.2: FE-modelled geometries of butt joints. 

 

 

Figure 6.3: Effect of excessive penetration, sagging and incompletely filled groove on SCF of 

butt joints. 
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6.2 Fillet weld joints with weaved toe geometry 

This research explored the effect of a weaved toe geometry on the SCF of non-load-

carrying fillet weld joints was studied. Figure 6.4 displays the geometric factors and 

variables of fillet joints with a weaved weld toe geometry along with the FEA stress 

contours of a modelled joint, and Table 6.1 presents the matrix of FE-modelled joint 

geometries. In addition to the standard reference radius of 1 mm for ENS analyses, 

different weld toe radii of 0.5 mm, 1.5 mm, 2.0 mm, 2.5 mm and 3.0 mm were also 

modelled. Figure 6.5 and Figure 6.6 present the results of the analyses in terms of the 

maximum principal stress criterion. 

 

Figure 6.4: Geometric factors and variables of non-load-carrying fillet joints with weaved weld 

toe geometry: toe radius (r), flank angle (θ), wave depth (wd), wave radius (wr) and wave width 

(ww) along with FEA stress contours of a modelled joint. 

 

Table 6.1: FE-modelled geometries of non-load-carrying fillet joints with weaved weld toe 

geometry. 

Geometric factor Variables 

ww [mm] 0 2.0 4.0 7.0 10.0 20.0 

ww / wr [-] 0 0.5 1.0 1.5   
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r [mm] 0.5 1.0 1.5 2.0 2.5 3.0 

 

X
Z

Y

r

wd

ww
wr

θ



6 Finite element analyses 104 

 

Figure 6.5: SCF trends of jutting and receding regions of fillet weld toe weaving shape with 

flank angles of (a) 45 ° and (b) 30 °. 

 

 

Figure 6.6: Effect of wave depth on SCF in weaved fillet weld with different toe radii and fixed 

wave width of 7.0 mm. 

 

Publication I and the research by Sattarpanah (2012) provide more information related to 

the FE modelling and analyses of non-load-carrying fillet joints with a weaved weld toe 

geometry. 
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6.3 As-welded and post-weld treated fillet weld joints 

The effect of toe geometry on the SCF of non-load-carrying fillet weld joints in as-welded 

and post-weld treated condition was studied. Figure 6.7 shows the geometric factors and 

variables of fillet joints, and Table 6.2 presents the matrix of FE-modelled joint 

geometries. In addition to the standard reference radius of 1 mm for ENS analyses, 

different weld toe radii of 2.0 mm, 4.0 mm and 6.0 mm were also modelled. Figure 6.8 

introduces the results of the analyses in terms of the maximum orthogonal normal stress 

criterion. The effect of the connection height (y) on SCF was observed to be negligible 

compared to other geometric variables. Thus, the results in Figure 6.8 are generated from 

the FE models where the y value was 1.5 mm. 

 

Figure 6.7: Geometric factors and variables of non-load-carrying fillet weld joints: toe radius 

(r), connection angle (θc), connection height (y) and undercut (d). 

 

Table 6.2: FE-modelled geometries of non-load-carrying fillet weld joints. 

Geometric factor Variables 
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Figure 6.8: Effect of (a) toe radius and (b) undercut on SCF in non-load-carrying fillet weld 

joints. 

 

Publication IV and the research by Ghafouri (2014) provide more information related to 

the FE modelling and analyses of non-load-carrying fillet weld joints. 

6.4 Base material, heat-treated and cold-formed plate specimens 

The tensile tests on pure base material, heat-treated and cold-formed plate specimens 

without a hole and with different sizes of holes were numerically simulated with FEA. 

The material properties and behaviour were defined based on the DIC strain measurement 

results of the experimental tensile tests. In addition, the hardness measurement results 

along with macroscopic and SEM pictures were used to model the different regions of 

heat-treated specimens. Figure 6.9, Figure 6.10 and Figure 6.11 compare the results of 

the numerical simulations with the experimental tensile test results. 

 

Figure 6.9: FEA results of pure base material plate specimens in comparison with the 

experimental tensile test results. 

(a) (b)

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

3

0 1 2 3 4 5 6 7

S
C

F
 [

-]

r [mm]

d = 0.25 mm

d = 0.15 mm

d = 0 mm

1

1.2

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

3

0 0.1 0.2 0.3
S

C
F

 [
-]

d [mm]

r = 1.0 mm

r = 2.0 mm

r = 4.0 mm

r = 6.0 mm

0

200

400

600

800

1000

1200

0 1 2 3 4 5 6 7 8 9 10 11 12

σ
[M

P
a
]

δ [mm]

No hole - FEA

No hole - Test

Ø 8 mm hole - FEA

Ø 8 mm hole - Test

Ø 24 mm hole - FEA

Ø 24 mm hole - Test

Ø 40 mm hole - FEA

Ø 40 mm hole - Test



6.5 GMA-brazed and GMAW-GMA-brazed fillet joints 107 

 

Figure 6.10: FEA results of heat-treated plate specimens in comparison with the experimental 

tensile test results. 

 

 

Figure 6.11: FEA results of cold-formed plate specimens in comparison with the experimental 

tensile test results. 
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conditions and geometry of the FE models, and Figure 6.13 shows the results of the 

analyses in terms of the maximum principal stress criterion. 

 

Figure 6.12: FE model and configurations of GMAW, GMA-brazed and GMAW-GMA-brazed 

combination joint. 

 

 

Figure 6.13: FEA stress contour and SCF of (a) GMAW, (b) GMA-brazed and (c) GMAW-

GMA-brazed combination joint. 

 

Publication V and the research by Lehtoviita (2016) provide more information related to 

the FE modelling and analyses of GMA-brazed and GMAW-GMA-brazed non-load-

carrying fillet joints. 
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7 Discussion 

This chapter analyses the experimental and FEA results of this research by means of the 

eight-step template presented in section 2.5. The chapter first discusses the static strength 

issues and then the fatigue strength cases. In addition, a summary is compiled of the eight-

step template adapted to different workshop manufacturing operations and parameters of 

welded joints made of direct quenched UHSS. 

7.1 Static strength 

The static strengths of the butt joints welded with different welding processes and filler 

metals (Figure 5.11, Table 5.7) were lower compared to the tested base material, but the 

minimum nominal yield and ultimate strength values of 960 MPa and 980 MPa, 

respectively, were achieved in each joint, excluding the GMAW butt joint with 

undermatching filler metal. In addition, the elongation values of every joint variation were 

also decreased compared to the tested base material. Apart from the GMAW butt joint 

with undermatching filler metal, of which the weakest link was the weld metal, the 

fracture locations of the butt-welded joints were in the ICHAZ due to the softening of the 

base material, which was observed from the hardness measurements (Figure 5.6, Figure 

5.7, Figure 5.8). The softened region through-thickness reduces the strength and 

deformation capacity of the joints, which was also shown to have an effect on the cold 

forming behaviour of the joints. Only the laser welded joints passed both the face and 

root side bend tests, whereas GMAW and hybrid laser GMAW joints failed from one or 

another of the sides (Table 5.9). However, further studies are needed to explain the 

behaviour of the butt joints in bending loading completely. In addition, the impact 

strength values of each tested joint and notch location were higher compared to the 

guaranteed base material impact toughness (Figure 5.18). On the other hand, compared 

to the tested base material impact toughness, relatively low impact strength values were 

observed especially at the fusion lines in joints welded with matching filler metal. In 

proportion, the weld and fusion line regions of joints welded with undermatching filler 

metal showed higher impact toughness compared to the base material. 

Regarding the standard CVN impact test method (EN ISO 9016, 2012), the notch 

locations in welded specimens do not usually represent the pure fusion line or a single 

HAZ region due to asymmetric and skewed weld joint through-thickness (Guo, et al., 

2017). Consequently, additional impact tests were performed for GMAW butt joints with 

a single bevel groove and laser welded butt joints with a square groove. Regardless of the 

welding process applied, the results (Figure 5.19) showed poor impact toughness 

properties in the weld metal, fusion line and CGHAZ regions, the risk of which is 

important to consider and eliminate with proper design. The impact toughness values and 

fracture surfaces (Figure 5.20) display ductile behaviour only in the FGHAZ of GMAW 

joint, whereas all other regions in GMAW and laser welded joints are brittle. Thus, single 

bevel and square grooves should be avoided in welded UHSS structures if the loading, 
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along with its direction, and temperature conditions are critical in terms of a brittle 

fracture. 

In terms of the static strength of the fillet weld joints, the behaviour of as-welded, burr 

ground, HFMI treated, TIG dressed and laser dressed specimens were similar at -40 °C 

and room temperature (+20 °C) (Figure 5.12, Table 5.8). The base material failures in as-

welded, HFMI treated and laser dressed joints indicate high performance quality (Figure 

5.13, Figure 5.14), which was achieved by means of appropriate manufacturing 

operations and parameters. On the other hand, burr grinding and TIG dressing decreased 

the deformation capacity of the cruciform joint, and in addition, TIG dressing caused wide 

softened region through-thickness (Figure 5.9), which also reduced the load-carrying 

capacity of the joint. 

In addition to the above-mentioned findings related to softening in UHSS weldments, the 

static tensile test results of pure base material, heat-treated and cold-formed plate 

specimens proved also the detrimental effect of excessive heat on the load-carrying and 

deformation capacity of direct quenched UHSS. Both cold forming and heat treatment 

decreased the strength of the material, but the reduction in deformation capacity was more 

drastic (Figure 5.15, Figure 5.16). Although the softened region caused by heat treatment 

was non-uniform through-thickness, the deformation capacity decreased 66 - 90 % 

depending on the present stress concentration. In proportion, the cold forming decreased 

the deformation capacity 15 - 52 % and the effect of stress concentration was the opposite 

to heat treatment, yet not as straightforward. Furthermore, the numerical simulations of 

pure base material, heat-treated and cold-formed plate specimens (Figure 6.9, Figure 6.10, 

Figure 6.11) showed good correlation with the experimental tests results due to the 

application of appropriate material properties and behaviour, which were defined based 

on DIC (Figure 5.17) and hardness measurements (Figure 5.10). 

In general, the static strength and deformation capacity of the direct quenched UHSS 

weldments are governed by the amount of softening, i.e. the size and dimensions of the 

softened region, due to welding and the constraint effect, which is generated by 

microstructural and geometric constraints in conjunction or separately. The thermal cycle 

of fusion welding causes softening in the SCHAZ or ICHAZ (Porter, 2015), but weld 

joints are reported to possess yield and tensile strength equal to the base material if the 

weld cooling time is kept below 4 seconds (Hemmilä, et al., 2010(A); Suikkanen & Kömi, 

2014; Porter, 2015; Kömi, et al., 2016). However, based on the results of this research 

and studies by Penttilä (2013), Valkonen (2014), Farrokhi, et al. (2015) and Guo, et al. 

(2017), softening occurs even with very low t8/5 values, such as 0.4 - 3.0 seconds. On the 

other hand, the cooling rates in the manufacturing process of direct quenched UHSS are 

between 40 - 100 °C/s (Muckelroy, et al., 2013; Kaijalainen, et al., 2013; Lu, et al., 2015), 

which correspond to t8/5 values of 3.0 - 7.5 seconds. This implies the softening effect to 

be unpreventable in normal fusion welding and the strength properties of low-alloy direct 

quenched UHSS materials to be based on not only rapid thermal processing but also 

controlled rolling operations and their combined effect. 
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Based on the hardness measurement results of this study (section 5.3), the softening peaks 

in the HAZ regions of different weld joints and heat-treated plate specimens are shown 

to be approximately equal regardless of the heat input of welding, post-weld treatment or 

heat treatment. In each case, the minimum hardness values are in the order of 70 - 80 % 

of the reference values of unaffected base material, but the size of the softened region 

increases as the heat input, i.e. t8/5, increases or thermal cycles multiply, such as in TIG 

dressing, which is important to emphasize. Consequently, the width and depth of the 

softened region in relation to the geometry of the structure and joint type are essential 

factors in the prevention of failures involving decreased strength and deformation 

capacity. In joints without geometrical discontinuities, a deep and narrow softened region 

towards the loading direction generates a microstructural constraint effect, which protects 

the softened part of the joint, and thus, the joint strength equal to the base material is 

achievable (Rodrigues, et al., 2004). In proportion, joints with geometrical discontinuities 

generate a geometrical constraint effect, which also protects the softened part of the joint 

due to stress concentration and the local triaxial stress state under the surface at the weld 

toe (Björk, et al., 2017(A)). However, the total constraint effect is a complex phenomenon 

and its influence on the strength properties and deformation behaviour of the static loaded 

weld joints is case-specific. 

In butt joints welded with a matching filler metal or laser process, the microstructural 

constraint enabled the acceptable yield and ultimate strength value, but due to a minor 

geometric constraint and softening through-thickness, the plastic deformations were 

localized in the narrow softened ICHAZ region, which resulted in low elongation values 

(section 5.4.1). In proportion, a strong geometric constraint and non-uniform softening 

through-thickness produced base material failures in the as-welded, HFMI treated and 

laser dressed fillet joints (section 5.4.2). However, the geometric constraint was 

diminished by burr grinding and TIG dressing, which also caused wide softened region 

through-thickness. Consequently, joint failures with decreased deformation capacity and 

reduced load-carrying capacity in the TIG dressing case occurred. In heat-treated plate 

specimens (section 5.4.3), the microstructural constraint did not exist due to a wide 

softened region and the worst case appeared without a geometric constraint, i.e. without 

a hole, whereupon the load-carrying and deformation capacity decreased 18 % and 90 %, 

respectively. In specimens with holes, i.e. with stress concentration, increasing the hole 

size enhanced both the deformation and load-carrying capacity compared to pure base 

material specimens with equal net cross-sectional areas. 

Related to the above-mentioned findings and analyses of butt and fillet weld joints as well 

as heat-treated plate specimens subjected to static tensile load, Amraei, et al. (2016) and 

Peltoniemi (2016) have observed that softening and microstructural and geometric 

constraints had similar effects on the static strength and deformation capacity of the 

weldments made of direct quenched UHSS. 
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7.2 Fatigue strength 

The characteristic fatigue strengths of the butt joints welded with different welding 

processes and filler metals (Figure 5.21, Figure 5.22, Figure 5.23, Table 5.10) were close 

to the IIW-recommended fatigue resistance value FAT 100 based on structural hot-spot 

stress for butt-welded joints (Hobbacher, 2017). The results showed minor differences 

between the characteristic FAT values of GMAW, hybrid laser GMAW and laser welded 

butt joints, although laser welded joints indicated slightly better fatigue strength values 

compared to other welding processes. The standard fixed slope m = 3 was observed to be 

suitable for most of the generated S-N curves. In addition, the applied filler metal or stress 

ratio was not found to have a direct effect on the fatigue strength of butt weld joints. 

However, a less steep slope was shown to be a better fit for the fatigue test results of the 

hybrid laser GMAW joints welded with undermatching filler metal (Table 5.10). This 

indicates higher performance quality compared to other welding processes and filler 

metal variations. 

In general, the structural stress and the notch stress levels of the eight-step template 

governed the fatigue durability of the butt joints welded with different welding processes 

and filler metals (section 5.7.1). In most of the cases, the fatigue failures initiated from 

the root side apart from the hybrid laser GMAW joints welded with undermatching filler 

metal, where fatigue crack propagated almost without an exception from the face side. 

Failures occurred in various locations due to the different global and local geometries of 

the butt joint specimens (Table 5.1). In GMAW butt joints, despite the detrimental effect 

of angular misalignment on the weld face side, the weld root side was critical due to 

abrupt root reinforcement. In hybrid laser GMAW butt joints, the angular misalignment 

was also detrimental to the face side, and in joints welded with undermatching filler metal, 

undercuts and an incompletely filled groove furthered the face side failures. In proportion, 

these imperfections did not form in joints welded with matching filler metal, and in 

addition, a sound face side with a smooth weld toe radius was achieved in certain cases, 

which, despite the angular misalignment, resulted in root side failures. In terms of laser 

welded butt joints, a flat position and welding without filler metal produced sagging, i.e. 

an incompletely filled groove and excessive penetration, of which the effect on SCF was 

analysed by means of FEA (section 6.1). The results of the FE modellings (Figure 6.3) 

showed the face side to be critical in each case and the increase of sagging to decrease 

the stress concentration of the root side and to increase the stress concentration of the face 

side, which results from the increasing bending effect caused by the enlarging weld offset. 

However, the fatigue failures did not initiate from the face side but the root side due to 

the detrimental effect of angular misalignment on the weld root side, which is in 

accordance with the levels of the eight-step template and proves the importance of each 

step in this gradually proceeding method. 

Regarding the fatigue strength of fillet joints welded with and without the weaving 

technique, the essential levels of the eight-step template are the grades from the notch 

stress level forward. The joints with a weaved weld toe shape and a weld toe radius over 

1 mm showed the best fatigue resistance values (Figure 5.24, Table 5.11), which were 
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substantially higher compared to the recommended FAT class based on structural hot-

spot stress for non-load-carrying fillet welds (Hobbacher, 2017). The weaving pattern 

formed an unequal stress distribution in the weld longitudinal direction (section 6.2), and 

the smooth weld toe geometry without defects reduced the stress concentration in the 

jutting regions of the weaved weld toe, which enabled the utilization of a crack initiation 

period in the total fatigue life. In addition to geometric enhancement produced by the 

weaving technique, the welding also generated compressive residual stresses to each fillet 

weld toe in the cruciform joint (Figure 5.1), which further increased the fatigue strength. 

The FE analyses showed the weaving to cause slightly higher stress concentrations 

compared to a straight weld toe line with an equal toe radius (Figure 6.5). However, 

weaving improved fatigue strength if the weaving pattern was sufficiently strong and 

broad, resulting in the fatigue crack initiating from a single jutting tip and then to 

propagating perpendicular to the loading direction, i.e. to the base material where the 

notch effect of the weld diminishes. Holmstrand, et al. (2014) have obtained similar 

results for the weaved weld toe geometry of fillet-welded cruciform joints made of mild 

steel. Both experimental fatigue tests and numerical analyses with fracture mechanics 

models showed the fatigue crack to grow towards the base material regardless of the 

weaving geometry. These findings differ from the research by Matsumoto, et al. (1979) 

and Chapetti and Otegui (1997), which indicate the fatigue crack to propagate along the 

weaved weld toe line. However, despite the different fatigue crack growing paths, each 

of the above-mentioned studies conclude that the effect of the weaving technique on the 

fatigue strength of transverse loaded weldments is beneficial. 

In terms of the fillet joints in as-welded, HFMI treated, TIG dressed and laser dressed 

condition (Figure 5.25, Figure 5.26, Figure 5.27, Figure 5.28, Table 5.12), the effect of 

the applied stress ratio on the fatigue strength was clearly observable, which is shown in 

Figure 7.1. Due to the high-quality manufacturing operations, the fatigue resistance 

values of as-welded, HFMI treated, and TIG dressed fillet joints at R = 0.1 loading 

conditions were higher compared to recommendations presented by Hobbacher (2017), 

Marquis and Barsoum (2016) and Yildirim (2015), respectively. However, the fatigue 

strength of each condition decreased as the stress ratio increased, which is in accordance 

with general knowledge. 
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Figure 7.1: Fatigue resistance values of as-welded, HFMI treated, TIG dressed and laser dressed 

fillet joints with different stress ratios. 

 

The last levels of the eight-step template, where geometric, residual stress and 

microstructural parameters determine the final fatigue durability of the weld joint, explain 

the fatigue test results in Figure 7.1. The fatigue strength of as-welded fillet joints was 

lower than that of post-weld treated joints due to the differences in local weld toe 

geometries. In as-welded condition, the generality of the weld toe radii were below 2 mm, 

whereas a major part of the post-weld treated weld toe radii were above 3 mm (Table 5.2). 

This, based on the FE analyses (section 6.3), enabled lower stress concentrations in post-

weld treated joints. In proportion, the fatigue strength of laser dressed fillet joints was 

lower than that of TIG dressed and HFMI treated joints due to the differences in residual 

stress states. Tensile residual stresses were measured in the vicinity of laser dressed 

regions (Figure 5.5), whereas TIG dressed (Figure 5.4) and HFMI treated (Figure 5.3) 

joints possessed compressive residual stresses, which enhanced the fatigue strength of 

these joints. Finally, the fatigue strength of TIG dressed fillet joints was lower than that 

of HFMI treated joints due to different base material properties in HAZ region after these 

post-weld treatments. TIG dressing caused softening in the fatigue critical regions of the 

joint, whereas HFMI treatment could strengthen the critical weld toe and HAZ area, 

although the strain hardening of the base material is weak (Björk, et al., 2017(A)). These 

phenomena have an effect on the fatigue crack initiation period, which is a major 

proportion of the total fatigue life in post-weld treated joints. In general, the crack 

initiation is dependent on the strength of the material (Maddox, 1991), and thus, the HFMI 

treated filled joints with a normal or slightly strain hardened weld toe region showed 

better fatigue resistance than the TIG dressed fillet joints with a softened weld toe region. 

The above-mentioned factors – especially those related to residual stresses – have the 

most beneficial effect on fatigue strength in low stress ratios, whereas in high stress ratios, 

these effects diminish and the differences between the fatigue strengths of post-weld 

100

120

140

160

180

200

220

240

260

280

300

320

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

F
A

T
m

ea
n

[M
P

a
]

R [-]

As-welded

HFMI treated

TIG dressed

Laser dressed



7.2 Fatigue strength 115 

treated fillet joints even out, which is observable in Figure 7.1. The applied stress ratios 

R ≥ 0.5 resulted in close to equal fatigue resistance values. This indicated that the HFMI 

treated and TIG dressed joints scaled down from the top levels of the eight-step template 

to the notch stress and the initial cracks levels, i.e. to the same levels with the laser dressed 

joints. For the design of welded joints, Nykänen and Björk (2015; 2016) have introduced 

a novel fatigue assessment method, which takes into account the combined effect of 

applied stress ratio, residual stress state and material strength. In addition to fatigue 

durability, the first levels of the eight-step template showed the laser dressed fillet joints 

to possess a better static strength and deformation capacity compared to TIG dressed 

joints, which is opposite to these joints’ relation to fatigue strength properties. These 

findings prove the importance of considering external factors, such as loading conditions, 

in addition to internal factors of the joints in the achievement of high performance quality 

UHSS weldments (Figure 2.4). 

Regarding the fatigue strength of the longitudinally loaded welds in box girder and I-

beam structures (Figure 5.29, Table 5.13), the essential levels of the eight-step template 

are the structural stress, the notch stress, the initial cracks and the residual stress levels. 

In certain symmetric box girders, the fatigue failures initiated and propagated from the 

weld at the top flange due to high tensile residual stresses caused by long and continuous 

welding. Thus, the compressive bending stress in the top flange altered to effective stress, 

which enabled fatigue crack growth. In asymmetric box girders, the insufficient laser 

welds and irregularities on the root side caused the fatigue resistances to remain relatively 

low. In terms of I-beam structures, the partial penetration joints were observed to produce 

better fatigue resistance values compared to full penetration joints in general (Figure 

5.30). However, the effect of the ratio of penetration to the base material thickness on the 

fatigue strength of partial penetration joints was observed to be negligible. The groove 

weld joints were estimated to obtain better fatigue resistance results compared to fillet 

weld joints due to increased penetration, and thus, a reduced non-fused root face. 

However, the bevelled groove without and especially with a root gap was found to be 

susceptible to longitudinal discrepancies on the root side, which might explain the 

relatively low fatigue strengths of these joints. Related to this, Sundermeyer, et al. (2015) 

have studied the effect of different types of joint preparation and penetration on the root 

side fatigue properties of bending loaded T-joints welded from one side, and found similar 

results regarding the manufacturing of partial penetration joints. The required amount of 

penetration was observed to be demanding to achieve, which was estimated to descend 

from the poor quality of the weld root side caused by the applied single bevel groove 

geometry. Based on the above-mentioned findings, further studies are needed on utilizing 

the base material as a backing plate, and thus, on achieving the root side continuity and 

uniformity in longitudinally loaded weld joints.  

Concerning the arc brazing experiments, the characteristic fatigue strength of cruciform 

joints GMA-brazed with S Cu 6338 filler metal (Figure 5.31(a)) was close to the IIW 

recommended fatigue resistance value FAT 100 based on structural hot-spot stress for 

fillet-welded joints (Hobbacher, 2017). However, the cruciform joints GMA-brazed with 

S Cu 6100 filler metal (Figure 5.31(b)) and GMAW-GMA-brazed combination joints 
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(Figure 5.31(c)) showed higher fatigue resistance values (Table 5.14). The eight-step 

template levels from the notch stress to the residual stress determined the fatigue 

durability of each joint variation. Fillet joints with S Cu 6338 filler metal were observed 

to possess local joint geometries (Table 5.3) with sharp toes and 45 ° flank angles, which 

resulted in fatigue resistances close to standard values. In proportion, larger toe radii and 

less steep flank angles were measured from joints with S Cu 6100 filler metal and 

combination joints, respectively, which increased the fatigue durability. In addition, the 

residual stresses (Table 5.5) in fillet joints GMA-brazed with S Cu 6100 filler metal were 

lower compared to other joint variations, which also enhanced the fatigue strength of 

these joints. Furthermore, the FE analyses (section 6.5) showed a decrease in stress 

concentration on the toe region of the fillet joint when GMA-brazing is applied instead 

of conventional welding (Figure 6.13). These findings, along with the similar fatigue 

improvement results observed by Lepistö and Marquis (2004) for GMA-brazed cruciform 

and T-joints made of mild steel, encourage utilizing and studying the potential of the arc 

brazing process for UHSS joints and structures more in the future. 

7.3 Adaption of the eight-step template for direct quenched low-alloy 

UHSS weldments 

Table 7.1 provides a summary of essential factors and notes for different workshop 

manufacturing operations and parameters in order to achieve high performance quality 

welded joints made of direct quenched low-alloy UHSS. In addition, Table 7.2 introduces 

a general presentation regarding the static strength, deformation capacity and fatigue 

strength properties of different weld joint and plate structure configurations. 

The high performance quality, which includes microstructure, geometry and residual 

stress aspects as described in section 2.4 and illustrated in Figure 2.4, for direct quenched 

UHSS weldments is attainable with appropriate welding procedure parameters when 

applying typical welding processes of the engineering industry. Producing excessive heat 

in the joint should be avoided to ensure a sufficient load-carrying and deformation 

capacity. On the other hand, the risk of imperfections, such as a lack of fusion or 

incomplete penetration, caused by deficient fusion power must be eliminated. In terms of 

fatigue strength, global and local discontinuities are possible to prevent with proper joint 

preparations and tuned welding parameters, which result in joints with smooth and 

continuous welds without initial cracks (e.g. undercuts or cold laps). However, the use of 

thermal post-weld treatment methods, such as TIG dressing, to produce sound joint 

geometries causes the risk of diminished static strength and deformation capacity due to 

multiple thermal cycles directed to the critical areas of the joint, which is important to 

emphasize. Furthermore, local compressive residual stresses created with the HFMI 

treatment method are advantageous regarding fatigue strength if the stress ratio of 

external loading remains low. Finally, after all above-mentioned factors, the full potential 

of the direct quenched UHSS is utilizable in terms of the fatigue crack initiation period 

and thus the total fatigue life of the weld joint. 
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Table 7.1: The eight-step template adapted to different workshop manufacturing operations and 

parameters of welded joints made of direct quenched low-alloy UHSS. 

 Levels  Essential factors Notes for manufacturing operations and parameters 

1st Material strength, 
toughness and ductility 

S
ta

ti
c 

st
re

n
g

th
 

Softening phenomenon in HAZ. Welding heat input, working temperature, joint 

geometry and thus t8/5. 

Number of passes and interpass temperature in 

multi-pass welding. 

2nd Imperfections and 

defects 

Flaws reducing the net cross-sectional 

area. 

Welding circumstances and parameters in 

accordance with joint and groove preparation to 

avoid lack of fusion, cracks and porosity. 

3rd Nominal stress Ultimate strength and deformation 

capacity of the weld joint. 

Special features of different welding processes. 

Appropriate welding parameters to avoid excessive 

softening. 

Matching filler metal in load-carrying welds. 

4th Structural stress 

F
at

ig
u

e 
st

re
n

g
th

 

Eccentricity and misalignments. Welding preparations, such as adjustments, presets 

and tack welding. 

Welding parameters, fixtures and sequence. 

Utilization of symmetric welding. 

5th Notch stress Transverse and longitudinal geometry and 

shape of the weld. 

Mechanized or robotized welding with appropriate 

parameters. 

Special welding techniques, such as flat position, 
forehand technique and weaving in transverse 

loaded welds. 

Continuous welds. 

Continuity in longitudinally loaded welds. 

Start/stop locations of welding. 

6th Initial cracks Soundness of the weld. 

Incomplete penetration and micro-flaws. 

Tuned welding parameters for ensuring smooth 

weld toe and full penetration when needed. 

Double-sided welding when possible. 

Post-weld treatment methods for weld profile 

modification. 

Effects, such as softening and material removal, of 

dressing and grinding. 

7th Residual stresses Relieving tensile residual stresses. 

Producing compressive residual stresses. 

Welding sequence. 

Multi-pass welding. 

Avoidance of oversized welds. 

Utilization of low transformation temperature filler 

metals. 

Post-weld treatment methods for residual stress 

modification. 

Effects, such as softening and microstructural 

alterations, of heat treatment. 

8th Potential of material Material properties after previous levels. Effects of all applied manufacturing operations and 
processes, along with their sequence, on material 

properties. 
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Table 7.2: Static strength, deformation capacity and fatigue strength properties of different weld 

joint and plate structure configurations made of direct quenched low-alloy UHSS. 

 Criterion Configuration    

B
as

e 
m

at
er

ia
l 

a 

 

S960MC 

 

    

 Static strength + + + + +    

 Deformation capacity + + + + +    

 Fatigue strength + + + + +    

B
u
tt

 j
o

in
t 

a 

 

Laser welding 

Quality level C 
(EN ISO 5817) 

GMAW 

Quality level C 
(EN ISO 5817) 

GMAW 

& 
TIG dressing 

GMAW 

& 
Ground flush 

 

 Static strength + + + + + + + + + + 

 Deformation capacity + + + + + + + 

 Fatigue strength + + + + + + + + + + + 

F
il

le
t 

jo
in

t 
a 

 

GMAW 

Quality level C 

(EN ISO 5817) 

GMAW 

Enhanced weld toe 

(e.g. weaving or laser dressing) 

GMAW 

& 

TIG dressing 

   

 Static strength + + + + + b + + + + + b + + + 

 Deformation capacity + + + + + b + + + + + b + 

 Fatigue strength + + + + + + + + + 

P
la

te
 s

tr
u

ct
u

re
 a 

 

Heat straightening 
 

 

Heat straightening 
& 

Small cutout 

Heat straightening 
& 

Large cutout 

   

 Static strength + + + + + + c + + + + c 

 Deformation capacity + + + c + + + c 

a Plate thickness t ≤ 10 mm 

b Base material failure 

c Compared to equal net cross-sectional area 
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8 Conclusions 

During past decades, the use of UHSS materials has increased in the engineering industry, 

which produces advanced steel structures and welded applications with high load-

carrying capacity, structural durability and energy efficiency as well as low failure 

sensitivity, emissions and environmental risks. However, knowledge regarding the 

features of UHSS welding is lacking, and in most cases, the standards, codes, 

recommendations and guidelines contain generalized information and are limited to steel 

grades below UHSS level. In addition, the scientific studies published on UHSS 

materials, welding or weld properties usually concentrate on very specific subjects, and 

their results are often scattered. 

This thesis defined the dependence of different workshop manufacturing operations on 

the properties and behaviour of direct quenched low-alloy UHSS welded joints subjected 

to different loading conditions. The total functional quality of welded products, structures 

and components is based on the performance quality of single weld joints, the load-

carrying and deformation capacities and fatigue durabilities of which this study discussed 

and analysed. To answer the research questions, a relationship between different 

workshop manufacturing operations and the final properties of direct quenched UHSS 

weldments was composed by means of theoretical review, experimental testing and finite 

element analyses. 

The first research question concerned the current standards, codes, recommendations and 

guidelines. The present material standards, design standards and manufacturing standards 

for high-strength steels, welded structures and welding are meant for universal use and 

cover a wide variety of general definitions and procedures. Thus, they do not recognize 

the special characteristics and features of direct quenched low-alloy UHSS. The softening 

in the HAZ region due to welding, dressing or heat treatment, the sensitivity in terms of 

applied joint types and preparations in welding and the formation of residual stresses in 

as-welded or different post-weld treatment conditions were proved to have an essential 

effect on the static strength, deformation capacity, impact strength and fatigue strength of 

the UHSS joints, respectively. In addition, the specific recommendations and guidelines 

are often conservative and have shortcomings related to high-strength steel grades. The 

use of current standards, codes, recommendations and guidelines results in outcomes on 

the safe side, which is reasonable, but on the other hand, the potential of the applied 

material might remain unutilized. 

The second research question comprises the essential factors of the performance quality 

of welded joints in terms of mechanical properties and different failure criteria. In general, 

the combined effect of the alloying, microstructure and properties of the material, 

workshop manufacturing operations and processes determines the internal factors, such 

as microstructure, geometry and residual stresses, which govern the mechanical 

properties and behaviour of the welded joints. In addition, the external factors, such as 

loading conditions and environmental effects, establish the frames for the performance 

quality concept by setting demands for the internal factors of welded joints. Based on the 
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internal and external factors, the performance quality of welded joints from static and 

fatigue loading standpoints can be analysed with the eight-step template, of which 

primary levels concern static strength issues and the subsequent levels focus on fatigue 

strength factors. The template can be used to recognize the quality level of a weld joint. 

Taking into account the microstructural alterations and softening phenomenon of direct 

quenched low-alloy UHSS, the formation of joint geometry and residual stresses in 

welding, and complying with the workshop manufacturing operations presented in this 

template, it is possible to utilize the full potential of the material and thus achieve high 

performance quality weld joints in terms of both static and fatigue strength. 

The third research question focused on the effect of manufacturing parameters and 

workshop operations on the performance quality of welded joints made of direct 

quenched low-alloy UHSS. Due to a low number of alloying elements and special 

manufacturing process, the direct quenched low-alloy UHSS is susceptible to softening 

when subjected to thermal processing or joining, such as welding. Depending on the 

welding parameters and joint configuration used, the softening might substantially 

decrease the load-carrying and deformation capacities of the UHSS weldment. For static 

loaded joints, the material integrity regarding strength, toughness and ductility is essential 

in avoiding premature failures. The amount of softening in direct quenched low-alloy 

UHSS weld joints can be minimized with appropriate design and manufacturing 

operations. In terms of fatigue loaded joints, the geometric and residual stress factors 

govern before microstructural issues. With appropriate manufacturing parameters, a 

sound local weld geometry with a beneficial residual stress state is achievable for direct 

quenched low-alloy UHSS weldments. Thus, the full potential of the material in the 

fatigue crack initiation period can be utilized, which enhances the total fatigue life of the 

joint. In addition to different loading conditions, excellent static strength and deformation 

capacity does not guarantee excellent fatigue strength and vice versa, which is important 

to emphasize. 

This research concretised the essential factors of performance quality and introduced a 

method to recognize the quality level of direct quenched UHSS weld joints regarding 

static strength, deformation capacity and fatigue strength. Appropriate workshop 

manufacturing parameters were found to produce excellent properties for direct quenched 

UHSS weldments in terms of microstructure, geometry and residual stresses. This results 

in better performance quality compared to available standards, codes, recommendations 

and guidelines. In addition to the manufacturing aspect, this thesis also offers valuable 

information for design, where it is important to emphasize and consider the effects of 

different workshop manufacturing operations and processes especially in the field of 

welding, on the properties and behaviour of direct quenched low-alloy UHSS material, 

and thus on the joints, components and structures made of it. Furthermore, this thesis 

presents a multitude of experimental measurement and test results related to the geometry, 

residual stress and hardness of butt and fillet joints made of direct quenched UHSS as 

well as static tensile tests, impact tests at a low temperature and constant amplitude fatigue 

tests with different stress ratios performed on these joints. The experimental measurement 
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and test data can be utilized for developing novel theories for UHSS weldments and 

updating current standards, codes, recommendations and guidelines. 

This thesis contained limitations in terms of the studied material, employed workshop 

manufacturing processes, and applied performance quality concept. The investigations 

concentrated solely on direct quenched low-alloy UHSS material, and the workshop 

operations and techniques were restricted to commonly used fusion welding processes 

and post-weld treatment methods as well as base material heat treatments. Furthermore, 

the performance quality concept was adapted and defined for welded joints, which are a 

part of the total quality chain in welding production. 

A relevant topic for future research would be to study and develop efficient analysis 

methods and tools for different types of UHSS grades and for high performance quality 

weldments made of these materials. In addition, extending the perspective of the 

performance quality of a welded joint to larger entities, such as components, structures 

and products, is a recommended approach for further studies. 
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Abstract The effect of weaved weld toe geometry on the
fatigue strength of S960 steel grade fillet welds has been
studied by means of experimental testing and finite element
analysis. The comparisons have been made between normal
straight weld toe lines and weaved weld toe lines by using the
weld toe radius and structural stress fatigue class (FAT) value
as reference values. The effective notch stress approach was
utilized to conduct finite element (FE) analyses on weaved
weld toe geometry, and the results were compared with the
experimental results. The FE analysis showed quite good
agreement with the experimental test results, although residual
stresses or heat-affected zone (HAZ) softening in welded joint
were not included in the modeling. The experimental tests also
indicated that it is possible to achieve high fatigue properties
for ultra-high-strength steel (UHSS) fillet welded joints with-
out any postweld treatments. By taking account all the essen-
tial factors—joint geometry, welding metallurgy, and residual
stresses—the reached fatigue strength of UHSS weldments
can be much higher than normal fatigue resistance values
presented in standards and recommendations.

Keywords Fatigue strength . Notch effect .Weaving .

High-strength steels . Finite element analysis

1 Introduction

It is widely known that welding can decrease the fatigue
strength of welded joints more or less in a similar way,

independent of the steel grade, if normal workshop quality is
applied during production. However, better fatigue properties
of welded joints can be reached either by using optimal
welding parameters or by using weld postprocesses.
Posttreatments, such as peening or high frequency mechanical
impact (HFMI) methods, can improve the fatigue strength of
welded joints significantly, especially in the case of
high-strength steel [1–3]. However, the effectiveness of
the process depends on the amount of treatment needed
to improve the structure and also on the type of load (R
value, i.e., stress ratio) to which the structure is sub-
jected. In all cases, posttreatment increases manufactur-
ing costs in terms of investigation, extra work, and
longer lead time in production. If the same fatigue
strength can be obtained by proper welding parameters,
these additional costs can be avoided. However, in the
case of ultra-high-strength steel, it is not an easy task to
achieve a high weld quality. The use of high- and ultra-
high-strength steel is expected to increase significantly
in the near future, and there is, therefore, a considerable
need to improve the welding process in order to obtain
benefit from the high strength of the base material. This
presumes profound understanding of the material param-
eters and the welding techniques both theoretically and
practically.

This article reviews a part of Lappeenranta University of
Technology’s (LUT’s) comprehensive studies of ultra-high-
strength steel welding quality related to fatigue strength and
phenomena associated with it. Former studies (Welding Qual-
ity project in 2007 at LUT) with S355 and S650 strength class
structural steels have shown that fatigue strength based on
structural stress is functional and a reasonable criterion for
quantifying the quality of welding and weldments if the fa-
tigue fracture occurs at the weld toe. It was also noticed that
different welding parameters and their sensitiveness have a
major effect on attainable weld quality; however, with a single
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parameter, it was difficult to predict the final quality.
However, the main conclusions were that the smooth
weld toe radius without any undercuts or other initial
cracks will guarantee sufficient weld quality. Therefore,
with a proper understanding of both the strength theory
and welding technology, it is possible to produce as-
welded condition weldments which have a characteristic
fatigue class (FAT) value at the level of 120–160 MPa
(structural stress method) [4–6].

1.1 Fatigue design of fillet weld joints

The fatigue strength and life assessments of welded joints can
be carried out by following methods [7]:

– nominal stress method
– hot spot stress method
– methods based on notch stress or strain
– crack propagation modeling with fracture mechanics

In the first three methods, the fatigue strength is evaluated
on the basis of S-N curves which are formulated for specific
loading cases and structural details. Conventionally, the char-
acteristic fatigue strength of specific structural detail is deter-
mined by the stress range which corresponds to the fatigue life

of 2×106 cycles. For this value, the IIW (International Insti-
tute of Welding) uses the term FAT, and the Eurocode 3 (EN
1993-1-9) standard uses the symbolΔσc. With this FAT value
and a determined or measured stress range (Δσ), it is possible
to calculate the fatigue life (N) of welded structural detail as
follows [8–10]:

N ¼ 2� 106
FAT

Δσ

� �3

ð1Þ

1.2 Effects of material and weld geometry on fatigue strength

The fatigue phenomenon of unwelded or welded steel com-
ponents can be separated into three different periods [7]:

– crack initiation period
– crack growth period
– final fracture

In general, welds have much lower fatigue strength
compared to base materials due to early crack initiation,
stress concentrations, and high tensile residual stresses. It
is assumed and also shown by empirical tests that normal
quality welds have microscopic imperfections which act
as initial cracks. This leads to a situation where the crack
initiation period is only 10–20 % of the total fatigue life
[7], whereas in unwelded components, the initiation peri-
od is a more dominant factor. Because there is no consid-
erable crack initiation period in normal quality weld-
ments, the strength of material has no effect on the fatigue
life or FAT. In the case of unwelded components, the
fatigue strength will normally increase with the tensile
strength of the material. The reason for this is that the
crack initiation process is dependent on material strength,
while the crack growth rate does not vary noticeably or
consistently with the material strength [6, 7, 11–13].

1.3 Effects of welding weaving on fatigue strength

Several research projects have been made where the relation-
ship between weld quality and fatigue strength are studied.
However, most of the cases are focusing on the weld toe or

Fig. 1 Effect of weaving on the crack propagation through the thickness
(toe period represent the wavelength of the weld toe weaving pattern).
The modeling was carried out by three-dimensional elastic computational
model, and a linear elastic fracture mechanics (LEFM) was applied to
determine fatigue crack propagation [27]

Fig. 2 Weaving decreases the
fatigue strength in longitudinally
loaded welded joint but increases
the fatigue strength in other joint
types [5]
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root geometry with straight weld toe line so that the studied
factors are, e.g., weld toe radius, flank angle, throat thickness,
and penetration depth [14–23]. Only a few studies are con-
centrating on the effects of weaving on the quality and fatigue
strength of welded structures.

From the theoretical point of view, the weaving can
be an advantage in transverse loaded fillet welds be-
cause the weaving form in the weld toe causes discon-
tinuities in the crack initiation and propagation process-
es. In other words, the crack does not grow in a straight
line but will curve along the weld toe line in which
case the crack propagation through the thickness will
decelerate. In Fig. 1, it is shown how this decelerating
will diminish as the crack grows away from the area of
the notch effect influence. However, the deceleration
which occurred at the beginning of crack growth will
increase the total fatigue strength of the welded joint
and thus improve the joint quality [5, 24–28].

The essential point about the weaving and its use is
to identify the loadings of the welded joints. For exam-
ple, weaving is not suitable for longitudinally loaded
fillet welds (e.g., in bending loaded I-beams) because
in these cases, the waving shape in the weld toe pro-
duces high stress concentration points, and the geomet-
rical points of discontinuity are optimal locations for

initial cracks. Figure 2 illustrates the effect of weaving
on different loading cases [5, 26].

2 Materials and methods

The base material of the fatigue test specimens was Ruukki
Optim 960 QC (quenched and cold formable) ultra-high-
strength steel with a minimum yield strength of 960 MPa.
The used filler metals were mostly the same strength grade as
the base material (matching) or slightly under the 960 MPa
(undermatching), but well undermatching filler metal was also
used. Both solid and metal cored wires were employed in this
research. The chemical compositions and mechanical proper-
ties of the base material and filler metals used are presented in
Tables 1 and 2.

In this research, the fatigue strength of the studied welded
joints was determined by experimental testing, and the finite
element analysis was used to analyze different weaving ge-
ometries by means of effective notch stress approach. Com-
monly recommended statistical calculations were utilized to
process the experimental test results [9, 29], and analytical
comparison was made between the empirical test results and
calculated values from FEA.

Table 1 Chemical compositions of base material and filler metals (%)

C Si Mn P S Al N V Cu Cr Ni Mo Sn

Base material

Optim 960 QC 0.089 0.20 1.04 0.120 0.005 0.034 0.006 – 0.022 1.09 0.06 0.144 0.003

Filler metal

OK AristoRod 12.50 Solid wire 0.100 0.90 1.50 – – – – – – – – – –

OK AristoRod 89 Solid wire 0.080 0.80 1.80 0.010 0.003 – – – 0.120 0.40 2.20 0.500 –

Union X96 Solid wire 0.100 0.81 1.94 0.015 0.011 – – 0.002 0.060 0.52 2.28 0.530 –

Coreweld 89 Metal-cored wire 0.100 0.53 1.25 0.010 0.010 – – – – 0.58 2.40 0.710 –

Stein-Megafil 1100 Metal-cored wire 0.070 0.55 1.75 0.016 0.013 – – – – 0.56 2.65 0.600 –

Table 2 Mechanical properties of base material and filler metals

Yield strength Tensile strength Elongation Impact strength

Rp0,2 [MPa] Rm [MPa] A [%] T [°C] KV [J]

Base material

Optim 960 QC 1002 1126 11 −40 65

Filler metal

OK AristoRod 12.50 Solid wire 470 560 26 −40 60

OK AristoRod 89 Solid wire 920 1000 18 −40 60

Union X96 Solid wire 930 980 14 −50 47

Coreweld 89 Metal-cored wire 931 993 19 −40 82

Stein-Megafil 1100 Metal-cored wire 939 981 15 −40 57
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3 Experimental tests

The experimental tests, including all the operations from
manufacturing and measuring the test specimens to executing
the fatigue test and analyzing the results were carried out at
LUT.

3.1 Test specimens

The test specimen shown in Fig. 3 is a non-load-carrying
cruciform joint with four fillet welds. Both the main plate
and the attachment plates have a thickness of 8 mm, and the
shapes were made using laser cutting.

The test specimens were mainly welded with a robotized
gas metal arc welding (GMAW) process but some of the
unweaved fillet welds were also made with mechanization
equipment. One of the constant parameters in the robotized
and mechanized welding test specimens were the welding
arrangements, which are shown in Fig. 4. In addition, the
temperature between weld runs was kept below 50 °C, and
the nominal throat thickness was 5 mm in each weld.

The variable welding parameters which were used in this
study were heat input (current, voltage, and welding speed),
welding position (PA, fillet welds in flat position and PB,
horizontal welding of fillet welds), weaving factors (frequency
and amplitude), and the alignment of the welding blowpipe.

The weaving in welding can be carried out by several
different methods depending on the movement of the welding
blowpipe and thus the track of filler wire and arc. The weave
motion and pattern can be, e.g., circle, crescent, square, zig-
zag, trapezoid, figure 8, J, T or V shape. In fillet welds, the
zigzag pattern is a commonly used weaving technique (Fig. 5)
and it was applied to the test specimens used in this research.

The objective for the variation of the different welding
parameters was to attain a high-quality fillet weld with high
fatigue strength. In other words, the goal was to produce an
optimal weaving pattern for the fillet weld toe (e.g., wave-
length and shape) and also a smooth connection between the
weld and the base material (large weld toe radius).

3.2 Measurements

Several different measurements were taken on the welded
specimens before fatigue testing. The weld toe geometry and
misalignments were defined by a laser measurement device.
The X-ray method was used to determine the residual stresses
in critical areas. Measurements were focused on the weld toe
and on the surface of the base material near the weld toe.

In addition, the hardnesses were measured from the cross-
sectional areas of the cruciform joints. The aim was to observe
the softening effects of the base material in the heat-affected
zone (HAZ) area near the weld toe caused by different
welding parameters and heat input. From the etched cross-
sectional area, an examination of the weld toe geometry and
the connection between the weld and the base material was
also done.

3.3 Fatigue tests

Fatigue tests of fillet welded specimens were carried out under
constant amplitude cyclic loading where the stress ratio was
kept constant (R=0.1) but the used stress range (Δσ) was

Fig. 3 Shape and dimensions of fatigue test specimen (starting and
ending points of welding were afterwards removed with machining)

Fig. 4 aRobotized and bmechanized welding arrangement (welds 1, 2, 3, and 4) and directions of weld runs (first two runs were welded in the opposite
direction compared to the last two runs)
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varied between the different test specimens. Strain gauges
were used to measure the structural stresses and to define the
stress concentration factors.

4 Experimental results

The standard procedure for determining the structural hot spot
stress is shown in Fig. 6. Normally, two or three reference
points are used to extrapolate the stress value to the weld toe,
and practically, the reference point closest to the weld toe must
not be below 0.4×t from the weld toe (t is the plate thickness)
[9]. However, in this study, only one strain gauge per test
specimen (positioned at 0.4×t from the weld toe) was used in
order to define the structural stress. This simplification was
made because the structure was a non-load-carrying cruciform
joint where the structural stress concentration is relatively low.
There was no axial misalignment, and the angular misalign-
ment proved to be very slight due to welding arrangements so
the difference between linear extrapolation stress value (two
reference points) and direct stress value from strain gauge
positioned at 0.4×t from the weld toe is more or less below
5 % in most cases of this study. Another reason for the
simplification was that in this study, one of the major purposes
was merely to compare the effect of different weld toe geo-
metric parameters on the fatigue strength of the welded joint.

In each test specimen the strain gauge was set to the weld
toe, which was assumed to be the most critical. However, the

crack did not always initiate at the expected place; therefore, it
was necessary to correct the measured stress values to corre-
spond to the structural stresses in the critical weld toe. This
modification was made by assuming that the structural stress-
es at the weld toes, although located at opposite sides of the
attachment plate, are the same [30]. The generalized distribu-
tions of different stress components in the test specimen are
shown in Fig. 7.

According to Fig. 7, the structural stress range was
possible to determinate by two different methods de-
pending on the location of the strain gauge and crack
propagation:

Δσ að Þ ¼ ΔF

b� t
þ ε� E−

ΔF

b� t

� �
¼ ε� E ð2Þ

Δσ cð Þ ¼ ΔF

b� t
− ε� E−

ΔF

b� t

� �
¼ 2� ΔF

b� t
−ε� E ð3Þ

where Δσ(a) or Δσ(c) is the structural stress range, ΔF is the
applied force range, b is the width of the base material, t is the
thickness of the base material, ε is the strain value measured
by strain gauge, and E is Young’s modulus of the base
material.

The fatigue test results were based on geometric parameters
such as whether there was weaved or unweaved (straight)
weld toe geometry and whether the weld toe radius was more
than 1 mm or less than 1 mm. The defined S-N curves
according to these boundary parameters are shown in Fig. 8,
and the summary of calculated FAT values from all these
different weld toe geometries is presented in Table 3. The
calculations of the design curves (red and green lines) in
Fig. 8 and the characteristic FAT values (FAT 95%) in Table 3
were based on the statistical evaluation of fatigue test data
presented by Hobbacher [9]. In general cases, the factor k1 is
used, and if the variance is fixed from other tests or standard
values, no confidence interval has to be considered and so the
factor k2 can be used.

In addition to the results of this research, there are also
shown comparison values from former studies made by

Fig. 5 Zigzag weaving technique in fillet weld

Fig. 6 Generalized definition of structural hot spot stress [9] Fig. 7 Generalized stress distributions of a fatigue test specimen [30]
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Chapetti and Otegui [25–27] in Fig. 8 but those points (black
plus signs in all charts) were ignored in calculations of differ-
ent S-N curves. As it can be seen, the comparison values in
Fig. 8a, b are same and also in Fig. 8c, d because Chapetti and
Otegui did not use the weld toe radius as a reference in their
studies. Thus, the results of those researches are simply cate-
gorized in Fig. 8 such as whether there was unweaved
(straight) or weaved weld toe geometry.

The S-N curve in Fig. 8a (Table 3: unweaved, r<1 mm)
represents the normal quality of a non-load-carrying fillet

welded joint. Correspondingly, the S-N curve in Fig. 8d
(Table 3: weaved, r>1mm) shows howmuch higher the fatigue
strength can be if the weld toe geometry is smoother and more
optimal. It can also be noticed that the slope of the S-N curvewill
become less steep when a higher quality is achieved. There are
only five data points in cases 8b and 8d so the characteristic FAT
values (design curves) are not fully reliable but the mean curves
shows very well the trend of these cases.

Figure 9 shows how the weld toe radius and FAT value are
related to each other whether a weaving technique has been

Fig. 8 The S-N curves of a unweaved fillet welds which have a weld toe
radius of less than 1 mm, b unweaved fillet welds which have a weld toe
radius of more than 1 mm, c weaved fillet welds which have a weld toe
radius of less than 1 mm, and dweaved fillet welds which have a weld toe

radius of more than 1 mm (NB: the black plus signs in all charts are
comparison values from studies made by Chapetti and Otegui [25–27]
and they are not included in calculations of S-N curves)
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used or not. In both cases, the trend is distinctly as-
cending, i.e., the larger the weld toe radius produced the
higher the possible FAT value. It can also be noticed
that in weaved welds, the trend is to rise more steeply;
therefore, with same weld toe radius, the weaved weld
will bring about better fatigue strength compared to a
straight weld.

The FAT values in Fig. 9 were calculated as follows:

FAT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N f

2� 106
m

r
�Δσ ð4Þ

where FAT is the mean fatigue resistance (FAT 50%),m is the
exponent of the S-N curve (m=3 orm=5, Fig. 8),Nf is the total
fatigue life of the test specimen, andΔσ is the structural stress
range.

5 FE modeling and analysis of weaved weld toe geometry

The results of finite element analysis are based on the research
done by Sattarpanah [31]. By using the effective notch stress
approach, the relation between characteristic fatigue resistance
and geometric parameters of weaved fillet welds was defined
as follows:

FATchar ¼ 190:3−26:85� d

t

� �� �
� reff

t

� �0:3
ð5Þ

where FATchar is the characteristic fatigue resistance based on
the nominal stress, d is the depth of the weaving pattern
(Fig. 2), t is the thickness of the base material and reff is the
effective weld toe radius given by reff=r+1 mm with a real
weld toe radius r.

In this study, the used plate thickness of the base material
(t) was 8 mm and in all weaved test specimens, the depth of
the weaving pattern (d) was approximately 0.9 mm. Hence,
Eq. 5 can be reduced to a simple form where the weld toe
radius proved to be the only factor which has an effect on the
calculated characteristic fatigue resistance (FATchar) value:

FATchar ¼ 187:3� reff
8

� �0:3
ð6Þ

FATchar values (Eq. 6) of different weaved weld toe geom-
etries were defined, and since the experimental test results
have the survival probability of Ps=50 %, the ratio FAT 309/
FAT 225 was applied when calculating the FATmean values of
all experimental test specimens. The results are shown in
Fig. 10 where both the experimental and calculated FATmean

values are plotted as a function of reff/t. The comparison
between experimental and calculated FATmean values is shown
in Fig. 11.

Table 3 Summary of defined FAT values from different weld toe geometries showed above in Fig. 8

FAT value Unweaved (r<1 mm) Unweaved (r>1 mm) Weaved (r<1 mm) Weaved (r>1 mm)

FAT 50 % (m=3) 120 170 152 210

FAT 95 % (m=3) (k1) 76 75 90 87

FAT 95 % (m=3) (k2) 85 101 100 121

FAT 50 % (m=5) – – 175 262

FAT 95 % (m=5) (k1) – – 117 153

FAT 95 % (m=5) (k2) – – 127 187

In weaved weld toe geometries, both the m=3 and m=5 factors were used when calculating the fatigue resistance

Fig. 9 The connection between FAT value and weld toe radius in fillet
welds with and without weld toe weaving geometry

Weld World (2014) 58:377–387 383



6 Discussion

In order to have high quality, i.e., high fatigue strength, in
ultra-high-strength steel (UHSS) (yield strength ≥900 MPa)
fillet welds, both the use of weaving and sufficient weld toe
radius is required. A smooth connection between the weld and
base material without any undesirable undercuts reduces the
stress concentration factor and eliminates possible initial
cracks. Consequently, the total fatigue life of UHSS welds

does not only comprise the crack growth period but also the
crack initiation period which becomes the dominant factor.
Based on the strain gauge measurements, the crack initiation
time was up to 80–90 % of the total fatigue life in very-high-
quality UHSS fillet welds. This situation is totally different if
compared it to the former studies made byMatsumoto et al. or
Chapetti and Otegui [24–28]. Those studies showed how the
weaving pattern affects the crack growth period and thus
increase fatigue life. The crack initiation period was more or
less negligible, and the crack also propagates along the
weaved weld toe line (Figs. 1 and 2). In this study, it
was observed that when using weaving technique, the
fatigue crack initiation normally occurs at the tip of the
weaving wave and the crack propagation is then directed
perpendicular to the affected load, i.e., to the base mate-
rial where the notch effect is less intense. In a basic fillet
weld with a straight weld toe line, the crack initiates in the
weld toe direction, influenced by the notch effect; the
high stress intensity affects the surface of the plate during
the whole crack initiation period (Fig. 12). As a result, in
unweaved welds, the crack initiates and develops more in
the transverse direction than in the thickness direction.
Consequently, the crack propagation in weaved welds is
not so rapid in the transverse direction. These phenomena
are shown in Fig. 13.

In addition to above-mentioned geometrical parameters,
one factor—the residual stresses—also have an effect on the
attainable quality. However, the geometrical parameters
(weaving and weld toe radius) are easier to control in practice
than the residual stresses.

The numerical calculations and analyses with FEM showed
quite good agreement with the experimental test results,

Fig. 10 Experimental test results
and calculated values of fillet
welds with weld toe weaving
geometry

Fig. 11 Comparison between experimental test results and calculated
values of fillet welds with weld toe weaving geometry
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although the modified effective notch stress approach does not
take the long crack initiation period into account in high-
quality welds. In addition, residual stresses or base material
softening effects in HAZ were not included in the modeling.

Generally, the influence of welded joint geometry is the dom-
inant factor in fatigue strength, but especially in ultra-high-
strength steels, the microstructural alterations and softening
caused by welding in crack initiation areas should also be

Fig. 12 Illustrative pictures of
crack propagation and shape in a
unweaved and b weaved fillet
welds. The ratio of crack depth to
the half crack surface length (a/c
ratio) is much smaller in an
unweaved weld, i.e., c≫a

Fig. 13 Fracture surfaces of a
unweaved and b weaved fillet
weld

Fig. 14 aNormal (hot rolled), b sand-blasted (aluminum oxide, Al2O3), and c acid-treated (citric acid, C6H8O7) UHSS plate surfaces and laser measured
weld profiles after welding (NB: all the treatments were done before welding)
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taken into account, in order to obtain the optimal benefit from
material used.

The experimental tests also showed that the preparation
of the welded plates has a significant effect on the final
quality attained. In weaved welds, especially, the weld toe
geometry is notably different depending on whether the
plate surface is properly prepared or not. Figure 14 shows
the difference between normal, sand-blasted, and acid-
treated UHSS plate surfaces after welding. On a normal
surface, there is much more slag, which can be noticed
visually. More precise inspection may show a poor quality
connection in a weld toe, and in the worst case, there may
even be an undercut (Fig. 14a), which can act as an initial
crack. With sand-blasted or acid-treated plate surfaces,
these types of problems were not noticed and the final
weld toe geometry was much smoother (larger weld toe
radius). In addition, there were no sharp connections
between the weld and the base material.

7 Conclusions

The research has shown that with proper welding param-
eters, it is possible to achieve high-quality welded joints
for ultra-high-strength steel. By using a weaving tech-
nique and obtaining a smooth weld toe geometry (weld
toe radius >2 mm) in transverse loaded fillet welds, the
structural stress FATmean value reached can be over
200 MPa (up to over 250 MPa), whereas normal quality
fillet welds with straight weld toes have the structural
stress FATmean value below 120 MPa. Evidence has also
emerged which indicates that in high-quality UHSS weld
joints, the crack initiation period is the dominating fac-
tor, when compared to the crack growth period or the
final fracture. This means that the use of S-N curves and
design rules presented in standards are not applicable in
high-quality weldments made of ultra-high-strength steel
because the current design guidelines will cause too
conservative results.

In the future, more research and tests have to be made to
generate a proper model which considers both the crack
initiation period and the crack growth period in UHSS-
welded structures. This requires a comprehensive knowledge
of the base material parameters and the behavior of the solid-
ification process as well as the effects of the welding consum-
ables used.
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Abstract 

Ultra-high-strength steels are being used more and more 

frequently in the engineering industry. Normally the 

welding of these steels is more demanding. The welding 
requires a controlled heating and cooling rate. In this 

study, the S-N curves were determined for the laser, the 

laser-GMA hybrid and the gas-metal-arc welded joints 
according to the recommendations of the International 
Institute of Welding (IIW) by using a constant 

amplitude loading and a stress ratio of R = 0.1. The 

frequency of loading varied between 4 and 10 Hz. The 
tested material was direct quenched steel with a yield 

strength of 960 MPa and a thickness of 6 mm. The total 

amount of tested specimens was 51. The fatigue test 

results proved to be close to the IIW recommendations 
and the differences between various welding processes 

were minor. Instead of welding process or filler 

material, the main factor influencing the fatigue 
behaviour was the geometry of the weld. Consequently, 

the proper welding parameters should be applied in 

every welding process in order to achieve a smooth joint 

geometry and thus, a high fatigue resistance. 

Introduction 

The weldability of ultra-high-strength steels (UHSS) is 

a widely research area and the information related to the 
mechanical properties of welded joints has also been 

presented /1, 2, 3, 4, 5, 6, 8/. However, quite often the 

results have focused on the static examinations of the 
welded joints and the amount of the information for the 

dynamic properties is much more limited. There are 

several reasons for this, such as the fact that fatigue 

testing is more time consuming to do and the weld 
geometry as a dominant factor results in the fact that the 
welding method used for the joining of the specimens 

has only a limited effect on fatigue properties. It is 

assumed that the welding in those cases is done by fully 
mechanized welding, which eliminates the risk of weld 

defects that are more common in manual welding. It is 

estimated that up to 90% of all failures in welded 
structures are believed to be related to fatigue. The 

importance of fatigue is even greater when using high 

strength steel, because the fatigue strength of a welded 
joint is the same, regardless of the steel grade /7/. 

 
The long list of benefits when ultra-high-strength steels 

are utilized has been presented many times in previous 
studies /1, 2, 3, 4, 5/.  Typical applications in the field 

of heavy engineering where the use of UHSS brings 

clear benefits are in the structures of load handling and 
transportation vehicles, and lifting equipment, such as a 

telescopic boom or crane /11/. The target is to decrease 

the weight of structures to save fuel or to make the 

lifting or transportation of higher payloads possible /6/. 
From the perspective of fatigue, the steel itself does not 

have a key role. The design, dimensioning, production, 
and quality are the factors that matter. 

 
The processing of UHSS is more demanding to handle 

because of the more precise instructions and, for 

example, a relatively small processing window is set for 
the welding. In the former studies, the use of laser 

technology has been proved to produce high quality 

welds for fulfilling these requirements /2/. SSAB has 

focused on the manufacturing of special steels and one 
group is direct quenched steels (QC-steels) which are 

made by a combination of modern hot strip rolling and 

direct quenching process. This process differs from the 
manufacturing process of quenched and tempered steels 

(QL-steels). QL-steels are made in the conventional 

way: hot rolling, reheating, quenching and finally 

tempering (Figure 1). 



 
Figure 1. Schematic presentation of UHSS steel 

manufacturing routes. Temperature diagrams showing 

the differences between the conventional 

manufacturing route (upper) and direct quenching 
(lower) /1/. 

The tested steel, S960 MC (former Ruukki brand name: 

Optim 960 QC, new SSAB brand name Strenx 960 MC) 
is standardized as a thermo-mechanically rolled steel 

according to standard EN 10149-1: 2013 /9/. QC-steels 

are not tempered and they have a lower level of alloying 
when compared to the conventional quenched and 

tempered steels with the same yield strengths. The effect 

of this phenomenon has an impact on the mechanical 

properties of the direct quenched S960 MC steel, e.g. it 
has a wider and deeper softened zone in the weld joint 

area than that of the quenched and tempered S960 QL 

steel due to the softening of the inter-critical/sub-critical 

heat-affected zones (ICHAZ/SCHAZ), and the 
tempered zone in the peak temperature range of 450–

850 ºC. 

 
The maximum hardness value on the coarse-grained 

HAZ of the direct quenched S960 MC steel remains at 

a lower level than on the quenched and tempered QL 

steel. If the matching strength for joint is targeted, the 
use of laser and laser-hybrid welding can be 

recommended. Laser welding and laser-GMA hybrid 

welding as fully automated welding processes ensure 
the homogenous welding quality that normally have a 

positive effect on the fatigue properties of the welded 

joint. In this study, the thickness of test material was 6 

mm, representing the typical thickness of strip steel used 
in the engineering industry and in welded structures, 

such as mobile lifting booms. The objective of the study 

was to investigate the behavior of the weld joint when 

dynamically loaded by varying the welding method and 
the filler material used for the welding. 

Experimental set-up 

Test plate and filler materials 

The test materials comprised the steel S960 MC with a 

thickness of 6 mm. Joint preparations information like 

the groove shape, the groove angle and the depth of root 
face are presented in Table 1. In all cases, the groove 

preparation was done by machining. The size of the 

welded test sample was 600 x 1000 mm. Filler material 

used for laser-GMA hybrid welding and GMA welding 
were a matching Union X96 (EN ISO 16834-A-G 
Mn4Ni2.5CrMo) and an under-matching Esab OK 

Autrod 12.51 (EN ISO 14341-A-G3Si1). The diameter 
of the filler wires was a constant being 1.0 mm. The 

chemical composition and the mechanical properties 

both for the S960 MC and the filler materials are 

presented in Tables 2 and 3. 

Table 1. Groove preparations of test plates. 

Weld method Groove geometry 

GMAW Single V40° 

2 mm root face 

LHW Single V10° 

2 mm root face 

Laser Square prep, 0° 

 

Table 2. Chemical composition (wt. %) of the base 
material (max. specified) and filler wires (typical). 

 S960 MC Union X96 OK 12.51 

t [mm] 6 Ø 1 Ø 1 

C 0.11 0.1 0.1 

Si 0.25 0.81 0.85 

Mn 1.2 1.94 1.5 

P+S 0.03 0.026  

Ti 0.07 0.058  

B    

Cr  0.52  

Cu  0.06  

Mo  0.53  

Ni  2.28  

V  0.002  

CEVmax 0.52 0.79  0.33 

 

Table 3. Mechanical properties of the base metals and 

filler wires. 

Base material/ 

filler material 

t 

[mm] 

Rp0.2 

[MPa] 

Rm 

[MPa] 

A 

[%] 

Toughness 

[J, -50°C] 

S960 MC 6 1035 1139 11 55 

Union X96 Ø 1 930 980 14 47 

OK 12.51 Ø 1 470 560 26 70 (-30°C) 

 

 



Welding of test pieces 

The laser and laser-GMA hybrid welding experiments 

were carried out by using a 12 kW disc laser of Trumpf 

and the laser was equipped with a 400 µm feeding fibre 

and the welding optics had a 200 mm collimator and a 
300 mm of focal length was used. The diameter of the 
focused laser beam on the surface was 0.6 mm. The arc 

power source used for laser hybrid and gas-metal-arc 
welding was a Fronius Time 5000 Digital and welding 

was realized by using a pulling arc torch with a 

following laser beam, in other words the arc was leading 

(Figure 2). The welding was performed by one pass for 
welding processes and the welding position was a flat 

position (PA/1G) in all cases. 

 

The main welding parameters are presented in Tables 4, 
5 and 6. The cooling rate t8/5 was calculated for the 

welding processes by using Equations 1 and 2. The 
value of thermal efficiency for gas-metal arc welding is 
0.8 and for laser and laser GMA-hybrid welding 0.75. 

 

Equation 1 is for the 2-dimensional heat conduction and 

equation 2 is for the 3-dimensional heat conduction. 
 

/ = (4300 4,3 ) × 10 × ( × )) ×
( )

[
( )

] ×          Eq. 1 

/ = (6700 5 ) × × × [ ] ×           Eq. 2 

where, 

T0=25ºC, =thermal efficiency, E=laser energy (kJ/mm), 
d=plate thickness (mm) and F2/3=joint factor. 
 

If the matching strength is targeted to have in a butt 

joint, the used welding energy should not exceed the 
value of 0.4 kJ/mm. In the case of under-matching butt 

joint, the used welding energy can be even higher but 

less than 0.8 kJ/mm. This leads to the limitations at 
cooling rates. If the matching strength is targeted, a 
cooling time t8/5 should be  4 seconds and in the case 

of under-matching joint, the time can be longer at max. 

15 seconds. The welding energies were following 
mainly the recommendations except in the case of GMA 

welding where the limits given were exceeded. In 

despite of these overruns in the values, the yield strength 

of the base material was achieved in the welded joints 
when the matching Union X96 filler material was used. 

 

The shielding gas used in the laser-GMA hybrid 
welding and the GMA welding experiments was a gas 
mixture with a content of 92% argon and 8% CO2 with 

a trade name Mison 8 by Linde AGA and the gas flow 

rate used was 25 l/min. The movement of the welding 
test was performed with a Kuka KR 30 HA-C industrial 

robot. A clamping device was used to fasten the test 

pieces and those were tack welded by a continuous laser 
welding before the actual welding with the varying 

welding processes. The laser power used for the tack 

welding was 1.5 kW and the approximately length of the 

tacks were 20 mm. 

 
Figure 2. The GMA welding torch and laser optics. 

The arrow shows the welding direction. 

Table 4. The main welding parameters of GMA 

welding. 

Parameter Value 

Filler material OK 12.51 Union X96 

Current [A] 255 256 

Voltage [V] 27 26 

Welding speed [m/min] 0.8 0.8 

Wire feed rate [m/min] 14 14 

Torch angle [°] 5 5 

Welding energy [kJ/mm] 0.52 0.51 

Cooling time t8/5 [s] 4.9 4.7 

 
Table 5. The main welding parameters of laser-GMA 

hybrid welding. 

Parameter Value 

Filler material OK 12.51 Union X96 

Laser power [kW] 6.5 6.5 

Current [A] 140 139 

Voltage [V] 20 21 

Welding speed [m/min] 1.8 1.8 

Wire feed rate [m/min] 7.5 7.5 

Focus pos. [mm] 0 0 

Torch angle [°] 20 20 

Process distance [mm] 2.5 2.5 

Welding energy [kJ/mm] 0.31 0.31 

Cooling time t8/5 [s] 1.5 1.5 

 

Table 6. The main welding parameters of laser 
welding. 

Parameter Value 

Laser power [kW] 4.5 

Focus pos. [mm] 0 = surface 

Welding speed [m/min] 1.2 

Welding energy [kJ/mm] 0.23 

Cooling time t8/5 [s] 0.8 



Testing of welded joints 

The mechanical properties of the welded joints from 
statistic point of view were widely introduced in 2012 

at ICALEO conference by Siltanen et al. where the 

values for the transversal tensile strengths, the 

transversal bend tests and the hardness profiles were 
presented /5/. In addition, the cross-sections of the joints 

as well as the microstructures of the welds were 

depicted and discussed. The welded specimens used for 
the fatigue examinations are identical with the ones that 

were used for the preparation of ICALEO paper in 2012, 

several equal specimens were welded at that time. The 

manufacturing procedures and welding quality was 
wanted to represent the normal industry quality having 
for example some variations in the joint geometry and 

local weld quality. Thus, the cross-sections presented in 
this paper are from the welded specimens reserved for 

the fatigue examinations because the actual local weld 

geometry  was  needed  to  know  in  order  to  see  its  

influence on the fatigue strength of the welded joint. 

Static testing 

The results of the static destructive testing are presented 

in this paper as in a shortened version because the main 
focus is in the fatigue properties of welded joints. The 

results presented in this chapter are collected from the 

previous conference paper of Siltanen et al. /5/. Before 
the destructive testing, the welded specimens reserved 

for the static testing were inspected by radiographic 

inspection. The weld defects found from those 
specimens are presented in Table 7. 

Table 7. The result of radiographic examination. 

Process 
Filler 

material 

Imperfection 

type 

GMAW OK 12.51 porosity, lack of fusion/penetration 

GMAW Union X96 porosity 

LHW OK 12.51 porosity, undercut, excess penetration,  

incompletely filled groove 

LHW Union X96 porosity lack of penetration, 

incompletely filled groove 

Laser  undercut 

 

 Cross-sections of the welded joints 

The cross-sections photos presented are taken from the 

test specimens reserved for the fatigue testing (Figures 
3-7). There are two samples and photos (a/b) taken from 

each welded joint to show the possible difference in the 

weld geometry of the joint. 

 
Figure 3. GMA welded joint, filler material: OK 12.51. 

 
Figure 4. GMA welded joint, filler material: Union 

X96. 

 
Figure 5. Laser-GMA hybrid welded joint, filler 

material: OK 12.51. 

 
Figure 6. Laser-GMA hybrid welded joint, filler 

material: Union X96. 

 
Figure 7. Laser welded joint. 

 

Transversal tensile strength 

The results of tensile strength are presented in Figure 8. 
The weld reinforcement was removed from tests 
specimens before testing. It was presented by Siltanen 

et al. in previous ICALEO conference paper that main 

breaking point of the samples was located on ICHAZ 

(Inter-Critical Heat-Affected Zone) /5/. In that paper the 
welding was performed by using several welding 

a

a

a

a

a

b

b

b

b

b



positions. In addition, the results showed that with the 

use of under-matching filler material, such as OK 12.51, 
the place of fracture is on the weld which is logical 

because that is the weakest part of the joint. The yield 

strength (1035 MPa) of the base material was not 

reached in any of the transversal tensile strength tests.  
In laser welding, almost matching yield strength with 

the base material was achieved. The values of 

elongation in every welding test combination remained 

in low level being a far away from the elongation value 
of the base material (11%). 

 
Figure 8. Transversal tensile strength test result. 

 

Bend test 

The results of bend test are shown in Table 8. The only 

sample that passed both the face and root side testing 

was a laser welded joint. This problem to pass the 
standardised bend test with the direct quenched steels 

joined by a laser or laser hybrid welding methods is 

discussed earlier /6/. The narrow softened region in 
HAZ has no capacity to take care of all forming during 

bending which leads to the cracking on that area. 

Table 8. Bend test results (f = face side, r = root side). 

Process Filler material Bend side Result 

GMAW OK 12.51 f 

f 

r 

r 

passed 

passed 

fracture 29 mm 

fracture 2 mm 

GMAW Union X96 f 

f 

r 

r 

fractured 

fractured 

passed 

fracture 5 mm 

LHW OK 12.51 f 

f 

r 

r 

fracture 11 mm 

fractured 

passed 

passed 

LHW Union X96 f 

f 

r 

r 

fracture 6 mm 

passed 

passed 

passed 

Laser  f 

f 

r 

r 

passed 

passed 

passed 

passed 

Hardness 

The hardness (HV5) values of welded samples were 

measured (Figures 9-11). The first measuring line (Line 

1) was located 1 mm below the surface of the plate and 
the second line was 1 mm above the bottom surface of 

the plate. Hardness values are presented in a graphic 

form in Figures 9-11. The softened region located at the 

fusion line and heat-affected zone is visible in all the 
welds. However, in the laser-GMA hybrid and the laser-

welded joints, the softened zone is very narrow. This 

also affects the formability and the elongation which are 
evident when performing the bend test and the 

transversal tensile strength test. The figure showing the 

hardness of laser weld has different amount of 

measuring points compared to GMA or laser-GMA 
hybrid welds hardness curves and thus, showing the 
laser weld wider in the hardness curve than it actually 

was. 

 
Figure 9. The hardness profiles of GMA welds, filler 

materials: OK 12.51 and Union X96. 

 
Figure 10. The hardness profiles of laser-GMA hybrid 

welds, filler materials: OK 12.51 and Union X96. 
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Figure 11. The hardness profiles of laser weld. 

The use of under-matching filler material (OK 12.51) 
created both in the GMA and laser GMA-hybrid 

welding a softened area also on the weld region (Figures 
9 and 10). In the GMA welding and when matching 

filler material was used, a harder point compared to base 

material was formed on the weld area (Figure 9). In the 

case of laser welding there is a softened point in the 
weld area as well. The cross sections of the laser welds 

are showing some difference in the microstructure on 

the top and bottom side of the weld. The top side seems 

to have a fine- grained microstructure if compared to 
bottom part where the microstructure has some coarse-

graining which leads to a higher value of hardness in 
lower part of the welds. It is also possible that the 
measuring line 1 was placed on the line where has 

happened the phase formation that leads to a local 

softening. 

Impact test (Charpy V) 

Impact toughness is a measure of how much energy a 
material can absorb during fracture and a material 

impact testing is used to find this value of energy. In this 

study, the Charpy V-Notch (CVN) testing method was 

used. The place of notch on the impact toughness 
specimen varied depending of the welding method. For 

GMA and laser-GMA hybrid welding, the notch was 

placed at the weld (W), the fusion line (FL), the fusion 
line + 1mm (FL + 1mm) and the fusion line + 2mm (FL 

+ 2mm), and for the laser welding the notch was placed 

at the weld and the fusion line. The dimensions of the 

impact test piece were 5x10x55 mm. The guaranteed 
base material (BM) value for the steel S960 MC is 34 

J/cm2 at a temperature -40 °C. The results of impact 

strengths are presented in Figure 12. 

 
Figure 12. The Charpy-V impact energies [J/cm2] of 

the welded joints (T= -40 °C). 

The toughness of the fusion line remains low with 

matching filler material Union X96 both in GMA and 
laser-GMA  hybrid  welded  joints.  With  the  under-

matching filler material OK 12.51 values were higher 

than the toughness of the base material. The toughness 

of the laser weld on the fusion line remained slightly 
below the toughness of the base material. However, all 

values of toughness on the welded joints were above the 

guaranteed toughness of the base material which is 

usually set as a minimum limit for the acceptance of 
impact toughness test. 

Fatigue testing  

The fatigue tests were carried out in the Laboratory of 

Steel Structures at Lappeenranta University of 

Technology. A servo-hydraulic test rig (Figure 13) was 

used and during each experiment, the load and 
displacement values were monitored from the test rig 

and strain gauges were used to define the structural 

stresses of each butt joint. 

 
Figure 13. Fatigue test rig and set-up at Lappeenranta 

University of Technology. 
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The fatigue properties of the butt welded joints for S960 

MC were defined using a constant amplitude cyclic 
loading where the stress ratio was kept constant (R = 

0.1)  but  the  applied  stress  range  ( ) was varied 
between different test specimens. According to the 

recommendations of the International Institute of 
Welding (IIW) /10/, mean and characteristic S-N curves 

were determined for different welding processes. The 
test results are presented in Figures 14-21 where the 

used stress ranges (  [MPa]) of every test specimens 
are plotted as a function of fatigue life (N [cycles]). 

Figure 14 covers all tested specimens and Figures 15 

and 16 includes all the fatigue test results of GMA and 
laser-GMA hybrid welded joints, respectively. In 

Figures 17-20, the results of GMA and laser-GMA 

hybrid welded joints are separated more precisely in 
terms of used filler metal (under-matching or matching) 

and finally, the fatigue test results of laser welded joints 

are shown in Figure 21. In addition, the mean and 

characteristic fatigue resistance (FAT) values of every 
variations are presented in Table 9. 

 
Figure 14. S-N curves for all welded joints. 

 
Figure 15. S-N curves for all GMA welded joints. 

 
Figure 16. S-N curves for all laser-GMA hybrid 

welded joints. 

 
Figure 17. S-N curves for GMA welded joints, filler 

material: OK 12.51. 

 
Figure 18. S-N curves for GMA welded joints, filler 

material: Union X96. 



 
Figure 19. S-N curves for laser-GMA hybrid welded 

joints, filler material: OK 12.51. 

 
Figure 20. S-N curves for laser-GMA hybrid welded 

joints, filler material: Union X96. 

 
Figure 21. S-N curves for laser welded joints. 

 

 

Table 9. Mean and characteristic FAT values of 

different welding processes and variations. 

FAT value All GMAW LHW Laser 

FATmean (m = 3) 140 131 142 149 

FATchar (m = 3) (k1) 105 95 100 115 

FATchar (m = 3) (k2) 108 102 106 122 
     

FAT value GMAW GMAW LHW LHW 

 
OK  

12.51 

Union 

X96 

OK  

12.51 

Union 

X96 

FATmean (m = 3) 125 139 133 151 

FATchar (m = 3) (k1) 103 81 101 96 

FATchar (m = 3) (k2) 109 97 108 106 

 

Discussion 

The paper is mainly focused to the fatigue properties of 

welded ultra-high-strength steel S960 MC. However, 
the static properties were tested as well. The yield 

strength (1035 MPa) of the base material was not 

reached in any of the transversal tensile strength tests no 
matter what welding method or filler material was 

utilized. The values of elongation remained also in low 

level if compared to the elongation value of the base 

material (11%). The bend test was hard to pass by the 
laser-GMA hybrid and the GMA welding but with the 
continuous laser welding both the face and root side 

bending tests were passed. The hardness of the joints 

was measured as well showing the universal softening 
in the HAZ area of the welds. The toughness of the 

welds was tested and in the fusion line, the best results 

were achieved by using under-matching filler material. 
It should be noted when welding ultra-high-strength 

steel, there should be enough know-how in design and 

manufacturing to optimize the properties of steel 

structure. In some cases, the high tensile or yield 
strength are targeted and in the other applications, the 

high toughness at relative low temperatures is needed. 
 
The fatigue test results indicated minor differences 

between the characteristic FAT values of different 

welding processes and all results are close to IIW 

recommendations where the fatigue resistance against 
structural hot spot stress for butt welded joints is stated 

to be 100 MPa /10/. However, the effects of weld cross-

section, heat input used in the welding or possible weld 

defects formed to joints were not possible to specify 
explicitly. Nevertheless, some light conclusions can be 

made and in some cases, the factors mentioned earlier 
might be present directly or indirectly. Laser welded 
joints showed slightly better FAT values and less 

deviation compared to GMA and laser-GMA hybrid 

welds but for example the S-N curves of GMA welded 

joints are not fully reliable due to few data points and 
thus, more test results are needed from high-cycle 



fatigue region in order to define more precise S-N 

curves for both under-matching and matching filler 
materials. In addition, the finite element analyses, the 

assessment by effective notch stress (ENS) method and 

the consideration of residual stresses should be perform 

to all fatigue test specimens and results in the future. 
 

The fixed slope m = 3 seems to be suitable for most S-

N curves but when using matching filler material in 

GMA and laser-GMA hybrid welding, a less steep slope 
might fit better (Figures 18 and 20). However, this will 

need more experimental tests and analyses to prove it 

and based on the results from this study, the filler 
material does not have a straight effect on the fatigue 

strength of butt welded joints. The geometrical factors, 

such as weld toe radius, angular distortion and 

misalignment, have the major influence on fatigue 
resistance. In the future, the authors will publish more 
results where the effects of these above mentioned weld 

geometrical factors are studied thoroughly and 
critically. 

 

Fatigue cracks initiated mostly from the root side of 

welded joints apart from the laser-GMA hybrid welds 
with under-matching filler material where the fatigue 

crack propagated almost invariably from weld face side. 

The reason for this behaviour can be explained by the 

differences in global and local geometries of welded 
joints. In GMA welds, the angular distortion was 
detrimental to weld face side but the local geometry in 

root side was more abrupt compared to face side so the 
root side became critical. In laser welds, the incomplete 

fill was usual in weld face side but an excessive 

penetration occurred on the root side. In addition, the 

angular distortion was detrimental to root side as 
opposed to other welding processes so the root side 

fatigue fracture was expected. In laser-GMA hybrid 

welds, the filler material does not necessarily explain 
why the welds with under-matching filler material failed 

from the face side and the welds with matching filler 

material failed from the root side. The angular distortion 
was detrimental to face side in both variations. In laser-
GMA hybrid welds with under-matching filler material, 

undercuts or incomplete fill were also common on face 

side so it was more sensitive to fatigue. Whereas in 

laser-GMA hybrid welds with matching filler material, 
the face side was filled better and in some cases the weld 

toe geometry was very smooth which can lead to root 

side fatigue, despite the angular distortion. 

Conclusions 

Based on the experimental procedures, measurements, 

fatigue tests and analyses, the conclusions are as follow: 

1. The fatigue resistance of GMA, laser-GMA hybrid 

and laser welded S960 MC butt joints are close to 

the recommendations of International Institute of 

Welding. 
2. Laser welded butt joints proved to have a slightly 

higher characteristic FAT value compared to 

GMA and laser-GMA hybrid welded butt joints. 

3. In GMA and laser-GMA hybrid welding 
processes, the used filler material (under-matching 

or matching) did not have a direct effect on the 

attainable fatigue strength. 

4. The used welding methods and parameters should 
be optimize for every process and variation (GMA, 

laser-GMA hybrid and laser welding) in order to 

have a high quality and smooth joint geometry and 
thus, a high fatigue resistance. 
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Effects of Workshop Fabrication
Processes on the Deformation
Capacity of S960 Ultra-high
Strength Steel
Deformation of a direct quenched type of ultra-high strength steel (UHSS) with low-carbon
content is studied in this work. Although this material, as manufactured, combines high
strength and good ductility, it is highly sensitive to the workshop fabrication processes
used. The presence of stress concentration due to structural discontinuity or notch effects
can accentuate the effect of fabrication processes on the deformation capacity of the ma-
terial. To evaluate the influence of fabrication methods on deformation capacity, a series
of tensile tests are done on both pure base material (BM) and after the steel has been sub-
jected to heat input (HI) or cold forming (CF). To study the effect of HI due to welding or
other heat-based workshop fabrication processes, the surface of the material was dressed
by laser beam at controlled speed and laser intensity. CF effects were studied by bending
the specimens to a predetermined angle prior to subjecting the steel to tensile testing. Ex-
perimental results were compared with numerical simulation using LS-DYNA simulation
software. The generated results show acceptable agreement between experimental and
numerical simulation outcomes. [DOI: 10.1115/1.4033930]

Keywords: ultra-high strength steel, fabrication processes, heat input, cold forming,
deformation capacity

1 Introduction

High-strength steels (HSSs) with minimum nominal yield
strength of 480 MPa have found widespread application in various
engineering sectors, particularly the construction industry and
automotive manufacturing [1–3], where an optimized combination
of strength and light weight is a key consideration [4,5]. Utiliza-
tion of HSS grades has increased during the past few decades,
which have also seen the development of UHSSs (with nominal
ultimate strengths up to 1500 MPa). Despite the availability of
UHSS on the market, UHSS grades are not commonly used in
civil engineering [6], although a number of mechanical engineer-
ing industries such as mining, agriculture, and the railway and
automotive industries have adopted such steels due to their high-
tensile strength and high-energy absorption, which can bring cost
and weight reductions and enhance safety [7–13].

Several studies have been carried out to evaluate the mechani-
cal properties of UHSS [6,7,14,15], but no specific design rules
and design standards currently exist. The specifications, Euro-
code3 [16] and ANSI/AISC 360-10 [17], provide design rules for
the use of high-yield strength steels up to a grade of S700
(700 MPa nominal yield strength) and A514 (690 MPa nominal
yield strength), respectively; however, in practice, they are used
even for higher grade steels like S960 (minimum yield strength of
960 MPa) [6,16,17,18]. The above-mentioned standards are based
on mild steel specifications; hence, their applicability to UHSS
cannot be considered self-evident, and they should thus be exam-
ined systematically [18]. However, not much research is available
on design for UHSS, and, for instance, Tur�an and Horv�ath [19]
point out that net section yielding cannot be confirmed by the pro-
posed formula based on Eurocode [20].

The lack of a design standard for this series of steels motivates
study of their behavior following fabrication. This study investi-
gates the mechanical behavior of UHHS grade S960 using both
laboratory tests and numerical simulation. A series of tensile tests
is carried out on specimens with different hole-sizes. The tests
investigate both pure BM and steel after it has been subjected to
phenomena commonly found in workshop fabrication processes,
that is, HI and CF.

UHSS grade S960 QC steel is not tempered after hot rolling, in
contrast to conventional quenching processes typically used with
other UHSS, where the material is tempered at different stages.
Consequently, CF, HI, or a combination of both during fabrication
can be expected to affect the mechanical properties of the mate-
rial. Moreover, the presence of stress concentration due to struc-
tural discontinuity or notch effects will likely accentuate the role
of these fabrication effects. Study of the behavior of this material
when it has been subjected to welding suggests that despite the
good ductility of the pure BM, fabrication processes can result in
reduction of fracture toughness capacity of the structure [21].
Azhari et al. [7] also present that the strength capacities of UHSS
reduces after the material experiences elevated temperatures.

Deformation and fracture of high-strength steels have been
examined, both experimentally and numerically [22]. The focus
of the investigations has mostly been on the quasi-static response
of the material. In study of the dynamic response, analysis meth-
ods are based on evaluation of the strain rate and loading condi-
tions. Boyce and Dilmore [23], for example, used a dynamic
servohydraulic method ranging from quasi-static to dynamic load-
ing. Modification of the original split Hopkinson method by
applying newly technologies like high-speed cameras has
attracted the interest of some researchers [24,25,26].

This study investigates the monotonic behavior of pure BM and
treated UHSS material experimentally and with numerical simula-
tion. The numerical simulation is done using LS-DYNA simulation
software. The current study uses von Mises plasticity for analysis
of plastic deformation. In this model, the damage is defined with
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respect to softening and rupture strains based on changes of the
cross section of the material [27].

2 Material

The material used in this study is a direct-quenched UHSS
(Strenx

VR

960 MC). This type of steel is not tempered after hot
rolling, in contrast to steels manufactured with more typically
used conventional quenching processes. This family of UHSS
offers high-strength and good workshop properties. The nominal
thickness of the chosen plate is 9 mm for all the specimens coming
from hot rolled strips. Chemical composition and scanning elec-
tron micrographs (SEMs) of the BM are shown in Table 1 and
Fig. 1, respectively. According to data from the manufacturer,
nominal carbon equivalent (CEV) of the studied material is 0.57%
for a normal plate with the thickness of more than 8 mm. The
CEV has been calculated based on the following equation [28]:

CEV ¼ CþMn=6þ ðCrþMoþ VÞ=5þ ðNiþ CuÞ=15 (1)

According to K€omi et al. [14], the composition of the micro-
structure of the BM is a mixture of lower bainite (LB), martensite,
and tempered martensite. Since the temperature at which martens-
ite starts to form is rather high (around 450 �C), martensite will be
self-temper after transformation [15].

Table 2 presents the monotonic material properties of the stud-
ied steel based on Manufacturer certificates and the measured
values.

3 Experiment

In order to characterize the tensile properties of the material,
standard tensile tests were done in room temperature according to

Eurocode3 [16] in a 5 MN servohydraulic test machine at a con-
trolled strain rate (7� 10�5 s�1), as illustrated in Fig. 2. In order
to prepare test specimens, the plates were laser cut and the edges
were machined. A 3D optical measurement device (ARAMIS
v6.3) capable of a frame rate of 103 to 106 frames per second was
utilized to obtain detailed information about deformation changes
in the material during the tests. It is important to monitor local
behavior of the material as the plastic strain increases around the
stress concentration areas, especially, the plastic deformation of
treated material to have an accurate material model. Calibration of
the cameras was done to study the deformation on the surface
together with through-thickness behavior by inclined view toward
the specimen with an angle of 30 deg, as can be seen from Fig. 2,
and the sensitivity was set to maximum in order to capture plastic
deformation steps. For all the specimens, the surface of the mate-
rial was cleaned with 6% nitric acid solution prior to spray-
painting to capture ARAMIS pictures so that the painting remains
strong enough on the surface during the test.

The tensile tests in the present study comprised three different
parts:

(1) Tensile tests on the BM with and without holes to study the
effect of the stress concentration factor (SCF).

(2) Tests of the effect of HI on the tensile properties of the
material by passing a transverse laser beam on the surface
of specimens.

(3) Tensile tests on specimens experiencing bending to study
the effect of CF on tensile properties of the material.

In all the specimens for tensile test, there is a specimen without
a hole and three other samples with holes in the middle consisting
diameters of 8, 24, and 40 mm in which they were made by dril-
ling. The different hole-sizes result in ratios of hole-diameter to
specimen width of 0.1, 0.3, and 0.5, respectively. All the samples
have the same geometry and same thickness while the hole-sizes
are different, which results in different SCFs. The geometry of the
test specimen has been designed based on EN 1993-1-12 Euro-
code3 [15] as shown in Fig. 3(a). In order to compare the results,
a gauge length of 80 mm from the middle of the sample along the
specimen’s length was selected for all the samples. Engineering
stress–strain curve of the BM considering for the specimen with-
out a hole is shown in Fig. 3(b).

Table 1 Nominal chemical composition of the BM (wt.%)

C Si Mn P S Ti CEV

0.097 0.20 1.09 0.008 0.001 0.020 0.57

Fig. 1 SEM of the BM, LB, martensite (M), and autotempered
martensite (AM) [26]

Table 2 Mechanical properties of BM

Poisson’s ratio Yield strength, MPa (min) Ultimate tensile strength (MPa) A5, % (min)

Nominal 0.3 1041 1210 11
Measured 0.3 1041 1210 9

Fig. 2 5 MN test machine with installed ARAMIS used for the
experimental tests
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Fig. 3 (a) Schematic of test specimen with hole-diameter of 40 mm. (b) Measured engineering stress–strain curve of BM
without hole.

Fig. 4 BM under tensile loading at the fracture point. From left to right hole-size increases: (a) test specimens and (b) ARAMIS
plastic deformation contour.

Fig. 5 Measured engineering stress–strain and force–displacement curves in gauge length of 80 mm for BM
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3.1 BM. The first category of tests was done on BM. As it
can be seen from Fig. 4, necking occurred in all the samples. The
load–displacement curves for all the samples are shown in Fig. 5.
Necking causes the nonuniform longitudinal strain, which leads to
abrupt rupture in specimen with no hole.

As can be seen from Fig. 5, when the stress is highly concen-
trated with hole-diameter of 8 mm, local failure around the hole
starts early as the plastic strain is highly localized, while the
remaining cross section is still fully under tension. However, in
this hole-size, the material still has not failed and carries
more plastic deformations till the rupture point arrives as
load–displacement curve in Fig. 5 shows that nearly 50% of the
deformation capacity of the material is lost after local failure and
crack initiation around the stress concentration area.

According to Bj€ork et al. [29], the fracture angle is followed by
critical plane based on a simple force balance and von Mises yield
criterion, resulted in inclined fracture for the plate without hole;
hence, the fracture angle of a plate strip of UHSS grade S960 is
around 30 deg which is also seen in this study with axial load car-
rying capacity of

Fmax ¼ 0:943 btfy (2)

where bt (mm2) is the cross-section area of the plate and fy (MPa)
is the yield strength capacity of the material.

Moreover, when the stress concentration is high, the inclined
fracture is still dominant and the material does not necessarily fail
symmetrically perpendicular to the loading direction. It should be
considered that when the hole-diameter is at its minimum, fracture
angle decreases as Fig. 4 shows. While the fracture is straight,
when the hole-diameter is 40 mm, results in a ratio of diameter to
width of 0.5. The straight fracture results in a change in the net
section of the specimens as well. Accordingly, as the hole-size
decreases, the net section increases so that the fracture angle is
getting steeper.

The results follow the same behavior as presented by Tur�an and
Horv�ath [19] and Feldmann et al. [30], where the net section
resistance of S960 plates with the thickness of 8 mm was studied
for different stress concentration factors. It is possible to conclude
that the inclined fracture of the plates with thickness around 8 mm
occurs when the ratio of the hole-diameter to specimen width is
smaller than 0.3.

3.2 HI. The second category of test specimens considered the
effect of local heating on the behavior of the material under ten-
sile loading. A laser beam generated by a 10 kW IPG fiber laser at
applied power of 1 kW was utilized for heating of the specimens.
The core diameter of the optical delivery of the laser was 300 lm.
The laser beam was collimated using a lens with focal length of

120 mm and focused onto the surface of the specimen by a mirror
with focal length of 400 mm, creating a rectangular focus spot of
4� 6 mm with Rayleigh length of 60 mm. The laser beam passed
across the surface of the sample once at a speed of 50 mm/min.
Laser dressing was performed on one side of the material after the
holes were drilled in a single pass at the gauge area. The beam
was traveling from one edge to the other; consequently, the hole-
edges were stopping and starting points of heating the ligament.

Same with the previous tests, three samples with different hole-
sizes and a sample without a hole were tested. Figure 6(a) shows
the penetration of the heat through the thickness of the specimen
and its distribution on the surface. Simple tensile coupon tests
using 3D optical measurements to observe the behavior during the
tests was done as explained earlier.

Micro-indentation hardness of the material after experiencing
heat was measured in different zones, as shown in Fig. 6(b), using
a Vickers microhardness machine (Durascan 70). The applied
load and dwell period are, respectively, 5 kgf and 10 s.

In this case, there are four considered measurements: one con-
sisting of a line on the top surface perpendicular to the laser beam,
a parallel line 1 mm below the surface, a line at the bottom of the
thickness, and a line along the laser beam through the surface
starting from the fusion zone (FZ).

The HI reveals an elliptical shape with a smaller radius along
the thickness directly under the laser beam. However, in different
subzones, the shape changes, and the diameters of the ellipse
extend to have nearly the same dimensions as a circular shape.
This change is a result of lower heat extraction through the thick-
ness directly under the laser beam. The microstructure of the heat
can be divided into four regions (Fig. 7):

� FZ in the center of heat
� Heat-affected zone (HAZ)
� BM
� Transient area

It is notable that since the laser speed is very low, the transient
part in hardness distribution curve shows a mild slop from HAZ to

Fig. 6 (a) Distribution of the heat and the considered areas for hardness measurement and (b) microhardness of the
material at different zones

Fig. 7 Macroscopic view toward thickness and different zones
at the material after experiencing heat
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BM as can be seen in Fig. 6(b), which leads to a bigger area com-
paring to FZ and HAZ.

Microstructures of each zone were investigated with SEM. In
order to prepare the specimen for SEM, abrasive grinding was
done for 4 min (roughness of 120 lm). Then fine grinding was
applied for 4 min (roughness of 9 lm, diamond particles) and
polishing for 6 min with (roughness of 3 lm, diamond particles).
Afterward, the specimen was etched with Nital 5% for 15 s. From
the images in Fig. 8, it can be observed that the grains are bigger
at FZ as they experience the maximum heat. According to
Poorhaydari et al. [31] and Azhari et al. [7], temperature and cool-
ing rate are the key factors affecting the microstructures of welded
materials. The grains are getting smaller as moving to the BM
(distant from the laser focal point). The HAZ comprises different
zones [14]: coarse grain HAZ (CGHAZ), fine grain HAZ
(FGHAZ), intercritical HAZ (ICHAZ), and subcritical HAZ
(SCHAZ). There is a softened area in the SCHAZ, as can be seen
from hardness distribution curve, where the hardness drops dra-
matically at the valleys. In this zone, the microstructure is similar
to the BM, comprising LB and self-tempered martensite. Moving
from FZ to BM faces this valley in the hardness distribution curve,
which is located next to the point where the hardness is at its

maximum, which causes the concentration of plastic deformations
at this point during the tensile test. The failure starts from the
softened area of HAZ for all the samples. The effect is due to the
tempering of martensite or martensite–bainite mixtures. Micro-
structure in the ICHAZ is overtempered BM with regions that
have high-carbon martensite and autotempered martensite. Micro-
structure in the FGHAZ and the CGHAZ is a mixture of equiaxed
martensite and autotempered martensite. While the FGHAZ with
a small prior-austenite grain size, the CGHAZ has a large prior-
austenite grain size [15].

The load–displacement curves from all the tests are shown in
Fig. 9. After being subject to HI, the maximum load compared to
the BM drops by in the range of 15.5% on average for all the
samples. The ultimate elongation of the specimens reduced dra-
matically, especially when there was no stress concentration.
Accordingly, the specimen without a hole lost 90% of its elonga-
tion capacity. The term relative change of deformation capacity
(RCDC) has been calculated from the formula

RCDC ¼ Elongation of the material after treatment

Elongation of the virgin material
(3)

Table 3 shows RCDC of the specimens after HI. As can be seen
from the table, the presence of stress concentration increases
RCDC of the specimen when it has been subjected to local HI.
When there is no stress concentration, plastic deformation is con-
centrated only in HAZ. However, with the presence of hole, stress
concentrates in FZ as well as HAZ. Accordingly, FZ contributes
in carrying the plastic strain together with HAZ. The results are
that the FZ, which was playing a role as a constrain by its high-
yield and ultimate stresses comparing to HAZ before having a

Fig. 8 Microstructure of the material experiencing heat from FZ to BM: (a) FZ, (b) CGHAZ, (c) FGHAZ, (d) ICHAZ, (e) SCHAZ,
and (f) transient area

Fig. 9 Comparison of force–displacement curves after mate-
rial experienced heat and BM

Table 3 Deformation capacity for different HI samples

Hole-diameter (mm) 0 8 24 40
Stress concentration 0 2.7 2.35 2.15
RCDC 0.1 0.21 0.28 0.34
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hole in the specimen, now is contributing in carrying plastic
elongation. It is also noticeable that when there is a stress concen-
tration, there is a broader area under plastic deformation which
causes a more homogeneous distribution of plastic strain at the
critical region (SCHAZ) as can be seen from Figs. 10 and 11 (the
plastic strain has been distributed from the FZ to BM consisting
of all the subzones as well). The presence of stress concentration
causes the FZ contribution in carrying the plastic deformation
before the rupture point arrives. Consequently, the reduction of
the RCDC of the specimen declines as it has been demonstrated at
Table 3.

When the material is under loading at the softened area of HAZ
(SCHAZ), where the hardness is at its lowest value, the difference
between the plastic-strain of this region and surrounding areas is
considerable. Based on Fig. 10, the ARAMIS results indicate that
the longitudinal strain of the elements in the SCHAZ right before
the fracture point increases by up to 24%, and at the same time,
the strain at the middle area is around 2%. This difference
between strains in a narrow area creates a very high-stress concen-
tration at the HAZ (the maximum occurs at SCHAZ as explained
before) and since UHSSs are highly susceptible toward stress con-
centration, the possibility of crack propagation and failure of the
whole material is non-negligible. Moreover, the fracture energy of
the material has decreased because of experiencing heat, and this
results in abrupt failure of whole plate. It should be considered
that the heat-affected area itself shows a nearly ductile behavior
as it carries 24% of the strain.

It should be noted that different hole-sizes create stress concen-
tration in different regions, as can be seen from Fig. 11. For
instance, for minimum hole-diameter (8 mm), the stress is highly
concentrated in the FZ, and the cracks start to form at the SCHAZ

where there is a distance from the hole. Following HI, on the other
hand, for maximum diameter of the hole (40 mm), the stress is dis-
tributed in a broader area, and consequently, the cracks start to
form in a wide region. This change of moving the concentration
of stress results in a broader area of the material being under plas-
tic deformation. Consequently, the material carries more plastic
deformation till the rupture point arrives. Accordingly, when the
material is subjected to HI, the presence of stress concentration
results in ductile fracture of the material as shown by Fig. 9 as
well.

3.3 CF Effect. This part investigates how the presence of
stress concentration reveals the changes in the deformation
capacity of the material when it has been subjected to CF. In order
to study the effect of CF on the material behavior, the specimens
were bent to 65 deg and brought back to their original position, as
illustrated in Fig. 12. The CF created tensile residual stress on one
side of the plate and compressive residual stress on the other side.
A simple coupon tensile test was then done as described earlier in
Sec. 3 after bending procedure. The holes were drilled prior to
bending the specimens. No attempt had been made to investigate
different deformation strain as a consequence of CF process in
this study.

The generated load–displacement curves were compared with
for the virgin material, as shown in Fig. 13. For all the test speci-
mens, the maximum force drops between 3.2 and 5.9%, which is a
significantly smaller change compared to that caused by HI which
was 15.5%. Necking is seen for all the samples, as is observable
in Fig. 14. As can be seen in Fig. 13 and Table 4, when there is no
stress concentration on the plate, the total elongation before

Fig. 10 HI results from ARAMIS for the specimen without hole: (a) plastic strain distribution at the failure point and (b)
effective stress–strain curves till 16% strain of HAZ

Fig. 11 Distribution of strain on HI specimens right before fracture point (cracks are pointed with array). Sample with hole
of (a) 8 mm, (b) 24 mm, and (c) 40 mm.
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fracture is in a closer range compared to that of virgin material,
whereas RCDC dropped for the same conditions with the presence
of stress concentration.

As is observable from Fig. 13, the smaller changes in the defor-
mation capacity of the material compared to the virgin plate occur
when there is no stress concentration in the plate, holes in this
case. Accordingly, when the hole-size increases, which results in a
decrease in the SCF, the material performance is going to be close
to that of base plate without CF effect. However, it should be con-
sidered that CF the plate weakens the material in all the cases.

In the case of virgin material, when the stress concentration is
at its maximum, such as the specimen with an 8 mm hole, the

local plastic deformation around the hole causes failure of the ma-
terial in that region, while the rest of the width is not affected as
greatly, which causes the material show more ductility until the
rupture point arrives. In this case, when it has also been subjected
to CF, the combination with high-stress concentration results in
early failure of the material.

RCDC of the material and its relation to stress concentration
have been shown in Table 4, calculated based on formula (2).
After CF of the specimen, RCDC increased with the reduction
of stress concentration. The behavior of the specimen is due to
stress concentration and a triaxiality stress state, and accord-
ingly, the effective strain limit is different as the smallest and
the biggest holes reduce RCDC of the plate by 52% and 39%,
respectively.

4 Numerical Simulation

The simulation was done using the LS-DYNA finite-element anal-
ysis (FEA) software with explicit time integration. In order to
carry out the numerical simulation analysis, material type 81 with
the name “MAT_PLASTICITY_WITH_ DAMAGE_ORTHO,”
which is an elasto-visco-plastic material with an arbitrary stress
versus strain curve and arbitrary strain rate dependency that has
isotropic hardening and damage, was chosen [27]. The failure in
this model is defined either based on strain at which the material
fails or the minimum time-step size needed for the element dele-
tion. The material behavior can be defined either via the effective
stress versus true strain curve or using multilinear curves.

Fig. 12 (a) Three-point bending procedure to study the effect of CF on the behavior of
the material and (b) CF specimen

Fig. 13 Load–displacement curves after CF effect and the BM

Fig. 14 The specimens right before the fracture point including ARAMIS results
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In order to simulate the material behavior, LS-DYNA needs the
effective strain–plastic deformation curve of the element under
the maximum plastic deformation. Since the plastic deformation
calculated by full field measurement (ARAMIS) is from the 2D
measurement, the strain in the third direction has to be calculated
considering Poisson’s ratio. Accordingly, the 2D strain is defined
for the 3D state based on von Mises formula for strain

e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=3ðe2

1 þ e2
2 þ e2

3Þ
q

(4)

The terms e1; e2; and e3 are principal plastic strains of the ele-
ment under maximum strain before failure at the rupture point.
The stress is obtained from

rTrue ¼ rEngð1þ eEngÞ (5)

where eEng is the strain of the material and damage has been con-
sidered by the following equations:

D ¼ Ad

A0

with 0:0 � D � 1:0 (6)

where D is a scalar value, and Ad and A0 are the reduced and origi-
nal cross section of the specimen. In the present study, damage is
defined based on strain values and the true stress–strain curve,
which were obtained from ARAMIS results during tensile test.
The damage is related to the plastic strains at which softening of
the elements starts and ends with the following equation:

D ¼ ep � EPPF

EPPFR� EPPF
(7)

where ep is the state of the plastic strain, EPPF is effective plastic
strain at which material softening begins, and EPPFR is the effec-
tive plastic strain at which the material ruptures. For purposes of

Table 4 Deformation capacity for different samples after CF
effect

Hole-diameter (mm) 0 8 24 40
Stress concentration 0 2.7 2.35 2.15
RCDC 0.85 0.48 0.49 0.61

Fig. 15 Effective stress–plastic strain curve used for the BM

Fig. 16 Comparison of test and FE load–displacement curves
for BM

Fig. 17 Macroscopic fracture of the BM from both experimental and FE, hole-diameter (mm) from left to right: 40, 24, 8, and 0
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comparison with the experimental results, the same mesh size was
utilized as in ARAMIS, while softening and rupture pointes were
obtained from stress–strain curve.

For the BM, the effective stress–plastic deformation applied for
the critical element consisting damage criteria is presented in Fig. 15.
This curve has been generated from the BM test specimen when there
is no stress concentration on the material. For all the cases when BM
is defined, this curve has been used. It has to be taken into account
that the failure of the elements is defined as the last strain shown in
ARAMIS, after which the whole part has failed. This point is consid-
ered to be the starting point of softening or EPPF.

Figure 16 shows the load–displacement curves when there is no
fabrication processes or HI and the BM itself has been studied. As
can be seen from Fig. 16, when the stress concentration in the
material is high, for the specimen with a hole-diameter of 8 mm,
local failure around the hole resulted in abrupt reduction of the
force. Macroscopic fracture of the BM from both experiments and
FEM are shown in Fig. 17. Inclined fracture of the specimen with-
out stress concentration at an angle around 30 deg is demonstrated
by FEM as well as in the practical experiments.

For the case of HI simulation, hardness measurements were
considered in addition to the ARAMIS results in order to get
stress–strain curves for each subzone. Since it was not possible to

get the exact stress–strain behavior of each zone by hardness
measurements and there is a lack of information about the precise
behavior of each subzone until its fracture strain, simplification of
the model is based on the assumption that all the four zones follow
the same trend as the BM with the exception of the yield and ulti-
mate stresses. This assumption is supported by the ARAMIS
results, as can be seen from Fig. 10(b). However, in reality, there
are differences resulted from phase changes by HI, but in this
case, since the fracture happens when one part (in this case the
HAZ) is at the latest stages of plastic deformation before the rup-
ture point while other parts are at the beginning of yielding phase
and they are experiencing minor plastic deformation immediately
after yield stress, the differences are negligible. The geometries of
each zone were obtained based on macroscopic and SEM pictures
as shown in Figs. 7 and 8 together with hardness measurements,
which were showing the boundary of each zone.

The heat distribution on the surface differs from heat distribu-
tion penetrating through the thickness of the material; conse-
quently, the material behavior is different. Since it is not possible
to define the very inhomogeneous material behavior for each
zone, the assumption is made that the minimum values from the
hardness measurements can be considered as the starting point of
failure. This assumption is supported by hardness measurement

Fig. 18 Macroscopic fracture of the material after experiencing HI from both experimental and FE

Fig. 19 Comparison of load–displacement curves from experimental tests and FEA after (a) HI- and (b) CF- process
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from different zones and behavior monitoring using the ARAMIS
experiments.

As mentioned earlier, when the material experiences HI, the
fracture starts from the HAZ, i.e., in the SCHAZ. This can be seen
in both experimental test and FE simulation results. Figure 18
shows the distribution of plastic deformations on the material at
the rupture point. Force–displacement curves generated after the
HI is shown in Fig. 19(a). The figure also shows the results of
simulation of CF. In the case of CF, the stress–strain curves were
obtained from ARAMIS results based on the behavior of the ele-
ments in the CF zone that fail during tensile test.

5 Result and Discussion

Fracture surfaces of specimens after experiencing HI are shown
in Fig. 20. As can be seen, the material exhibits little necking after
HI. However, in the case of pure BM, the ductility of the material
results in a considerable thickness reduction and plastic deforma-
tions. Yet, SEM analysis of the microstructure shows ductile frac-
ture at the surface of the material after HI, Fig. 21. With the
presence of hole, an area with ductile fracture consisting dimples
is seen at the microstructure of fracture where the stress has been
concentrated. Because of the high-stress gradient in this region,

Fig. 20 Fracture surfaces (hole-diameter of 0, 8, 24, and 40 mm from left to right): the first row is for BM and the lower one is
after HI

Fig. 21 SEM view of the fracture surface of the material after experiencing heat with hole of
40 mm
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the material goes through plastic deformation together with HAZ
where that area is at its weakest point. However, since the stress
drops immediately as it goes far from the notch tip, this region is
not big enough to carry more plastic deformation before rupture in
the HAZ. Increasing the hole-size makes the stress gradient less
steep so that the plastic deformation (ductile fracture) distributes
homogeneously in a wider region.

The change in stress concentration results in an increase in
the plastic deformation capacity of the material as shown in Ta-
ble 3. Furthermore, as Fig. 21 shows, the only area that shows
brittle fracture (cleavage pattern) is the top left picture where it
is distant from stress concentration, and it is far from heating
zone as well. It also should be considered that although voids
have formed and they grow with the further plastic strain, result-
ing in the formation of dimples, the voids have not attained the
maximum deformation capacity of the material because of the
reduction of deformation capacity at SCHAZ. However, ductile
fracture which is dominant in dual phase steels is observed for
all the specimens due to the interfacial nucleation of voids and
cracking and detachment of the martensite bands [32].

Inclined fracture through thickness is seen such that the crack
starts from the HAZ and propagates to the other side of the plate,
where it ends in the BM. It can be seen from Fig. 22 that both FE
and ARAMIS results show the starting point of fracture in the
HAZ and the inclined growth through the thickness of the material
at a leading fracture angle of around 30 deg.

In order to simulate the effect of CF on the behavior of the material,
the same approach as simulation of HI has been utilized. In this case,
the material has been divided into two different zones including the
BM and the CF area. Different effective stress–plastic strain curves are
applied to each zone. The mesh size was calibrated with that of

ARAMIS so that there is no mesh size effect on the simulation results.
The curve for the CF zone is defined based on the ARAMIS results
when the simple plate is subjected to CF.

As can be seen in Fig. 23, the fracture started from the the
weakest part of the cold formed area due to CF effect. However,
both FE and laboratory tests demonstrate that the inclined fracture
path of the specimen without a hole is non-negligible. Accord-
ingly, the fracture surface area compared to the net section area
increases in this case while it remains unchanged for cases where
there is stress concentration in the specimen.

When the material has been cold formed, the presence of stress
concentration reveals the effect of the fabrication process as
the gradient of stress increases. Thus, when the stress is at its max-
imum concentration, the material suffers greater loss of deforma-
tion capacity than when the stress gradient is distributed more
smoothly. When there is no stress concentration, the dominant
inclined fracture resulting in increasing the net section of the frac-
ture. However, the cold formed area carries more plastic deforma-
tion before rupture, as seen from both the FE and experimental
tests and illustrated in Figs. 19 and 23.

6 Conclusion

This investigation studied the effects of fabrication processes
on the deformation capacity of direct quenched type of UHSS
both experimentally and numerically. The following conclusions
were drawn:

� The material is highly sensitive toward fabrication processes
used, especially the effects of HI. RCDC of the material can
change dramatically after the material experiences heat. The

Fig. 22 Aramis versus FE results after experiencing heat without hole

Fig. 23 Macroscopic fracture of BM and after CF
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specimen without stress concentration lost 90% of its RCDC
when subjected to HI. The effects of different levels of HI
are beyond the scope of this investigation. However, it is
clearly a pertinent issue and should be the subject of further
study.

� The presence of stress concentration results in strengthening
of the specimens after HI from the point of view of RCDC.
Having a hole in the FZ results in an increase in the stress
gradient, which increases the plastic deformation at this
zone, leading to greater deformation capacity before rupture
in the SCHAZ and failure of the whole specimen. Increasing
the hole-size leads to distribution of stress in a broader area
so that the RCDC of the material increases. This behavior
was seen in both FE and experimental tests.

� CF of the material results in a decrease in the RCDC of
the material. This can be seen from the effect of CF on the
presence of stress concentration so that increasing the stress
gradient decreases the capacity of the material to carry plas-
tic deformations.

� FE simulation based on definition of ductile damage criteria
shows a very good correlation with experimental results. The
numerical simulation results show that it is possible to define
the effective stress–plastic strain for each subzone based on
the curve generated for BM without stress concentration by
applying some modifications. The modifications are based on
the changes of yield and ultimate capacity of each zone
because of hardness changes after fabrication processes.

It was found in the literature that butt-welded UHSS joints
made by high-speed laser welding which has low HI and high
cooling time (t8/5) results in a narrow HAZ have an acceptable
ductility [33]. Accordingly, the authors propose further investiga-
tions to understand effects of geometrical changes by different
amounts of HI, which create different levels of constraint effect at
the softened area on strain capacities of specimens made of
UHSS.
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Nomenclature

Ad ¼ damaged cross section
A0 ¼ original cross section
b ¼ width of specimen

BM ¼ base material
CEV ¼ carbon equivalent

CF ¼ cold forming
CGHAZ ¼ coarse grain heat-affected zone

D ¼ damage
EPPF ¼ effective plastic strain at which material softening

begins
EPPFR ¼ effective plastic strain at which material ruptures

fy ¼ yield stress
Fmax ¼ maximum force

FGHAZ ¼ fine grain heat-affected zone
FZ ¼ fusion zone

HAZ ¼ heat-affected zone
HI ¼ heat input

HSS ¼ high-strength steel
ICHAZ ¼ intercritical heat-affected zone

SCF ¼ stress concentration factor
SCHAZ ¼ subcritical heat-affected zone

SEM ¼ scanning electron microscope
t ¼ thickness of specimen

EEng ¼ engineering strain

E1 ¼ first principal strain
E2 ¼ second principal strain
E3 ¼ third principal strain
Ep ¼ plastic strain

rEng ¼ engineering stress
rTrue ¼ true stress
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a b s t r a c t

The effect of stress ratio on the fatigue strength of TIG-dressed fillet weld joints of S960 grade steel was
studied by experimental testing, and statistical analyses using finite element (FE) modeling were per-
formed to define geometric parameters and their effect on the stress concentration factor of the TIG-
dressed fillet weld joints. Review of the literature and scientific publications indicated a need for studies
related to both the fatigue durability of TIG-dressed ultra-high-strength steel (UHSS) weldments and the
fatigue strength of these joints at high stress ratio. The results of the experimental fatigue tests showed
that International Institute of Welding recommendations accounting for the effects of TIG-dressing on
fatigue classes are too conservative for S960 grade steel, although the fatigue resistance of TIG-dressed
UHSS fillet weld joints was found to decrease with increasing stress ratio. Statistical analysis of geometric
variables and FE modeling with an idealized weld profile shape showed that toe radius and weld
undercut have the greatest effect on stress concentration in TIG-dressed fillet weld joints. In addition,
TIG-dressing was found to cause notable softening in the fusion line and heat affected zone of the
TIG-dressed S960 weldments, which might have an effect on fatigue crack initiation and thus the fatigue
strength of the structure.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Several studies and reports have shown increased fatigue
strength when post-weld treatments are applied to welded struc-
tures [1–5]. However, the improvement appears to be dependent
on the base material of the structure (e.g. yield strength, Young’s
modulus), the type of loading and loading parameters (e.g. stress
ratio, maximum stress level), the effect of the environment (e.g.
corrosion, abrasion), the type of weld detail (e.g. butt weld, fillet
weld) and also the skill of the post-weld treatment operator and
quality level of the welded connection. Generally, post-weld treat-
ments can be divided into two main groups: methods for modifica-
tion of the weld profile (machining or grinding and TIG, plasma or
laser dressing) and methods for modification of the residual stress
state (hammer peening, overstressing and stress relieving) [6,7].

The local geometry of the weld toe can be modified by
TIG-dressing, i.e. by improving the weld toe shape and removing
slag inclusions and undercuts that can act as initial cracks. A larger
radius in the connection between the weld and base material
reduces the stress concentration factor (SCF), and in some cases,

remelting the weld toe can generate higher hardness in the heat
affected zone (HAZ) [8]. The foregoing factors will essentially
increase fatigue strength and thus improve the quality of the
welded structure. The International Institute of Welding (IIW) rec-
ommendations [7] accounting for the effects of TIG-dressing
improvement on nominal stress and hot spot stress FAT classes
are shown in Tables 1 and 2. The recommendations apply to partial
or full penetration arc welded joints in steel and aluminium with a
specified yield strength up to 900 MPa, wall thicknesses
tP 10 mm, and welded components subjected to cyclic stress
and designed to a fatigue limit state criterion. The utilization of
post-weld treatment techniques which produce compressive resid-
ual stresses are limited to fluctuating loading with a stress ratio
R 6 0.5 and maximum applied stresses up to 80% of material yield
strength but these limitations are not valid for TIG-dressing. The
recommendations for TIG-dressing only apply to conditions where
the nominal stress range Dr = 2 � YS, YS being the specified min-
imum yield stress of the material [6].

Yildirim [9] has recently proposed five improvement levels for
TIG-dressing based on material yield strength, Table 3. In addition,
an S-N slope of m = 4 was recommended for all joints improved by
TIG-dressing. This recommendation diverges from the IIW guide-
line, where m = 3. Yildirim [10] and Yildirim & Marquis [11] have
also proposed the same type of improvement levels, with an S-N
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slope of m = 5, for high frequency mechanical impact (HFMI) trea-
ted welded joints. All of these studies, however, point out that the
approaches are valid only with relatively low stress ratios,
R 6 0.15, and also that more fatigue data are needed from weld-
ments with base material yield strength over 950 MPa. Although
studies and a guideline have been presented for taking into
account high stress ratios in HFMI treated joints [12,13], this kind
of correction procedure has not been utilized or recommended for
other post-weld improvement methods (e.g. TIG-dressing). There
is consequently a need for experimental studies specifically
addressing the fatigue strength of TIG-dressed UHSS weld joints
at high stress ratio and high maximum stress level.

In this study, the fatigue strength of TIG-dressed UHSS fillet
weld joints at different stress ratios was determined by experimen-
tal testing, and statistical analysis was applied to local geometric
factors and variables of manually TIG-dressed fillet welds.

Commonly recommended statistical calculations [7,14] were uti-
lized to process the experimental test results, and finite element
analysis (FEA) with an idealized weld profile shape [15] was used
to model and analyze the effect of different joint geometries on
the SCF. The experimental test results and computational values
from FEA were scrutinized and conclusions were drawn regarding
the effect of stress ratio on the fatigue strength of TIG-dressed
UHSS fillet weld joints.

2. Materials and methods

2.1. Metal materials

The base material of the fatigue test specimens was direct-
quenched UHSS, Strenx� 960 MC, manufactured by SSAB, and the
filler metal used was Böhler Welding Union X96 solid wire, which
has practically the same strength grade as the base material, i.e. a

Nomenclature

2F horizontal position, fillet weld
Ar argon
CAD computer aided design
CO2 carbon dioxide
FAT fatigue class
FAT50% mean fatigue class
FAT95% characteristic fatigue class
FE finite element
FEA finite element analysis
GMAW gas metal arc welding
HAZ heat affected zone
HFMI high frequency mechanical impact
HV Vickers hardness
Hz hertz
IIW International Institute of Welding
NB nota bene
PB horizontal position, fillet weld
SCF stress concentration factor
TIG tungsten inert gas
UHSS ultra-high-strength steel
YS specified minimum yield stress of the material
A elongation
d undercut
E Young’s modulus
fu ultimate strength
fy yield strength

kV impact strength from Charpy V-notch test
k1 tolerance interval factor in general, corresponds to the

minimum value of the mean confidence interval and
the maximum value of the variance confidence interval

k2 tolerance interval factor if the variance is fixed from
other tests or standard values, corresponds to the min-
imum value of the mean confidence interval and the
maximum value of the variance confidence interval

kt stress concentration factor
m slope of the S-N curve
m1 slope of the S-N curve for stress cycles above the knee

point
N number of cycles
n number of test results
Ps survival probability
R stress ratio
r weld toe radius
S stress
T temperature
t thickness
y connection height
a connection angle
Dr stress range
rmax maximum stress
rres residual stress
t Poisson’s ratio

Table 3
Proposed nominal stress FAT classes for TIG-dressing based on material yield strength
[9].

fy (MPa) Longitudinal
attachments

Transverse non-load
carrying welds

Butt
joints

As-welded, m1 = 3
All fy 71 80 90

Improved by TIG-dressing, m1 = 4
235 < fy 6 355 90a,b 100a,b 112a,c

355 < fy 6 550 100 112 125
550 < fy 6 750 112 125c 140c

750 < fy 6 950 125 140c –
950 < fy 140b – –

a From IIW.
b No data available.
c Only a small amount of available data.

Table 2
FAT classes for use with structural hot-spot stress at joints improved by TIG-dressing
[7].

Material Load-carrying
fillet welds

Non-load-carrying
fillet welds and butt
welds

Mild steel, fy < 355 MPa 112 125
Higher strength steel, fy > 355 MPa 112 125
Aluminium alloys 45 50

Table 1
FAT classes for use with nominal stress at joints improved by TIG-dressing [7].

Area of application and maximum possible claim Steel Aluminium

Benefit at details classified in as-welded condition
as FAT 6 90 for steel or FAT 6 32 for aluminium

1.3 1.3

Maximum possible FAT class after improvement FAT 112 FAT 45
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matching filler metal was used. The nominal chemical composi-
tions and mechanical properties of the base material and filler
metal are presented in Tables 4 and 5.

2.2. Test specimens

The dimensions of the experimental test specimens are shown
in Fig. 1. A non-load-carrying cruciform joint was used in order
to avoid root side fatigue, and before the fatigue tests, both the
starting and ending point areas of the welding and TIG-dressing
were removed by sawing and fine machining to ensure that unde-
sirable heat treatment was not introduced into the specimens.

A robotized gas metal arc welding (GMAW) process was used to
weld the fatigue test specimens and the TIG-dressing was done
manually for all the post-weld treated joints. Welding and
TIG-dressing parameters, which are shown in Table 6, were kept
nearly constant in order to ensure similar geometric and metallur-
gical properties for all fatigue test specimens. The welding heat
input was below 1.0 kJ/mm in a single weld and the temperature
between weld runs was kept below 50 �C. Single-pass welding
was used and the produced throat thickness was approximately
5 mm in all the fillet welds. The TIG-dressing was carried out only
for the weld toes between the attachment and base material, Figs. 3
(b) and 4(a), because those are the fatigue critical areas in the non-
load-carrying cruciform joints under investigation. The heat input
in the TIG-dressing was in the order of 0.5 kJ/mm in every run
and, also in this case, a single-pass treatment was used and the
specimen was allowed to cool down before the next weld treat-

ment. The welding sequence and directions of the welding and
TIG-dressing runs are shown in Fig. 2, and an example of a speci-
men for macrographic examination is shown in Fig. 3.

2.3. Measurements

The weld profiles, of which parameters are specified in Sec-
tion 4.1, were measured at the centerline of each of the four fillet
welds of each fatigue test specimen, Fig. 4(a) and (b). A two-
dimensional coordinate measuring device with an inductive dis-
placement transducer (HBMW100K) and a laser displacement sen-
sor (Micro-Epsilon optoNCDT 1700), Fig. 4(c), was used to define
the misalignments and local weld geometries of the fatigue test
specimens. The longitudinal residual stress distributions on the
metal surface from the weld toe to the base material were charac-
terized by the X-ray diffraction method (Stresstech Xstress 3000
G3), Fig. 4(d). The longitudinal residual stress components were
also measured along the centerline of the specimen, Fig. 4(b). All
the measurements were carried out both before and after
TIG-dressing in order to observe the effect of weld toe remelting.
In addition, softening caused by the heat input of the GMAW and
TIG-dressing were studied from cross-sectional areas of the weld-
ments, Fig. 3. The Vickers test method was used to measure the
hardnesses (HV) of the weld metal, TIG-dressed region and differ-
ent areas of the HAZ. The hardness measurements were performed
on extension sections which were sawed from the specimens
before the fatigue tests, Fig. 1.

Table 4
Chemical compositions of base material and filler metal (%) [16,17].

C Si Mn P S Ti Cr Ni Mo

Base material
Strenx� 960 MC 0.12 0.25 1.30 0.020 0.010 0.070

Filler metal
Union X96 0.12 0.80 1.90 0.45 2.35 0.55

Table 5
Mechanical properties of base material and filler metal (minimum values) [16,17].

Yield strength Tensile strength Elongation Impact strength

fy (MPa) fu (MPa) A (%) T (�C) kV (J)

Base material
Strenx� 960 MC 960 980–1250 7 -40 27

Filler metal
Union X96 930 980 14 -50 47

Fig. 1. Shape and dimensions of fatigue test specimens.
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2.4. Fatigue tests

Fatigue tests of TIG-dressed fillet weld specimens were carried
out under constant amplitude cyclic loading. The fatigue loading
configuration is shown in Fig. 5. The fatigue tests were performed
using a servo-hydraulic test rig and the frequency of loading was
2.0–5.2 Hz. The stress ratio, R, stress range, Dr, and maximum
stress level, rmax, varied between different test specimens. In addi-
tion to the standard recommended applied stress ratio R = 0.1,
higher values were also used (R = 0.25–0.60) and the maximum
stress levels were varied from 50% to 80% of the nominal yield

strength of the base material (rmax = 0.5 � fy � 0.8 � fy). In every
fatigue test the load and displacement values were monitored from
the test rig and strain gauges were used to define the structural
stresses and structural stress concentration factors of each cruci-
form joint. Total rupture of the test specimen was used as the fail-
ure criterion to stop the fatigue test.

3. Experimental results

3.1. Local geometries

The local geometries of the joints before and after TIG-dressing
were of high quality, i.e. without discontinuities or visible crack-
like defects, due to proper welding and the use of optimal TIG-
dressing parameters. Based on the laser measured results and
investigations of the cross-sectional areas, the critical weld toe
radii before TIG-dressing, i.e. in as-welded condition, varied
between 0.5 and 2.0 mm and after TIG-dressing, a majority of the
toe radii were well beyond 2.0 mm. Macrographs from cross-
sections of typical cruciform joints before and after TIG-dressing
are shown in Fig. 6.

3.2. Residual stresses

The longitudinal residual stress distributions along the surfaces
from the weld toes to the base material before and after TIG-

Table 6
Welding parameters of GMAW and TIG-dressing.

Process Position Current (A) Voltage (V) Travel speed (mm/s) Wire feed (m/min) Shielding gas Heat input (kJ/mm)

GMAW 2F/PB 241–258 31.3–31.7 5.9 13.2 Ar + 10% CO2 0.92–0.96a

TIG-dressing 2F/PB 180 13.2 2.4–3.4 – 100% Ar 0.42–0.59

a Considered the electrical cable resistance of the robot welding equipment.

Fig. 2. Welding sequence and directions of the welding and TIG-dressing runs.

Fig. 3. UHSS fillet weld (a) before and (b) after TIG-dressing.

(a) (b) (c) (d)

Weld profile
X-ray

Fig. 4. (a) TIG-dressed UHSS fillet weld, (b) schematic of weld profile measurement line and residual stress measurement points, (c) the laser displacement sensor and (d) the
X-ray diffraction device.

T. Skriko et al. / International Journal of Fatigue 94 (2017) 110–120 113



dressing are shown in Fig. 7. Before TIG-dressing, the residual
stresses in the fillet weld toes were mainly compressive but in
most of the cases the minimum values were found to be some dis-
tance away from the weld toe, i.e. in the base material. Similar
results have been found in previous research by Hensel et al.
[18], Mochizuki & Kurimura [19], Farajian et al. [20] and
Farajian-Sohi et al. [21], although they all studied different materi-
als and joint types. After TIG-dressing, very high compressive
residual stresses were measured at the bottom of the treated areas.
However, deviations between the measured values were quite
large, which is a consequence of variability in the measured surface
properties. The X-ray beam can scatter due to discontinuity in the
TIG-dressed surface and thus cause deviation in measured values.
Therefore, the starting points of the distributions after the
TIG-dressing were adjusted to the boundary surface between the
TIG-dressed zone and the base material.

3.3. Macrographic examinations

Hardness measurements performed on the cross-sectional areas
of the welded joints showed a notable softening in the HAZs of
both the fillet weld and the TIG-dressing, Fig. 8. In addition, minor
softening peaks were observed in the fusion line region of the
TIG-dressing towards the weld metal and base material. Skriko
and Björk [22] and Lieurade et al. [23] have presented similar
results regarding fusion line softening of S960 grade steel fillet
welds in as-welded condition. Moreover, Pedersen et al. [24] and
van Es et al. [25], who studied TIG-dressed fillet and butt welds,
respectively, both observed hardness decrease in TIG-dressed

areas, although they studied different types of high- and ultra-
high-strength steel grades, such as S700, S890 and S1100.

3.4. S-N curves and FAT values

Experimental fatigue test results for the TIG-dressed specimens
are shown in Fig. 9, and S-N curves with different stress ratios, R,
are presented in Fig. 10. A summary of FAT values defined from
the data and different stress ratios is presented in Table 7. The cal-
culations were based on the statistical evaluation of fatigue test
data presented by Hobbacher [7], and following Yildirim [9], a
fixed S-N slope of m = 4 was used in addition to the best-fit m val-
ues determined in each case. In most cases, a fixed slope of m = 4
showed good agreement with the best-fit m value, especially when
the stress ratio was R = 0.25. The best-fit slope became very steep
when analyzing the fatigue test data with a stress ratio R = 0.38,
but this was mainly due to the small number of tested specimens
and relatively narrow range of loading variations. If more fatigue
test results between 104–105 and over 106 cycles had been
achieved, the distribution of the data points would have been more
even, allowing accurate determination of the best-fit slope m, and
thus the slope would have been less steep. The experimental fati-
gue test results also indicated that the fatigue resistance decreased
when higher stress ratios were applied, which can be seen from
Fig. 11, where the defined FAT values are plotted as a function of
R. The values of FAT50% (m = 4) showed a uniform decreasing trend
with increasing stress ratio but other FAT values had more varia-
tion, which is a consequence of the above-mentioned factors
related to the fatigue test data and differences in the degree of
deviation in the test results.

According to IIW recommendations [7], the characteristic FAT
values can be calculated from the mean FAT value using tolerance
interval factors k1 and k2, which are dependent on the number of
test results, n. Especially, when the n < 10, the k1 and k2 values
are very sensitive to the number of test results. If the standard
deviation is at low level, i.e. there is not major variation in the
quality of the tested specimens, and the number of tested speci-
mens is large, the divergence between mean and characteristic val-
ues becomes small. In this study, the quality of TIG-dressed
specimens was at a high level so it can be assumed that with
increased number of fatigue test specimens, the characteristic
FAT values will shift closer to the mean FAT value. Thus, in the
context of this study it is advisable to compare the mean fatigue
resistances with survival probabilities of Ps = 50% instead of charac-
teristic values with Ps = 95% when analyzing the experimental fati-
gue test results.

Fixed constraint

Specimen Clamping jaws

Applied force

Fig. 5. Fatigue test setup.

Fig. 6. Typical weld toe radii of as-welded and TIG-dressed non-load-carrying cruciform joints.
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4. Statistical analysis and FE modeling of TIG-dressing
geometries

4.1. Geometric factors and variables

Based on geometric factors and variables, such as the toe radius,
r, connection angle, a, connection height, y, and undercut, d, shown
in Fig. 12, a total of 96 TIG-dressed fillet weld profiles were mea-
sured and analyzed. Following the recommendations presented
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Fig. 7. Longitudinal residual stresses before and after TIG-dressing (NB: Welding and TIG-dressing sequence: 1? 2? 3? 4).

Fig. 8. Hardness distribution of a TIG-dressed UHSS fillet weld.
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Fig. 9. Experimental fatigue test results of all TIG-dressed specimens. The S-N
curves with a fixed slope of m = 4 and a best-fit slope of m = 2.47 are defined based
on all data points.
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by Fricke [15], an idealized profile shape was modeled from each
TIG-dressed fillet weld. Using the horizontal, x, and vertical, y,
coordinates from the two-dimensional geometry measurement
data, related weld profiles were drawn in CAD software, Fig. 13
(a). The smallest circle that fits the transition from the plate surface
to the weld was enforced in the model by a close approximation,
and the straight lines that best fit the real model were drawn
accordingly, Fig. 13(b). In addition, possible undercut caused by
TIG-dressing was also defined. The results of the weld profile ide-
alizations in terms of statistical variation of different geometric
factors are shown in Fig. 14.

4.2. FEA

In order to investigate the effect of TIG-dressing geometry on
the SCF with FE modeling, the following matrix of geometric vari-
ations was defined based on statistical analysis of the TIG-dressed
fillet weld profiles:

� r: 1.0 mm 2.0 mm 4.0 mm 6.0 mm
� d: 0 mm 0.15 mm 0.25 mm
� y: 1.5 mm 2.5 mm
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Fig. 10. S-N curves for TIG-dressed specimens with (a) R = 0.1, (b) R = 0.25, (c) R = 0.38 and (d) R = 0.5 and R = 0.6.

Table 7
FAT values from experimental fatigue tests with different stress ratios.

Stress ratio FAT values

Fixed slope Best-fit slope

m FAT50% FAT95% (k1) FAT95% (k2) m FAT50% FAT95% (k1) FAT95% (k2)

All R 4 254 190 200 2.47 178 128 135
R = 0.1 4 280 219 238 3.64 261 200 218
R = 0.25 4 268 244 252 4.01 269 244 252
R = 0.38 4 255 186 209 1.90 142 89 106
R = 0.5–0.6 4 213 144 166 4.43 222 156 178
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The a was set to 45� which was observed to be the most common
value, Fig. 14(b), and which is also recommended by Hobbacher
[7]. Stress analyses of the TIG-dressed cruciform joints were accom-
plished using two-dimensional FE models in ABAQUS. Elastic mate-
rial behavior parameters, namely, Young’s modulus E = 200 GPa and
Poisson’s ratio t = 0.3, were used for stress calculations. In all cases,
the FE modeling was carried out utilizing double symmetry of the
joint, and thus a quarter of the cruciform joint was modeled. Ele-
ments with either linear or quadratic shape function can be used
in modeling, nevertheless, implementation of higher order ele-
ments resulted in smaller errors and higher precision. A reduced

integration quadratic quadrilateral plain strain element in ABAQUS
(CPE8R) was utilized in mesh definition of the models. Based on the
recommendations of Fricke [15], element size in the proximity of
the notch should be no more than r/4, which was strictly considered
for the first layer of elements in all cases. A desirable mesh conver-
gence was obtained by setting an element aspect ratio of 2.5–3.0 for
the models according to a study by Baumgartner and Bruder [26].
The results of the FE modeling and analyses are shown in Fig. 15,
where the effect of r and d on SCF, kt, are plotted.

When considering the effect of the studied variables on the SCF,
the FEA results clearly show that the r has the most significant
effect. The highest stress concentration values were obtained for
smaller toe radii, which means that the smaller the r, the larger
the kt. In addition to the general trend of reduction in kt with
increasing r, it is also noticeable that the decrease in SCF is greater
in the range of 1.0 mm < r < 2.0 mm than with larger r values. Fur-
thermore, it can be noticed from Fig. 15(a) that the effect of d is
more prominent for smaller values of r than for larger r values.
The discrepancies in the kt values produced for r = 1.0 mm are larger
than for r = 6.0 mm due to variation in d. In terms of the effect of d
on the SCF, Fig. 15(b), increasing d leads to higher kt values. How-
ever, the influence of this variable is not as significant as the effect
of the r. When considering the other geometric variations modeled
with FE, the effect of the y on the SCF proved to be negligible com-
pared to that of the variables r and d. The results presented in
Fig. 15 are generated from FE models in which the used connection
height value was y = 1.5 mm.
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Fig. 11. FAT values from experimental fatigue tests as a function of R.

Fig. 12. Geometric factors and variables of TIG-dressed fillet welds: toe radius, r,
connection angle, a, connection height, y, and undercut, d.

Fig. 13. Weld profile idealization in CAD software, (a) laser measurement data from real weld shape and (b) fitted circle and straight lines for defining the r and a,
respectively.
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5. Discussion

The experimental fatigue tests clearly showed the effect of
stress ratio on the fatigue strength of TIG-dressed UHSS fillet weld
joints. The fatigue resistance was seen to decrease with increasing
stress ratio. The characteristic FAT95% (m = 4) value was reduced by
30% when the applied stress ratio was increased from R = 0.1 to
RP 0.5. The proposed S-N slope m = 4 [9] was found to fit the
experimental fatigue test results well, although the deviation
increased when high stress ratios, RP 0.38, were implemented.

In the statistical analysis based on the geometric variables of
the TIG-dressed fillet weld profiles, the greater part of the weld
toe radii, r, were between 3.0 and 5.0 mm, and in most cases,
the connection angle, a, was approximately 45� and the connec-
tion height, y, was between 1.5 and 2.5 mm. In addition, a major-
ity of the joints were without any undercut, d, or the undercut

was very small. When considering these geometric factors, the
FE analyses showed that the toe radius and undercut have the
most significant effect on the SCF, kt, of the TIG-dressed fillet
weld joints. A smaller toe radius with deeper undercut will pro-
duce higher stress concentration than a large toe radius without
any undercut, which is consistent with general theories from the
literature [27–29].

Some of the fatigue fractures initiated from the interface
between the TIG-dressed zone and the weld metal or base mate-
rial, i.e. at the fusion line of the TIG-dressing towards the weld
metal, Fig. 16(a), or the base material, Fig. 16(b), where a softening
effect was observed. Thus, in these cases the fatigue crack initiation
does not occur in the region of maximum stress concentration,
which based on the FEA was found to be at the bottom of the
TIG-dressed zone, Fig. 16(c). However, the idealized weld profile
shape used in the FE modeling fails to take into account local
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Fig. 14. Statistical variations of (a) toe radii, (b) connection angles, (c) connection heights and (d) undercuts of TIG-dressed fillet welds.
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points of discontinuities and natural variation caused by manual
TIG-dressing, which might generate substantial stress concentra-
tion peaks. Marquis [30] has presented crack-like defects at the
edge and bottom of the treated zone in HFMI treated welds caused
by improper treatment but this hypothesis was discarded because
the TIG-dressing does not cold form or press the material and in
this study, the quality of TIG-dressing was at a high level which
can be seen from Fig. 4(a). Nevertheless, it should be borne in mind
that in a very smooth and high quality joint geometry with moder-
ate stress concentration, i.e. where the fatigue crack initiation per-
iod is a significant proportion of the total fatigue life, the fatigue
fracture might originate at a point where the strength of the mate-
rial has decreased due to the softening effect, because crack initia-
tion is dependent on material strength [31].

6. Conclusions

Based on experimental measurements and fatigue tests of TIG-
dressed UHSS fillet weld joints, together with statistical analysis
and numerical FE modeling, the following conclusions can be
drawn:

� The IIW recommendations for TIG-dressing improvement
effects on FAT classes, which apply up to 900 MPa yield
strength, were found to be too conservative for S960 grade steel
fillet weld joints.

� The fatigue strength of TIG-dressed UHSS fillet weld joints
decreased when the applied stress ratio, R, was increased. Based
on the experimental fatigue tests, the reduction in the charac-
teristic FAT95% (m = 4) value was 30% when the stress ratio
increased from R = 0.1 to RP 0.5.

� Statistical analysis of the geometric variations in the TIG-
dressed fillet weld joints showed that compared to the as-
welded condition the great change was in the weld toe radius.
After TIG-dressing, a major part of the weld toe radii were
between 3.0 and 5.0 mm, whereas the radii were below
2.0 mm in the as-welded condition. The undercut produced by
TIG-dressing was found to remain at a relatively low level,
and no undercut was observed in most of the analyzed joints.

� The FE analyses indicated that toe radius and undercut are the
geometric parameters most essentially affecting the SCF of
TIG-dressed fillet weld joints. However, the idealized weld pro-
file shape used in the FEA might eliminate local points of dis-
continuities that could have significant effects as regards
stress concentration and fatigue resistance.

� In UHSS fillet weld joints, TIG-dressing produced high compres-
sive residual stresses towards the base material in the vicinity
of the TIG-dressed region.

� The TIG-dressing caused softening in the fusion lines andHAZs of
the studied S960 weldments, whichmight have an effect on fati-
gue crack initiation and thus the fatigue durability of the joint.
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Abstract. With the aim of maximizing energy efficiency, the use of low-alloyed
ultra-high strength steels (UHSS) has greatly increased in vehicles and other
transport applications in recent decades. Using UHSS, equivalent ultimate load
capacity can be achieved with less material than when using conventional
structural steels. Along with increased static load, structures commonly made of
UHSS are often subjected to high cyclic load, and good fatigue strength is thus
demanded. In this study, the fatigue strength was obtained for gas metal arc
(GMA)-brazed non-load carrying joints made of S960 MC plates. CuMn13Al7
and CuAl8 were used as braze alloys. In addition, the work evaluated the
potential of gas metal arc brazing (GMAB) as a post-weld improvement tech-
nique. A total of 21 different test specimens were manufactured and tested with
constant amplitude fatigue tests with an applied stress ratio of R = 0.1. Notch
effects of the braze joints were investigated numerically using finite element
analysis (FEA). Depending on the braze alloy and joint configuration, mean
nominal fatigue strengths of FATmean = 134–192 MPa were obtained, indicating
that GMAB is a promising joining method for structures made of UHSS.
The FEA results showed that for the studied materials and joints, stress con-
centration induced in the joint can decrease approximately by 20% when GMAB
is applied instead of fusion welding.

Keywords: Fatigue strength � Ultra-High Strength Steel
Gas Metal Arc Brazing � Fatigue strength improvement

1 Introduction

Ultra-high strength steels (UHSSs) are increasingly being used in demanding appli-
cations such as aerial work platforms and other transport equipment where mini-
mization of dead weight is essential for good energy efficiency. High static and fatigue
strength is often required in such structures. Fusion welding is a common process for
joining plates made of conventional steel grades. However, welding of low-alloyed
UHSS causes additional requirements for manufacturing processes, since the high
strength of the steel, which is obtained from precise thermo-mechanical treatment,
might be lost if the base material is subjected to high heat input. As a result of high heat
input, the cooling rate decreases and the cooling time (t8/5) simultaneously increases,
which causes material softening in the heat affected zone (HAZ) and can thus
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drastically decrease the ultimate load capacity of a joint. It has been demonstrated that
in non-load carrying joints such softening might result in the joint area being the
weakest component of a structure [1].

GMAB (or MIG brazing) is a well-known process in industries where thin-walled
structures are constructed using galvanized steel plates [2–5]. By using GMAB instead
of conventional fusion welding, the beneficial effect of the galvanized layer, e.g. a zinc
layer, on corrosion resistance is not lost, since the base material does not melt in the
process. Potentially, GMAB can overcome the above-mentioned issues related to
softening of UHSS. Furthermore, using carefully selected brazing parameters, smooth
braze geometries, i.e. low flank angles and high toe radii, can be obtained, which
contribute to achieving high fatigue strength. Moreover, GMAB is suitable for joining
dissimilar materials [6, 7].

Mechanical properties, including fatigue strength, for GMA-brazed joints made of
thin galvanized steel plates can be found in the literature [8–12], but less information is
available for GMA-brazed joints made of thicker structural steels, since fusion welding
is generally the more common joining process for such steels. The idea of utilization of
GMAB as an fatigue improvement technique at LUT originated back to 1990’s when
replica Norton Manx frames were fabricated using Russian high strength steels in
Estonia. In order to confirm the fatigue performance of those frames, GMAB was
applied as a post-weld treatment method. However, the preliminary tests were carried
out for joints made of conventional steels. Lepistö and Marquis [13] reported these
results and identified GMAB as a potential joining process for structural steels in terms
of fatigue strength. Recently, Gericke et al. [14] conducted tests for non-load carrying
studs (S355) and reported similar findings concerning the potential applicability of
GMAB. In their studies, the fatigue strength of the GMA-brazed studs was approxi-
mately 40% higher than the corresponding GMA-welded joints. In addition, Gericke
et al. drew attention to the reduction in residual stresses and stress concentration factors
(SCF) when GMAB is applied instead of welding. Despite these encouraging results,
GMAB remains a novel joining method for thicker structural steels, and further
investigations are thus needed. Furthermore, little attention has been paid to joints
made of UHSS, which are the focus of this paper.

The work examines the fatigue performance of GMA-brazed joints made of UHSS.
In the study, experimental fatigue tests of non-load carrying (NLC) joints were carried
out and fatigue strengths at two million load cycles (FAT) obtained. Two types of
specimens were under investigation: GMA-brazed NLC joints and GMA-welded NLC
joints with an additional braze bead at the weld toe. Due to the lower elastic modulus of
the braze alloy compared to the base material, a braze induces a lower SCF than a weld.
Because brazing does not melt the base material, no initial cracks form at the toe area.
Consequently, the nucleation period have a great impact on total fatigue life. Brazing
with proper parameters enables having smooth transition in terms of toe radius and
flank angle between the filler and base material thus decrease local stress concentration
at braze toe. Due to the lower yield strength of the braze alloys compared to the
matching steely filler materials, also residual stresses should be lower. These effects can
have influence on fatigue strength by decreasing the efficiency of external loading or
decreasing distortions of joint and thus secondary stresses. In addition, lower heat input
decrease degree of softening in the UHSS, which can have an important effect on
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nucleation period in fatigue life. FEA was carried out to compare the SCFs of
GMA-brazed and GMA-welded joints.

2 Experimental Program

2.1 Materials

This study investigates an ultra-high strength steel, S960 MC. Böhler Union X96
(Mn4Ni2.5CrMo, Ø1.0 mm) was used as a matching filler material for the welded
specimens and CuAl8 (Ø1.0 mm) and CuMn13Al7 (Ø1.2 mm) as braze alloys for the
GMAB. Chemical compositions and mechanical properties of the studied materials are
presented in Tables 1 and 2, respectively. As shown in Table 2, the yield and ultimate
strength of CuMn13Al7 is very high compared to many other braze alloys. Conse-
quently, high strength joints can be obtained using CuMn13Al7, although the alloy is
an undermatching filler material for S960 MC. The strength properties of CuAl8 are
substantially lower compared to the base material, but since its availability is generally
good and this study focuses on non-load carrying joints where the strength of welds is
not critical, CuAl8 was selected as a braze alloy.

2.2 Test Specimens

NLC joints were fabricated from S960 MC plates with a thickness of t = 7.77 mm. The
main dimensions of the tested specimens are shown in Fig. 1. Two different types of
joint configuration were used. In the first two sets (Set 1 and Set 2), the joints were

Table 1. Chemical compositions of the studied materials (weight-%).

Material Type of value C Si Mn P S Al V Ti

S960 MC Maximum 0.12 0.25 1.3 0.02 0.01 0.015 0.05 0.07
S960 MC Measured 0.09 0.18 1.14 0.01 0.001 0.028 0.03 0.01

C Si Mn Cr Mo Ni
Union X96 Nominal 0.12 0.8 1.9 0.45 0.55 2.35

Mn Al Fe Ni Si
CuAl8 Nominal – 7.8 < 0.5 – < 0.1
CuMn13Al7 Nominal 13 7 2.5 2.5 –

Table 2. Mechanical properties of the studied materials.

Material Type of
value

Proof strength
Rp0.2 [MPa]

Tensile strength
Rm [MPa]

Elongation
A5 [%]

Impact
KVC [J]

S960 MC Nominal 960 980–1250 7 27 (–40°C)
S960 MC Measured 1040 1140 10 83 (–40°C)
Union X96 Nominal 930 980 14 47 (–50°C)
CuAl8 Nominal 175 420 40 70 (+20°C)
CuMn13Al7 Nominal 650 900 10 –
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prepared using only GMAB with different braze alloys. In the third set (Set 3), the
potential of GMAB as a post-weld improvement technique was under investigation,
and a combination of gas metal arc welding (GMAW) and GMAB was applied. These
joints were first prepared using GMAW and subsequently, additional beads were
applied at the weld toes using GMAB, see Fig. 1. A total of 21 specimens were
fabricated and tested.

The preform of the specimens were laser-cut, and prior to GMA-processing, the
plates were treated with citric acid (C6H8O7) to remove roll scale and impurities from
the plate surfaces. The specimens were prepared using mechanized single-pass welding
or brazing, and a pulsed arc method was applied in the brazing process. The main
parameters of the brazing and welding are presented in Table 3. Beads were manu-
factured one pass at a time, and the specimens were allowed to cool down between the
passes. Run-on and run-off parts of the specimens were subsequently sawed and
machined, and the edges and corners of the specimens were ground to avoid fatigue
failures starting from the edges of the sheet.

Fig. 1. Test specimens: (a) main dimensions of the specimens and (b) configuration for each set.

Table 3. Brazing and welding parameters. For GMAB, shielding gas was Ar and for GMAW,
Ar+8%CO2, respectively.

Set Process Current I
[A]

Voltage
U [V]

Wire feed rate vwire
[m/min]

Travel speed
v [cm/min]

Heat input
Q [kJ/mm]

1 GMAB 195–205 25 8.0 35 0.70
2 GMAB 255–260 27 11.5 100 0.34
3 GMAW 240–250 26.6 10.5 48 0.67

GMAB 170–175 23.5 8.0 100 0.20
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After manufacturing of Set 1, it was concluded on the basis of the braze shape
measurements that the brazing parameters were not optimal for high quality geometries
in terms of fatigue strength. With a low travel speed, the temperature of the specimen
during brazing could not be controlled effectively, which had an unbalancing influence
on molten braze behavior during the process. Consequently, with Set 2, a preheat
temperature of Tp = 80°C was applied and travel speed was increased considerably in
order to obtain better quality, see Table 3. Heat inputs (Q) were calculated using the
following equation:

Q ¼ gUI
v

; ð1Þ

where η is thermal efficiency (0.80 is assumed for the applied processes), U is voltage,
I is current, v is travel speed [15].

Before testing, hardness and residual stress measurements were carried out in
selected specimens, Fig. 2. Residual normal stresses parallel to loading were measured
at the weld toes in the centerline of specimen (four specimens per set and four mea-
surements per specimen) using an X-ray diffractometer (Stresstech Xstress 3000 G3).
The results indicated that the lowest (and even compressive) residual stresses were
measured in Set 2, whereas in Set 1 and Set 3, the residual stress was tension at the
braze toe.

2.3 Test Set-up

Fatigue tests were performed using constant amplitude axial tensile loading with an
applied stress ratio of R = 0.1. Force was produced using a servo hydraulic actuator,
Fig. 3a, and the minimum and maximum of applied load and displacement were

Fig. 2. Measurement results: (a) average of residual stress at the braze in each set and
(b) hardness distributions in Set 2 and Set 3.
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measured during test. Due to the symmetric shape of the specimens and the low heat
input, no significant angular distortions were found in the specimens, and consequently,
the loading was mainly membrane stress. Nevertheless, each specimen was instru-
mented with a strain gage, Fig. 3b, located at 0.4t distance (3.1 mm) from the weld toe
to obtain secondary bending stress induced by angular distortion. Failure criterion for
the end of the tests was total rupture of the specimen.

2.4 Results

Mean fatigue strength of each set was obtained using the standard procedure of linear
regression in the following equation:

logNf ¼ logC � m � logDrnom; ð2Þ

where Nf is fatigue life in cycles (dependent variable), C is fatigue capacity, m is the
slope of the S–N curve, and Drnom is nominal stress range (independent variable). Due
to the relatively low number of test specimens and the applied stress levels, a fixed
slope of S-N curve, i.e. m = 3, was applied following the IIW Recommendations [16].
Fatigue test data are plotted in Fig. 4 with the evaluated S–N curves. The computational
mean fatigue strength (50% survival probability) given by the IIW Recommendations
can be derived from the characteristic design curve (mean minus two standard devia-
tion, 97.7% survival probability) using a safety factor of jr = 1.37, resulting in FATIIW,

mean = 110 MPa [17].
Based on the strain gage measurements and the measured shape of the specimens, no

significant angular misalignments were found in the GMA-brazed specimens (Set 1 and
Set 2), i.e. Km = 1.0–1.05. Consequently, the results obtained with the structural stress
approach correspond to the results in terms of the nominal stress system. However, in
Set 3, where fusion welding was used, the angular misalignments were slightly higher
(Km = 1.0–1.17), although the heat input was symmetric. For Set 3, the mean fatigue
strength of the structural stress system was FAThs,mean = 151 MPa (m = 3).

Fig. 3. Fatigue test set-up: (a) test rig and (b) strain gage instrumentation.
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3 Finite Element Analysis

FEA was carried out to investigate decrease in SCF when GMAB is applied instead of
GMAW. All analyses were carried out using Femap with NxNastran (Siemens PLM
Software) and two-dimensional parabolic plane strain element models. For the steel
materials (S960MC andUnionX96), Young’smodulusE = 210GPa and Poisson’s ratio
v = 0.3 was used, and for the CuAl-based braze alloys, E = 120 GPa and v = 0.3,
respectively. A quarter model with symmetry constraints and seed load of 1 MPa were
applied. The geometry, load and boundary conditions of the models are presented in
Fig. 5.

Weld and braze toe radius of r = 1 mm was applied in accordance with effect notch
stress (ENS) concept [18]. Due to the severe transition between the base material and
braze alloy, regular-shaped quadrilateral elements, as presented e.g. in [19, 20], could
not be applied at the toe radius. However, to obtain reliable results, the mesh size was
decreased to r/40 = 0.025 mm, which is one tenth of the recommended maximum size,
i.e. r/4 = 0.25 mm for elements with quadratic order according to IIW [16]. To retain
comparability of the different models, similar braze and weld geometry to the
GMA-brazed and GMA-welded joints was chosen for the FE-model of the combination
joint, although the analyzed geometry differs slightly from the combination joints tested
experimentally, as shown later in Fig. 8 (Sect. 4).

Figure 6 shows that SCF of the NLC X-joint decreases 23% when brazing is used
instead of welding. In the combination joint, a small additional braze bead shifts the
maximum stress concentration location from the weld toe to the braze toe. In the
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Fig. 4. Fatigue test data in the nominal stress system.

Fatigue Performance of GMA-Brazed Non-load Carrying Joints 163



combination joint, SCF is slightly higher than in the solely GMA-brazed joint, but the
reduction with respect to the welded joint remains significant.

4 Discussion

Experimental fatigue tests were conducted for GMA-brazed NLC joints made of
UHSS. The fatigue test results showed that the mean fatigue strength of the IIW
Recommendations is exceeded in all sets. Generally, various materials and weld quality
are covered in S–N curves of codes and guidelines and consequently it is more rea-
sonable to compare obtained results with similar welded NLC X-joints. Available
fatigue data of GMA-welded joints made of S960 MC originally reported in [21–23]
were selected for comparison. The tests in [21–23] were carried out for normal quality
welds, i.e. weld toe radius r < 1 mm and without post-weld treatment. The specimens
were prepared using either mechanized or robotic welding, and both matching (X96)
and undermatching (OK AristoRod 12.50, fy = 470 MPa) filler materials were used.

Fig. 6. SCFs in terms of maximum principal stress criterion for (a) welded, (b) brazed and
(c) combination joint.

Fig. 5. FE models: (a) load and boundary conditions and (b) analyzed joint configurations.
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For the selected GMA-welded specimens, the mean fatigue strength is FATmean

= 110 MPa (m = 3), using Eq. (2), and thus the S–N curve converges with the com-
putational mean S–N curve of the IIW Recommendations. The fatigue test data of the
GMA-welded specimens in [21–23] are plotted with the test results of this study in
Fig. 7. It can be seen that the worst test results of the GMA-brazed joints (Set 1, black
squares in Fig. 7) fall into the same S-N curve as the GMA-welded specimens. Nev-
ertheless, the mean fatigue strength of these GMA-brazed joints is 22% higher than the
GMA-welded joints. Differences in the braze geometry and braze quality in Set 1 most
likely explain the variation in the test results. In Set 2, however, the improvement level
is substantially higher, i.e. 75% with respect to the GMA-welded specimens. In Set 3,
where a combination of GMAB and GMAW was used, the fatigue strength is 27%
higher than with GMA-welded joints.

The discrepancy in fatigue strengths of Set 1 and Set 2 is a result of the different
braze geometries. As discussed in Sect. 2.2, the fabrication of the specimens was
slightly modified for Set 2, i.e. Tp = 80 °C preheat temperature was applied and travel
speed was increased, which resulted in lower flank angles and higher toe radii than in
Set 1 and Set 3, as shown in Fig. 8. On the basis of fabrication of the specimens,
flowing ability of CuAl8 is higher than CuMn13Al7 which contributed also achieve-
ment of good geometry in Set 2. In addition, the lowest residual stresses were measured
in Set 2, Fig. 2; the lower residual stress promotes achievement of high fatigue
strength. The highest tensile residual stresses were measured in the combination joints
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Fig. 7. Test results of this study in comparison with GMA-welded NLC joints made of
S960 MC (normal quality, weld toe radius rtoe < 1 mm) and tested in as-welded condition with
constant amplitude loading (R = 0.1).
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(Set 3), and although a moderate transition from base material to braze alloy was
attained (see Fig. 8c), the fatigue strength was not obviously higher than in Set 1.

During fabrication of the test specimens, it was found that heat conduction must be
considered comprehensively when specifying the brazing parameters. For instance, if
brazing parameters are established for larger plates and longer brazes, the same
parameters are not necessarily optimal for small-scale specimens and shorter brazes.
Furthermore, the cleanliness of the joined plates is of importance in brazing in order to
ensure acceptable bonding properties.

The FEA revealed that in the NLC X-joints, the SCF at the weld toe decreases by
23% when a braze alloy with a lower elastic modulus is used for joining the plates,
Fig. 6. Comparing the bead geometries of Set 1 and the welded specimens, Fig. 8a and
d, it can be seen that the bead profile is mainly identical. The mean fatigue strength of
the GMA-brazed NLC joints is 22% higher than that of similar welded specimens.
Consequently, a distinct correspondence between the decrease in the SCFs and the
improvement in the fatigue strength can be found in Set 1. Due to the limited number of
tested specimens, this paper cannot comprehensively provide a characteristic design S–
N curve for GMA-brazed NLC joints. However, the study offers important insights into
improvement level in fatigue strength of joints made of UHSS when GMAB is used.

When evaluating the potential of GMAB as a treatment to improve fatigue strength,
it must be remembered that the low heat input of GMAB reduces thermal-induced
misalignments and distortions causing secondary bending stresses and residual stresses
increasing mean stress level. These effects are particularly emphasized when the heat
input is asymmetric, e.g. in T-joints or one-sided longitudinal gussets. This study
focused on the fatigue strength of symmetrically welded and brazed X-joints, in which
the misalignments and distortions are clearly lower.

Hardness measurements, Fig. 2b, showed that HAZ-related softening of UHSS
cannot be totally avoided when using GMAB, but the depth of the softened zone is
quite narrow. This can also be seen in Fig. 8, where in the GMA-welded specimen, the
HAZs of the opposite welds almost merge in the middle of the base plate, Fig. 8c and
d, while in the GMA-brazed joints, the HAZ occurs only in the vicinity of the plate

Fig. 8. Typical toe and bead geometries: (a) Set 1, (b) Set 2 and (c) Set 3, and (d) a weld
geometry.
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surfaces, Fig. 8a and b. The shallow nature of the softened zone contributes to
achievement of the high static strength in the NLC joints. Since braze alloys are
typically undermatching for UHSSs having yield strength up to 1000 MPa, combi-
nation joints may be considered particularly in load carrying (LC) joints. Requirements
for static and root side fatigue strength can be fulfilled using GMAW (fillet or pene-
trated welds) with a matching filler material, and the fatigue strength of the weld toe
can be improved by using an additional braze bead. The effect of brazing or combined
brazing and welding on the static strength capacity of NLC and LC joints should be
investigated further in future work.

5 Conclusions

In the present paper, the fatigue performance of GMA-brazed NLC joints made of
UHSS was investigated experimentally using fatigue tests and numerically using finite
element analysis. Based on the results obtained and comparison to previous studies, the
following conclusions can be drawn:

• Use of GMAB instead of GMAW in NLC joints can be beneficial in terms of
fatigue strength;

• Improvement in fatigue strength can be roughly estimated by observing the
decrease in the SCF if other essential parameters, i.e. weld/braze geometry, toe
radius, misalignments and residual stresses, are identical;

• Use of GMAB enables attainment of smooth transition from base material to braze
bead, which enhances the improvement in fatigue strength significantly, as shown in
Set 2, where the fatigue strength improved 75% with respect to the welded
specimens;

• HAZ size and consequently the degree of softening can be significantly diminished
when using GMAB with low heat input. Additionally, low heat input reduces
residual stresses, which contributes to achievement of high fatigue strength;

• Obtained bead geometries and bonding properties of GMAB are sensitive to the
process parameters applied and the cleanliness of the plates and equipment must be
ensured.
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