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Populärvetenskaplig Sammanfattning  

Nyckelord: Utmattningshållfasthet; Restspänningar; Svetsar; Svetsgeometri; 
Höghållfasta stål; Weld Impression Analysis; Laser Scanning Profiling; 
Structured Light Projection  

Det finns en allmän trend idag inom fordonsindustrin att försöka minska 
vikten för att möta krav på minskade utsläpp genom mindre 
bränsleförbrukning. En möjlighet att minska vikten är genom att använda mer 
höghållfasta stål och att sammanfoga dem med svetsning. Svetsning är den 
vanligaste fogningsmetoden för tillverkning av en stor del av alla tekniska 
konstruktioner. Många komponenter är utsatta för utmattningsbelastning under 
hela eller delar av sin livstid och svetsar är ofta den främsta platsen för 
utmattningsbrott. 

Utmattningsbrott i svetsade konstruktioner initieras ofta vid svetstån som en 
följd av stora restspänningar och lokal förändring av geometrin som ger en 
spänningskoncentration. Syftet med denna forskning är att öka förståelsen av de 
faktorer som styr utmattningslivslängden i svetsade komponenter tillverkade av 
höghållfasta stål med en sträckgräns över 800 MPa. Framförallt har påverkan av 
den lokala geometrin vid övergången mellan svets och grundmaterial (svetstån) 
och restspänning på utmattningslivslängden studerats. Restspänningsnivån 
varierades genom att använda två olika typer av tillsatsmaterial, en Low 
Transformation Temperature (LTT) tråd med låg martensitbildningstemperatur 
och en standard höghållfast tråd. Svetståns geometri har mätts och utvärderats 
med hjälp av tre icke-förstörande metoder; Weld Impression Analysis (WIA), 
Laser Scanning Profiling (LSP) och Structured Light Projection (SLP). 
Resultaten visar att alla tre metoderna ger precisa och korrekta resultat. 
Användningen av LTT tillsatsmaterial ökade utmattningshållfastheten. En 
jämförelse visade också att restspänningen hade en större effekt än svetståns 
geometri på utmattningshållfastheten. 
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Nowadays there is a strong demand for lighter vehicles in order to increase the 
pay load. Through this the specific fuel consumption is decreased, the amount 
of greenhouse gases is lowered and the transport economy improved. One 
possibility to optimize the weight is to make the components from high strength 
steels and join them by welding. Welding is the main joining method for 
fabrication of a large proportion of all engineering structures. Many components 
experience fatigue loading during all or part of their life time and welded 
connections are often the prime location of fatigue failure.  
 
Fatigue fracture in welded structures often initiates at the weld toe as a 
consequence of large residual stresses and changes in geometry acting as stress 
concentrators. The objective of this research is to increase the understanding of 
the factors that control fatigue life in welded components made from very high 
strength steels with a yield strength of more than 800 MPa. In particular the 
influences of the local weld toe geometry (weld toe radius and angle) and 
residual stress on fatigue life have been studied. Residual stresses have been 
varied by welding with conventional as well as Low Transformation 
Temperature (LTT) filler materials. The three non-destructive techniques Weld 
Impression Analysis (WIA), Laser Scanning Profiling (LSP) and Structured 
Light Projection (SLP) have been applied to evaluate the weld toe geometry. 
Results suggest that all three methods could be used successfully to measure the 
weld toe radius and angle, but the obtained data are dependent on the evaluation 
procedure. WIA seems to be a suitable and economical choice when the aim is 
just finding the radius. However, SLP is a good method to fast obtain a three-
dimensional image of the weld profile, which also makes it more suitable for 
quality control in production. It was also found that the use of LTT 
consumables increased fatigue life and that residual stress has a relatively larger 
influence than the weld toe geometry on fatigue strength of welded parts.  
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1 Introduction 

1.1 Background 

Nowadays there is an increasing demand for lighter structures and especially 
vehicle industries look for solutions to decrease the weight of their products. 
Weight reduction will result in increasing pay load and through this, fuel 
consumption and hence greenhouse gas emissions will be decreased. One 
possibility to optimize the weight is to make the components from high strength 
steels (HSS) and join them by welding. The main reason to choose HSS is to 
allow for higher stresses and reduced dimensions, taking benefit of higher 
strength steels with respect to the yield criterion [1], [2]. 
 
Welding is the main joining method for fabrication of a large proportion of all 
engineering structures. Many of the engineering components experience fatigue 
loading during all or part of their life time and welded connections are often the 
prime location of fatigue failure. Weldments present much lower fatigue 
strength than those of un-welded components. This becomes more critical in 
structures built of HSS because the fatigue strength of steel in the as-welded 
condition does not increase when increasing the yield or tensile strength [3].  
 
A lot of research have been done to evaluate the fatigue strength of HSS. 
However, still the effects of different factors which control the fatigue life of 
welded HSS components is not well known. For example the influence of 
residual stresses on the fatigue properties of welded HSS is not fully understood 
[4]. The effect of stress concentration caused by the weld toe geometry and its 
contribution to fatigue failure when added to the residual stresses need to be 
studied more. Thus, an increased understanding of how different factors 
influence the fatigue strength would be a significant step towards better fatigue 
design rules and safer constructions of welded parts. 
 

1.2 Objective and research questions 

The main objective of this project is: 
 

- To increase understanding of the factors that control fatigue life of 
welded high strength steels.  
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Two main factors which influence the fatigue properties of welded parts are 
residual stresses induced by welding and the local weld toe geometry. The 
research questions in this project are as follows: 
 
Q1) How will residual stresses affect the fatigue strength of 800 MPa yield 

strength steels? 
 
Q2) What is the influence of weld toe geometry on fatigue life?  
 
Q3) How can the weld toe geometry be evaluated in a precise and accurate way? 
 
Q4) What are the relative effects of weld toe geometry and residual stress on 

fatigue life? 
 
It should be noted that this study deals with fatigue strength of welds made of a 
high strength steel (HSS), Weldox 700 with an actual yield strength of more than 
800 MPa. Within the text when discussing about HSS steels, it refers to steels 
with a yield strength in this range and higher.  
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2 Fatigue 

2.1 Definition 

Engineering components are frequently subjected to repeated loads, and the 
resulting cyclic stresses can lead to microscopic physical damage to the materials 
involved. This microscopic damage can develop into cracks with continued 
cycling. This process of damage and failure due to cyclic loading is called fatigue 
[5]. Another definition of fatigue according to American Society for Testing and 
Materials (ASTM), Standard E 1823 [6] is: “Fatigue is the process of progressive 
localized permanent structural change occurring in a material subjected to 
conditions that produce fluctuating stresses and strains at some point or points 
and that may culminate in cracks or complete fracture after a sufficient number 
of fluctuations”. 
 
The fatigue process is usually divided into three stages:  
1: crack initiation  
2: crack growth and   
3: final fracture.  
 
Cracks often initiate along slip lines oriented in the planes of maximum shear 
stress. Cracks can also initiate at or near material discontinuities such as 
inclusions, grain boundaries, pores and voids.  
 
Stage 2 which is crack growth has two stages itself. The two stages of fatigue 
crack growth are called “stage І” (shear mode) and “stage ІІ” (tensile mode). 
Fatigue crack growth is shown schematically in Figure 1. As shown in the figure, 
during the first stage of crack growth, a crack initiated from the surface and 
grows within a few grains primarily controlled by shear stresses and strains. 
When the crack reaches over several grains, it will continue to grow in a 
direction perpendicular to the largest tensile principal stress. The final fracture, 
stage 3, will take place when the crack becomes so large that the remaining part 
of the cross section is too small to withstand the load and subsquently complete 
fracture happens [5], [7]–[10]. 
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Figure 1. Schematic illustration of stage І and stage ІІ of fatigue crack growth. 

 

2.2 Fatigue testing 

By the mid-1800s, A. Wöhler proposed a method to estimate the life of 
components due to repeated loads. This method resulted in the stress-life 
approach [8]. 
 
There are mainly three methods  to define the fatigue life of a material: the 
stress-life method, the strain-life method and the fracture mechanics method. 
Depending on whether it is the stress or strain which control the cycling 
between maximum and minimum stress/strain levels, one can use stress- or 
strain-life methods.  
 
Since in this project all the fatigue tests have been performed with a stress 
control approach, the main concepts in the stress-life method will be discussed. 
 
Figure 2 illustrates a typical stress cycle in which important concepts are shown. 
In this figure ∆S, or stress range, is the difference between the maximum and 
minimum stresses. 
 

∆S = 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚                                   (2.1)       
  

Stress amplitude or 𝑆𝑆𝑚𝑚 is half of the stress range. 
 

𝑆𝑆𝑚𝑚 = ∆S/2                                                  (2.2) 
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Averaging the maximum and minimum values gives the mean stress 𝑆𝑆𝑚𝑚. 
 

𝑆𝑆𝑚𝑚 = (𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 + 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚)/2                            (2.3) 
 
The stress ratio R is:    
 

𝑅𝑅 = 𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚/𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚                                             (2.4)      
 
The possible range for the stress ratio is: −1 ≤ 𝑅𝑅 ≤ 1. 
 

  
 

Figure 2. Terminology for alternating stress. 
 

The results of tests from a number of different stress levels may be plotted to 
obtain a stress-life curve, also called 𝑆𝑆 − 𝑁𝑁 curve where N is the number of 
cycles. The amplitude of stress, 𝑆𝑆𝑚𝑚, or stress range, ∆𝑆𝑆, is commonly plotted 
versus the number of cycles to failure 𝑁𝑁𝑓𝑓. 𝑆𝑆 − 𝑁𝑁 curves are usually drawn 
through median lifes and thus represent 50 percent expected failures. The 
following equation can be fitted to obtain a mathematical representation of the 
S-N curve: 
 

𝑆𝑆𝑚𝑚 = 𝐶𝐶 + 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑁𝑁𝑓𝑓                                     (2.5) 
 
In this equation, C and D are fitting constants. 
 
In some materials, primarily steels, there appears to be a distinct stress level 
below which the material has an infinite life. Such a limiting stress level is called 
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the fatigue limit or the endurance limit and it is usually reported after 2-5 million 
cycles.[3], [5], [11]. Figure 3 shows a typical 𝑆𝑆 − 𝑁𝑁 curve. 
 

 

 
Figure 3. Typical 𝑆𝑆 − 𝑁𝑁 curve. 

 

2.3 Fatigue of welded components 

A large proportion of all engineering structures are manufactured by welding. 
Welding methods are manufacturing processes which can be used to join 
materials together. Welding methods can be catagorised into fusion welding and 
pressure welding. Fusion welding processes involve localized melting and 
solidification, with or without addition of filler material. Arc welding is the most 
commonly used method in fusion welding. In contrast to fusion welding, 
pressure welding does not involve melting of materials [12].  
 
The fatigue strength of welded structures are much lower than those of un-
welded components. Figure 4 compares the S-N curves of a smooth plate, a 
plate with a hole and a fillet welded attachment [4], [13]. 
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Figure 4. Fatigue strength comparison for a smooth plate, a plate with a hole and a 

fillet welded attachment. 

 

2.3.1 Factors affecting fatigue strength of welds 

Fatigue strength of welded structures is complicated by many factors intrinsic to 
the nature of welded joints and also extrinsic factors related to the environment. 
Several parameters contribute to the reduction in fatigue strength of welded 
joints. The main parameters include: a) Presence of weld defects; b) Stress 
concentration at the weld toe; and c) Tensile residual stresses. 
 
Welding defects such as slag inclusions, gas pores, lack of penetration at the 
weld root or undercut at weld toes may be present in welded joints. Stress 
concentrations usually arise at the weld toes, due to variations in the geometry. 
Tensile residual stresses, induced by welding, approaching the yield strength of 
the base metal may exist in as-welded parts and may be detrimental to the 
fatigue life of welded structures [4], [14], [15].  
 
In addition, other factors such as joint type may affect the fatigue life of 
weldments. In the following, the three main factors affecting fatigue life of 
welds will be discussed. 
 

2.3.1.1 Weld defects 
 
For smooth components, the initiation stage is the most important because the 
majority of the life is spent in the initiation of small cracks. However, in the case 
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of welded structures it is generally accepted that small defects inherently exist at 
the welds and therefore the initiation phase is relatively insignificant. The 
majority of the fatigue life in welded components is therefore spent in 
propagation of the cracks until final failure occurs [10].  
 
The effect of weld defects on fatigue life has been studied extensively [16]–[19]. 
In recent years, Commission XIII of the International Institute of Welding 
(IIW) has been promoting research to develop a weld quality guideline which 
quantitatively relates weld acceptance criteria to the fatigue life of welds [20]. 
Introduction of the new Volvo weld class system has also been an attempt in 
this regard [17]. 
 
The severity of defects depends on their size, shape, distribution and location in 
the weld. It will be more critical to fatigue failure if defects are planar, such as 
cracks which are located in the weld especially in the weld toe. In general, non-
planar defects such as solid inclusions and gas pores are less detrimental to 
fatigue performance of welds than the crack-like defects. For the former, the 
stress concentration factor is much smaller than the one produced by crack-like 
defects. A critical crack size exists, depending on the load, below which a crack 
will not grow and hence fatigue will not happen. Therefore, as long as the 
existence of cracks will not result in premature failure of the structure, they can 
remain inactive within the structure [21]. 
 

2.3.1.2 Residual stresses 
 
Residual stresses are called “self-equilibrium stresses” since they are in 
equilibrium within the body of the material without any applied external forces. 
They are called “residual stresses” because they remain in the component from 
the previous operations. Welding is one of the processes which results in high 
levels of tensile residual stresses in and around the weld and compressive 
residual stresses farther away. Figure 5 shows an example of the distribution of 
residual stresses in a welded joint. The tensile residual stresses approach the 
yield strength of the base metal and this contributes to a reduction in fatigue 
strength of welded components and structures. On the other hand, compressive 
stresses on the surface of weldments can significantly improve the fatigue 
strength of welds. Thus, for the accurate assessment of fatigue strength a 
detailed knowledge of the residual stress is required [9]. 
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Figure 5. Typical distributions of a) longitudinal and b) transverse residual stresses in 
a butt weld. 

 

Residual stresses produce the same effects that comparable mean stresses 
would. Figure 6 shows the effect of tensile residual stresses on stress cycles. It is 
clear from the figure that by adding residual stresses to a stress cycle, the mean 
stress is shifted up and hence makes the structure less fatigue resistant [9], [10], 
[22]–[25]. 
 

 
Figure 6. Effect of tensile residual stress on stress cycles.  

 

2.3.1.3 Weld toe geometry 
 
Fatigue cracks tend to initiate at locations with large stress concentrations 
[20]. A weld profile cause a change in shape and hence will result in stress 
concentration. This concentration occurs primarily at the weld toes that is at the 
junction of the weld bead and base metal. If there is a smooth transition 
between the weld toe and base metal, the stress concentration will be low. 
However, if there would be an abrupt change in geometry, as can occur in 
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welded joints, then the stress concentration would be high. The weld toe is 
therefore one of the most probable crack initiation sites. In addition, residual 
stresses induced by welding and possible presence of crack-like flaws make the 
weld toe a critical location for cracking [13].  
 
The effect of the weld toe geometry on fatigue strength of welded parts has 
been studied extensively. It has been found that the weld toe radius and angle, 
especially the weld toe radius, are the main geometrical features that control the 
fatigue life. By increasing the weld toe radius, the angle or both of them, the 
fatigue strength will increase due to a decrease in stress concentration at the 
weld toe [26]–[34].  
 
Niu and Glinka [27] proposed the following relationship for the stress 
concentration factor, 𝐾𝐾𝑤𝑤 , at a weld toe based on the weld profile: 
 

𝐾𝐾𝑤𝑤 = 1 + 0.5121(ɸ)0.572(
𝑇𝑇
𝜌𝜌

)0.469             (2.6) 

In this equation, ɸ is the weld flank angle,  𝜌𝜌 is the weld toe radius and 𝑇𝑇 is the 
plate thickness. 
 
Figure 7, schematically represents weld toe geometry including weld toe radius 
(r) and weld flank angle (ɸ) for a fillet weld with a plate thickness of (T). In the 
figure the weld toe angle is indicated by (ϴ) and equals to 180-ɸ. 
 

 

Figure 7. Schematic representation of weld toe radius (r) and angle (𝜃𝜃) for a fillet weld 
with plate thickness of (T). 
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From the above equation it can be drawn that by increasing the toe radius and 
decreasing the flank angle, the stress concentration factor decreases. This results 
in higher fatigue strength of welded parts. In another study, Pang [29] modeled 
weld toe profiles using Finite Element Analysis (FEA) to determine the elastic 
stress distribution and stress concentration factor for fillet welded joints. Stress 
concentration factors were calculated for four different weld toe radii of 0.5, 1.0, 
2.5 and 5 mm. It was found that an increase of weld toe radius from 1 to 2.5 will 
result in about 14% reduction in stress concentration factor. Alam et al. [35] 
investigated the effect of weld toe geometry and weld surface profile on fatigue 
life for a fillet joint. By relating the geometrical features to stress concentration, 
they found that weld surface ripples can produce high stress peaks. It was also 
shown that weld toe radius is not always the main factor in fatigue crack 
initiation as local micro geometry effect due to weld ripples can be more 
significant.  
 

2.3.2 Fatigue strength of welded high strength steels 

The main driving force in development of high strength steels (HSS) has been 
the desire for lighter structures and often cost benefits. For example, Gresnigt 
and Steenhuist [1] reported a decrease of about 50% in total cost for 
manufacturing of a welded plate structure when upgrading the steel from  S355 
to S960. HSS are used in bridges, buildings, storage tanks, cranes, pipelines, 
offshore structures and transportation vehicles.  
 
Important factors in achieving a higher strength of steels are the chemical 
composition and the microstructure. There are mainly two methods for 
manufacturing of high strength steels. The first option is increasing the content 
of alloying elements which results in higher strength at the expense of reduction 
in weldability and ductility. The second option is heat treatment and control of 
temperature during rolling which also results in improvement in ductility and 
weldability of these steels. Thermomechanically rolled steels (TM), quenched 
and tempered steels (Q&T) and normalized rolled steels are three different heat 
treatments to obtain high strength levels. It should be noted that Q&T steels 
typically have higher strength than TM and normalized rolled steels [1]. 
 
Common welding methods can be used for welding of HSS but they require 
more attention than when welding lower strength steels. There have been three 
main concerns in regard with welding of HSS: The first one is the risk of cold 
cracking. The second issue is mechanical properties of the weld metal and the 
third concern is fatigue performance. Preheating of the weld area is the most 
effective and widely used method to avoid cold cracking. Control of heat input, 
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interpass temperature and use of filler materials with low amount of hydrogen 
will also decrease the probability of cold cracking. Development of welding 
consumables which provide both high strength and high impact toughness has 
been a step toward achieving better mechanical properties in welded high 
strength steels [36], [2]. The fatigue issue will be treated in more detail in the 
following sections separately. 
 
As mentioned earlier, weldments present much lower fatigue strength than un-
welded components. This becomes more critical in structures made from high 
strength steel because the fatigue strength of the steel in the as-welded condition 
does not increase in proportion to the yield or tensile strength [1], [2]. Most of a 
welded component’s fatigue life is usually spent in crack propagation. Since the 
crack propagation rate is determined by the elastic behaviour of the steel, which 
is similar for steels of various strength levels, strength will have little effect on 
fatigue life. As illustrated in Figure 8, fatigue strength of an unwelded 
component increases with strength but remains more or less constant for a 
welded component [37].  
 

 
 

Figure 8. Effect of tensile strength on fatigue strength of welded and unwelded 
components. 

 

2.3.3 Fatigue improvement techniques 

Fatigue performance of welded components can be improved by employing 
good detail design practices, for example by upgrading the welded detail class to 
one having a higher fatigue strength. Good control of the welding process 
which results in high quality welds with a minimum defects can also improve the 
fatigue life of welds. As an alternative, post-weld treatments can be employed to 
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improve the fatigue strength of welds. Different improvement methods have 
been studied and implemented to increase the fatigue life of welded structures 
[38]–[41]. IIW Commission XIII, Fatigue of Welded Components and 
Structures, has approved a guideline concerning post-weld treatment methods 
for steel and aluminium structures [42]. This guideline covers four commonly 
applied post weld treatment methods: burr-grinding, TIG dressing, hammer 
peening and needle peening. 
 
In general there are two main approaches for improving the fatigue strength of 
weldments: a) Modification of the weld toe geometry and b) Modification of the 
residual stress induced by welding.  
 

2.3.3.1 Weld toe geometry modification 
 
The weld geometry is one of the primary factors which control the fatigue life of 
welded components. Accordingly, procedures that improve the weld geometry 
profile, especially the weld toe geometry, will have a beneficial effect on fatigue 
life. Weld toe geometry modification methods rely mainly on reducing the local 
stress concentration due to the weld profile. They may also remove or reduce 
the weld toe flaws [41].  
 
There are mainly two different types of techniques to improve the fatigue life of 
welds via weld toe geometry modification. These are listed in Figure 9. 
 
 

 
Figure 9. Weld toe geometry modification methods for improving fatigue life of 

weldments. 
 

 
Grinding techniques rely on mechanical means to improve the weld toe profile. 
Using re-melting methods, the weld toe region is re-melted to a shallow depth 
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which results in improved weld toe shape and removal of probable slag 
inclusions and toe undercuts in that area.  
 

2.3.3.2 Residual stress modification 
 

Residual stress modification techniques reduce the high tensile residual stress in 
the weld toe region and may even produce compressive residual stresses at the 
weld toe. Some of these methods also result in a reduced stress concentration at 
the weld toe by improving the weld toe geometry. In a review paper, Kirkhope 
et. al. [38] discussed different weld fatigue improvement methods. Figure 10, 
which is adapted from their work, shows the main residual stress modification 
methods for improving the fatigue strength of welds. 
 

 

Figure 10. Residual stress modification methods for improving fatigue life of 
weldments. 

 

Peening is a cold working process which plastically deforms the surface by 
impacting it with a tool or small shots. Shot peening is a peening process which 
is performed by accelerating metallic or ceramic shots toward the surface of the 
part. Hammer peening and needle peening are similar techniques to shot 
peening except that the shots are replaced by a solid tool and a bundle of 
metallic wires with rounded ends, respectively. High frequency mechanical 
impact (HFMI) is a generic term to describe technologies for improving the 
fatigue strength of welded structures by locally modifying the residual stress 
state using ultrasonic or pneumatic technologies. HFMI makes use of cylindrical 
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indenters which are accelerated against a component with high frequency. This 
method is known by many names: ultrasonic impact treatment (UIT), ultrasonic 
peening (UP), ultrasonic peening treatment (UPT), high frequency impact 
treatment (HiFiT), pneumatic impact treatment (PIT) and ultrasonic needle 
peening (UNP) [41]. In overloading treatments, compressive residual stresses at 
the surface will be introduced as a result of local yielding. In stress relief 
methods the primary effect is the reduction of tensile residual stresses mainly 
using a heat source [38]. A recent approach in improving the fatigue life of 
welded components is the use of so called, Low Transformation Temperature 
(LTT) filler materials. Since in this project, LTT filler materials have been used 
to study the effect of residual stress modification, this method will be discussed 
more in detail in the following part. 
 

2.3.3.3 Low Transformation Temperature filler materials 
 
Among fatigue strength improvement methods, using Low Transformation 
Temperature (LTT) filler materials is a recent alternative approach to increase 
the fatigue strength of welded parts in a single step i.e., without applying any 
post-weld treatment. A large number of investigations have confirmed the 
effectiveness of using LTT filler materials in increasing the fatigue life of welds. 
This effectiveness is due to transformation of the weld at low temperatures. The 
transformation start temperature is typically around 200°C, which lowers the 
tensile residual stresses or even produces compressive residual stresses within 
the weld region and particularly at the weld toe [43]–[47].  
 
During transformation of austenite to martensite an increase in volume happens 
which could negate or even counter the contraction due to cool down. The 
phase transformation temperature in LTT alloys is strongly dependent on the 
content of alloying elements. There are several equations, such as Steven-
Heynes equation, which relate Ms temperature to the alloying elements.  
 
𝑀𝑀𝑠𝑠 = 561 − 474𝐶𝐶 − 33𝑀𝑀𝑀𝑀 − 17𝐶𝐶𝐶𝐶 − 17𝑁𝑁𝑁𝑁 − 21𝑀𝑀𝐷𝐷 (°𝐶𝐶)              (2.7) 

 
The carbon content should be kept low to improve toughness. The lower 
transformation temperature combines three effects that are beneficial in 
reducing the final residual stress level. 1) Since the thermal expansion coefficient 
of austenite is greater than that of ferrite, the volume expansion due to 
transformation is larger at lower temperatures, allowing a greater compensation 
of the accumulated thermal contraction strain. 2) If transformation is completed 
much before ambient temperature is reached, then it is the ferrite that contracts 
on cooling. Ferrite has higher yield strength than austenite (at low temperature) 
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and hence there is a lesser compensation of contraction strain by plastic 
relaxation. 3) When transformation occurs at low temperatures there is a greater 
accumulation of stress before the low transformation temperature is reached. 
This leads to a greater bias in the microstructure in constrained specimens, 
making the shear strain more effective in counteracting thermal contraction [45]. 

 

2.3.4 Weld toe radius and angle measurements 

The main purpose of this part is to present a brief overview of the most used 
methods and their application by other researchers for measuring the weld toe 
radius and angle. More detailed information about three methods which were 
employed in this project will be discussed later in the experimental part. 
 
The toe radius is the most significant geometrical parameter of the weld toe, 
from the fatigue point of view. Therefore, weld toe measurement methods have 
mainly focused on measuring and reporting this parameter. There are several 
destructive and non-destructive methods to measure the weld toe geometry. 
Destructive methods are mainly based on cross sectioning and then measuring 
the radius using optical microscopy and a software for image analysis. Non-
destructive methods can be straight forward like using reference blocks, feeler 
gauges or Weld Impression Analysis (WIA), also known as the plastic replica 
technique. They can also be more complicated like Structured Light Projection 
(SLP) and Laser Scanning Profiling (LSP) methods [35], [48]–[54]. 
Unfortunately, in a lot of studies on fatigue life of welded components, weld 
profile data have not always been reported. Furthermore, for most of the 
reported data, the measurement and evaluation procedure have not been 
discussed. 
 
Many researchers have applied aforementioned techniques to characterise weld 
geometries. WIA is one of the most common methods which has been used to 
capture the weld toe geometry [55], [56]. For example, Alam et al. [35] used this 
technique to measure the weld toe radius and angle for a fillet joint.  
 
Pang [48] and Engesvik et al. [49] used a sectioning technique to acquire the toe 
geometry of welded specimens. Stenberg et al. [50] used reference block, feeler 
gauge and SLP to measure the toe radius along the weld bead in a T-joint. Their 
results show that using reference blocks and feeler gauges do not provide the 
required accuracy and are subjective when measuring the toe radius. Similar 
results are obtained when measuring the radius by image analysis software from 
SLP results. Therefore, based on imported data from the SLP measurements, 
they developed an algorithm that assesses weld bead surface data and 
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automatically identifies and calculates the toe radius in several positions along 
the weld. Hou [51] used three-dimensional laser scanning technology to obtain 
the geometry of the weld toe. He processed the scanned result to construct 
finite element models of the toe to estimate the stress concentration factors 
along the weld.  
 
The use of SLP based techniques has increased recently. The main advantages 
of using these techniques are that they are automated, flexible and fast. In SLP 
methods, during the measurement, light patterns with known structures are 
projected sequentially on the weld profile. At the same time, images of the weld 
are captured by the camera. Using the triangulation method the 3-D image of 
the object is then derived. The obtained images can then be post-processed to 
determine weld geometry parameters [57]. 
 
Further research to investigate non-destructive measurement methods capturing 
the weld surface profiles with high resolution and good precision and then 
measuring the toe geometry is needed. In one part of this project, weld toe 
geometry, in particular weld toe radius, has been evaluated using three different 
non-destructive techniques.   
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3 Experimental 

3.1 Base and filler material 

The base material used in this study was Weldox 700, a high strength steel with 
a plate thickness of 8 mm. Gas Metal Arc Welding (GMAW) was used for 
cruciform welding of plates using two different filler materials, a standard high 
strength (OK Tubrod 14.03) and an LTT metal-cored wire. The compositions 
of the base material and filler materials are given in Table 1 and mechanical 
properties of base and filler materials are summarized in Table 2. 
 

Table 1. Chemical composition of base material and all-weld metals (wt.%). 

 C Si Mn P S Cr Ni Mo V Ti Cu Al Nb 

Weldox 700 0.13 0.3 1.18 0.011 0.003 0.27 0.04 0.13 0.007 0.013 0.01 0.041 0.022 

LTT 0.02 0.7 1.3 0.005 0.007 12.8 6.2 0.1 - - - - - 

OK Tubrod 14.03a 0.07 0.6 1.7 - - - 2.3 0.6 - - - - - 
a nominal composition. 

Table 2. Mechanical properties of base metal and all-weld metal. 

Welding consumable Rp0.2  
(MPa) 

Rm  
(MPa) 

A5 
 (%) 

Impact toughness at  
-40ºC (J) 

OK Tubrod 14.03a 760 840 23 70 

LTT 736 1127 13 49 

Weldox 700 817 852 15.5 - 
a typical values. 

3.2 Welding setup 

Four series of welds (L1, L2, C1, and C2), each consisting of 11 samples, were 
produced. L refers to welds produced by the LTT filler material and C refers to 
the welds produced by the conventional filler material (OK Tubrod 14.03). Ar + 
2% CO2 was used as shielding gas. L1 and C1 were single-pass welds while L2 
and C2 were double-pass welds. The welding parameters are summarized in 
Table 3. Dimensions and the configuration of cruciform test samples together 
with the welding sequence are shown in Figure 11. In order to avoid the 
influence of welding start/stop positions on fatigue properties, they were 
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located on each side of the flanges. One start/stop position is shown in the 
photograph of the test weld in Figure 12. 

 

Table 3. Welding parameters 

 Weld Filler material Number 
of beads 

Current 
(A)  

Voltage 
(V) 

Welding speed 
(mm/s) 

Heat input 
(kJ/mm) 

L1 LTT 1 285 23.9 6.5 1.05 

L2 LTT 2 280 23.9 10 0.67 

C1 OK Tubrod 14.03 1 240 23.5 5.2 1.09 

C2 OK Tubrod 14.03 2 250 20.5 8.8 0.58 

 
 

 

Figure 11. Design and dimensions of the cruciform test specimens (dimensions in 

mm). 
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Figure 12. Photograph of a test specimen. 

3.3 Fatigue testing and evaluation 

Fatigue tests have been performed by applying a constant amplitude sinusoidal 
tensile load in the longitudinal direction using a SCHENK fatigue test 
equipment and a frequency of 29-40 Hz at a stress ratio of R = 0.1 .The 
equipment is of the resonance type with a maximum load of 200 kN. Testing 
was stopped before fracture (run-outs) for samples surviving more than 2 
million cycles. 
 
For evaluation of the fatigue test data, the evaluation procedure from IIW 
recommendation for fatigue design of welded joints and components [58], has 
been used. In this standard, welded joints with the same geometry, welding 
quality and residual stresses which have been fatigue tested under identical 
loading conditions represent the same fatigue strength, known as FAT or fatigue 
class. FAT data are characteristic values which represent 95% survival 
probability (i.e. 5% failure probability) calculated from the mean on the basis of 
a two-sided confidence of 75%. The slope of the S-N curves for details assessed 
on the basis of nominal stress is m=3.00.  
 
The IIW FAT class for the used geometry in this project is 71. 
 
Using the following equation 
 

 log(𝑁𝑁) = log(𝐶𝐶) −𝑚𝑚 ∗ log(∆𝑆𝑆)                            (3.1) 
 
The number of cycles, 𝑁𝑁 were plotted against the ∆𝑆𝑆 and using the least square 
technique, the mean fatigue strength was estimated. To calculate the FAT value, 
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the mean curve is lowered by 𝑘𝑘 standard deviations. Here, a 𝑘𝑘 value of 2.7 was 
used, based on the number of tested weld samples. 
 

3.4 Weld toe geometry evaluation 

In this project, weld toe geometry measurements is mainly aimed at measuring 
the weld toe radius but also the angle was measured. The focus has been on 
evaluating three non-destructive methods for the measurements: Weld 
Impression Analysis (WIA), Laser Scanning Profiling (LSP) and Structured 
Light Projection (SLP). In the following each of the three mentioned methods 
will be discussed in detail. In addition their applicability to radius measurement 
will be evaluated. 
 

3.4.1 Weld Impression Analysis (WIA)  

The WIA method combines the impression technique with image analysis. In 
literature it is also called the “replica technique” [56].  
 
The main steps in this method are:  
a) Preparation and cleaning of impression area.  
b) Taking equal amounts of the two components (i.e. catalyst and base) using 
the colour coded measuring spoons  
c) Mixing: kneading the two components with fingertips until colour of mix is 
uniform.  
d) Applying the prepared putty onto and around the weld.  
e) Leaving the putty for about 2-3 minutes until the impression sets.  
f) Removing the impression.  
g) Cutting the impression revealing the cross section profile of the weld profile. 
h) Placing a cross section of the impression under stereo microscope and doing 
the measurement using image analysis software. 
 
Figure 13 shows the application of WIA to a weld sample in a sequence order as 
mentioned above. 
 
In the image analysis software, the radius was measured by using the 3-point 
command in the software toolbar. The three points are specified by the operator 
and a circle will be determined which passes through the three points. The radii 
were measured using a low (6.3x) and a high magnification (between 8x to 40x). 
WIA-LM and WIA-HM refer to the WIA method for low and high 
magnification, respectively. 
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Figure 13. Application of Weld Impression Analysis (WIA) to a weld sample. 

 

3.4.2 Laser Scanning Profiling (LSP)  

The Laser Scanning Profiling method uses the principle of optical triangulation 
(light intersection method). The principle is called triangulation because the laser 
line, the camera and the laser emitter form a triangle. A laser line is projected 
onto the target surface via a linear optical system. The reflected light from the 
laser line is received by a CCD element and then evaluated in two dimensions. 
Apart from the distance information (Z axis), the exact position of each point 
on the laser line (X axis) is also acquired and received as an output from the 
system [59].  
 
The radii were calculated based on choosing three points on the X-Z graph 
using a specially developed Matlab code. The LSP system used for this study 
was ScanCONTROL from Micro-Epsilon, which is a device with an integrated 
camera and laser line. Figure 14 a) and b) illustrates the use of the LSP method 
for measuring the weld toe radius. 
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Figure 14. Laser Scanning Profiling (LSP) for measuring the weld toe radius. 

 

3.4.3 Structured Light Projection (SLP)  

The use of SLP based techniques for geometrical measurements of welded 
joints has increased recently. The main advantages of these techniques are that 
they are automated, flexible and fast. The basics of SLP is almost the same as 
for LSP. In Structured Light Projection (SLP), a pattern of light is projected on 
the weld sample. The pattern is projected onto the weld surface using either 
a LCD projector or another stable light source. At the same time, images of the 
weld are captured by the camera. Using the triangulation method the 3-D shape 
of the weld is then derived from the images. Figure 15 illustrates using SLP 
method for measuring the weld toe radius. In the figure, light patterns projected 
on the weld surface are seen [50].  
 
The SLP based system used in this research is MikroCAD and the software for 
evaluation is ODSCAD. In this software it is possible to define measurement 
points from which a radius is calculated based on an iteration method. It is also 
possible to export the measured surface x-, y-, and z-coordinates into a text file 
for further data processing.  
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Figure 15. Measurement setup of Structured Light Projection (SLP) method for 
measuring the weld toe radius. 

 

3.4.4 Reference block  

A metallic block made of aluminium was machined to have 5 grooves with 
different radii. This block was used as the reference block to evaluate the 
precision and accuracy of the non-destructive methods. The true radii of the 
grooves in the reference block were determined by sectioning. To achieve this, 
the reference block was cut along the centre and for each groove the radius was 
measured using a stereo microscope (Olympus SZX) and image analysis 
software (Infinity). Standard deviation and relative error are calculated as a 
measure of precision and accuracy for the obtained data, respectively. They are 
defined as below: 
 

𝑆𝑆𝐷𝐷 = 1
𝑀𝑀−1

� (𝑥𝑥𝑚𝑚 − 𝑥𝑥𝑚𝑚)2𝑀𝑀
𝑚𝑚=1                                                       3.2                                      

𝑅𝑅𝑅𝑅𝐷𝐷𝑅𝑅𝑅𝑅𝑁𝑁𝑅𝑅𝑅𝑅 𝑅𝑅𝐶𝐶𝐶𝐶𝐷𝐷𝐶𝐶 = measured value – actual value
actual value

                         3.3 

 

In equation 3.2, SD is standard deviation. M is the sample size and 𝑥𝑥𝑚𝑚 is the 
mean value. 
 
Figure 16 shows the reference block together with its impression obtained by 
WIA. After cutting and measuring the grooves in the reference block it was 
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found that the true radii differed from nominal values. Figure 17 shows the true 
shape of each groove. The measured radii of grooves A, B and C are quite close 
to the expected values but the radii of grooves D and E are not.  
 
The nominal radii of the different grooves together with the true radii after 
sectioning of the block are listed in Table 4.  
 

 
Figure 16. Reference block (top) and its impression after moulding using WIA (below).  

 

 
Figure 17. Cross sections of grooves from the reference block after sectioning. 
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Table 4. Radius for the different grooves in the reference block. 

Groove A B C D E 

Nominal radius (mm) 6 3 1 0.6 0.2 

True radius (mm) 5.64 2.94 0.99 0.65 1.15 

 

Table 5 presents the number of tests performed for the different methods. In 
addition LSP and SLP methods were applied on the impression which were 
already obtained using WIA. LSP-WIA and SLP-WIA refer to application of 
LSP and SLP on the impression obtained by WIA, respectively.  

 

Table 5. Measurements used for the reference block. 

Method No. of cross sections 

investigated 

No.  of measurement for 

each cross section 

No. of measurements 

in total 

WIA-LM 3 1 3 

WIA-HM 3 1 3 

LSP 1 5 5 

SLP 1 5 5 

LSP-WIA 1 3 3 

SLP-WIA 1 5 5 

 

3.4.5 Applying measurement methods on welds 

All three non-destructive methods were used to measure the weld toe radius for 
a corner fillet weld which is shown in Figure 18. For measuring the weld toe 
radius variation along the weld toe, three surface profiles were investigated for 
each method. Figure 19, obtained with SLP, illustrates the position of the three 
surface profiles. In the figure WM stands for a surface profile at the centre of 
the weld toe and WL and WR are located 4 mm to the left and right of WM, 
respectively.  
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Figure 18. The corner fillet weld used for measuring the weld toe radius. 

 

 

Figure 19. SLP image showing the location of three cross sections used for radius 
measurement. 

 
It is not an easy task to fit a circle to the weld toe profile. In some cases, it was 
hard to determine the radius to be measured. Either a circle with a local smaller 
radius or a circle with a much bigger radius could be fitted equally well. Radius 
measurements were therefore performed in two ways to obtain local and general 
radii for each surface profiles for the SLP and LSP methods. In this study for 
measuring the local and general radii three points were placed on the profile 1.5 
mm and 0.5 mm from each other, respectively. This procedure raised three 
questions. Firstly, which circle should be considered as the weld toe radius? 
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Secondly, how small is the "local" radius and if the non-destructive methods 
used are capable of measuring it?  
 
It is difficult to define with any precision the normal to the intersection with the 
weld to fusion boundary line in case of a fillet corner weld. Knowing how the 
orientation of the surface profile affects the measured weld toe radius is 
therefore important. To study this effect the ODSCAD software from 
MikroCAD was employed to apply two different surface profiles for each 
particular point along the weld toe with different orientations. Figure 20 shows 
16 different surface profiles. As can be seen in the figure, each pair of surface 
profiles of 1 and 10, 2 and 11, 3 and 12, 4 and 13, 7 and 14, 8 and 15, 9 and 16 
intersect in one point at the weld toe fusion boundary line.  
 

 
Figure 20. Top view of the fillet weld in Figures 18 and 19 obtained by SLP method 
showing the location and orientation of 16 surface profiles used for weld toe radius 

measurement. 
 

Additionally, using WIA the weld toe radius and angle was measured at the 
centre of the weld toe for four weld series (L1, L2, C1, and C2). The accuracy of 
the WIA method was then estimated by comparing the results with those 
measured by cross sectioning each weld from the same location that was already 
evaluated by WIA. The stress concentration factors (𝐾𝐾𝑤𝑤) were also calculated 
using equation (3.1) for each weld. 
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3.5 Residual stress measurements 

Residual stresses can be measured using both destructive and non-destructive 
methods. Some destructive methods are hole drilling and slicing. X-ray 
diffraction (XRD) and neutron diffraction are examples of non-destructive 
methods.  
 
XRD is the most commonly used method to measure the residual stresses. The 
measurement of residual stress by X-ray diffraction (XRD) relies on the 
fundamental interactions between the X-ray beam, and the crystal lattice. Based 
on Bragg’s law, very small changes in inter-planar spacing of crystalline materials 
can be measured based on a direct relationship between the inter-planar spacing 
and the angle of X-ray diffraction: 
 

𝑀𝑀𝑛𝑛 = 2𝑑𝑑sinϴ                                           (3.2) 
 
In this equation 𝑛𝑛 is the wavelength of X-ray, 𝑑𝑑 is the inter-planar spacing in the 
crystal planes and ϴ is the reflection angle. 
 
Measuring the strains at the surface of material using the sin2ѱ technique is a 
common method for determining the stress condition in welded components 
[60]. The stress normal to the surface is assumed to be zero. The stress to be 
determined is the stress parallel to the surface (𝜎𝜎ɸ). As illustrated in Figure 21, ɸ 
is the angle between this stress and the maximum principle stress (𝜎𝜎1). 
 

 

Figure 21. Plane stress condition at a free surface. The strain component is measured 
along ɛѱɸ. 
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In the figure ѱ is the rotation angle of the x-ray beam. To obtain 𝜎𝜎ɸ from 
equation 3.3 it is necessary to measure 𝑑𝑑ɸѱ at a number of different ѱ tilts 
keeping ɸ constant: 

𝑑𝑑ɸѱ = 𝑑𝑑ɸѱ
(1 + ʋ)

E
 𝜎𝜎ɸsin2ѱ + 𝑑𝑑ɸ0                     (3.3) 

When plotting 𝑑𝑑ɸѱ against sin2ѱ the gradient of the curve is 𝑑𝑑ɸѱ(1 + ʋ)/𝐸𝐸 
multiplied by the stress 𝜎𝜎ɸ . The intercept of the curve gives the reference lattice 
spacing 𝑑𝑑ɸ0 . 
 
In this project the residual stresses were measured using X-rays on an Xstress 
3000 instrument using Cr-Kα radiation and a 2mm collimator. The ѱ angle was 
varied between –45º and +45º. The transverse stress (normal to the weld toe) 
was measured at the last welded corner along the centreline of the flanges at 1-
40 mm from the weld toe [61]. Measurements were performed on the as 
received welded plates, with no prior grinding or polishing. 
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4 Results 

4.1 Fatigue testing 

In all samples fracture initiated at the weld toes at the short edges of the flanges 
and propagated through the base metal. This is shown in Figure 22. 
 

 

Figure 22. A cruciform fatigue test sample before and after testing. 

 
Figure 23 shows a typical fracture surface of a sample welded with LTT 
consumables. 
 
Beach marks are not visible in the fracture surfaces which makes it hard to 
locate the exact crack initiation sites. In some cases ratchet marks are visible 
which help to locate the probable crack initiation sites. Cracks were not found 
to initiate from welding defects such as spatters or cold laps. 
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Figure 23. The typical appearance of the fatigue fracture surface of an LTT welded 
sample. 

 
The fracture surface has three distinct regions which are indicated in the figure. 
The smaller, somewhat smooth area at the edge of the fracture surface (region 
C) is the remaining cross section that existed at the time of fracture. The region 
B with fibrous appearance and radial lines belongs to the later part of the crack 
growth stage. Region A consists of the fatigue crack growth and crack initiation 
sites. From the general appearance of the fracture surface it can be seen that the 
cracks mainly initiated from the first welded side in the cruciform welds which is 
the upper side in the figure. Fracture surfaces for welds made by both by LTT 
and conventional filler materials present almost the same characteristics. 
However it should be noted that the fracture surfaces in case of welds produced 
using conventional filler materials are flatter than those of produced using the 
LTT consumables. This is more obvious when looking at the fracture surfaces 
from the side. For almost all samples crack initiation occurred from the first 
welded side. 
  
The fatigue test results are compiled in 𝑆𝑆 - 𝑁𝑁 curves shown in Figure 24. For 
comparison, the IIW FAT-71 class [58] for the used specimen geometry is also 
presented in the figure. 
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Figure 24. Fatigue test results for cruciform specimens produced using LTT (L1 and 
L2) and conventional filler materials (C1 and C2).  

 

The calculated characteristic fatigue strength (FAT), the mean fatigue strength at 
2 million cycles and the slope of the curves are shown in Table 6. 
 

Table 6. Characteristic fatigue strength (FAT), mean fatigue strength at 2 million 
cycles and slope of the S-N curves (m). 

 
Weld FAT (MPa) Mean fatigue strength (MPa) m 

L1 87 117 3.74 

L2 110 137 4.41 

C1 65 74 2.42 

C2 69 78 2.79 

 

It is clear that fatigue strength of LTT welds are significantly higher than for 
welds produced using the conventional wire (Figure 24 and Table 6). The 
fatigue strength of the double-pass LTT welds is the highest, followed by the 
single-pass LTT welds and finally the single and double-pass welds produced by 
the conventional wire. From the FAT values in Table 6 it can be seen that a 
fatigue strength improvement of 22% and 55% is achieved for L1 and L2 welds, 
respectively, when compared with the IIW FAT value of 71 MPa. Experimental 
FAT-values for welds produced by the conventional filler material were slightly 
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below the IIW FAT 71. Comparing mean fatigue strength levels at 2 million 
cycles even more clearly shows the higher fatigue strength of the LTT welds. A 
direct comparison shows an improvement of 58% for the single-pass welds and 
76% for the double-pass welds. 

4.2 Weld toe geometry measurement  

4.2.1 Reference block 

Results of all measurements using the three non-destructive methods together 
with the true radii of the grooves determined by sectioning of the reference 
block, which was shown in Figure 16, are presented in Table 7. As can be seen 
in the table all standard deviations are less than 0.2 and all relative error 
percentages are less than 15% which indicate that all three methods present 
precise and accurate values especially when the cross section of the object being 
measured is circular, which are the cases for grooves A, B and C. For non-
circular cross sections, grooves D and E, the measurements are associated with 
a larger relative error. For groove D, the LSP method cannot obtain any 
measurements because of laser reflections from the V-shaped sides of this 
groove.  
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Table 7. Result of radius measurements for the reference block using sectioning and 
non-destructive methods. 

 
 Method Average 

(mm) 
Standard 
deviation 

Relative error 
(%) 

G
ro

ov
e 

A
 

Sectioning 5.64 0.05 0 
SLP 5.60 0.05 -0.70 

LSP 5.90 0.12 4.57 
WIA-LM 5.74 0.02 1.73 

LSP-WIA 5.87 0.06 4.13 

SLP-WIA 6.07 0.03 7.73 

G
ro

ov
e 

B 

Sectioning 2.94 0.04 0 
SLP 2.86 0.01 -2.72 
LSP 3.01 0.02 2.38 

WIA-LM 2.89 0.06 -1.70 
WIA-HM 2.88 0.05 -1.92 
LSP-WIA 2.82 0.03 -4.19 
SLP-WIA 3.13 0.14 -6.32 

G
ro

ov
e 

C 

Sectioning 0.99 0.04 0 
SLP 1.08 0.03 8.83 
LSP 0.98 0.01 -1.00 

WIA-LM 0.95 0.05 -4.62 
WIA-HM 0.97 0 -2.10 
LSP-WIA 0.91 0.02 -8.08 
SLP-WIA 0.95 0.02 -3.63 

G
ro

ov
e 

D
 

Sectioning 0.65 0.02 0 
SLP 0.66 0.02 1.53 
LSP* - - - 

WIA-LM 0.61 0.11 -6.15 
WIA-HM 0.60 0.02 -6.66 
LSP-WIA 0.75 0.09 14.87 
SLP-WIA 0.64 0.02 -2.16 

G
ro

ov
e 

E
 

Sectioning 1.15 0 0 
SLP 1.20 0.10 4.7 
LSP 1.26 0.20 9.93 

WIA-LM 0.97 0.16 -15.21 
WIA-HM 1.26 0.16 10.33 
LSP-WIA 1.25 0.03 8.69 
SLP-WIA 1.07 0.05 -7.30 

*Not applicable because of laser reflections from groove sides. 
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As can be seen in the table, the highest standard deviation was with groove E 
with the LSP method. The lowest standard deviation was with WIA-HM. 
 
The highest relative error is related to measuring the radius for groove E using 
the WIA method while the lowest relative error was for groove A and the SLP 
method. LSP-WIA and SLP-WIA present quite precise results but the accuracy 
is a bit less than when using each method separately. Application of the LSP and 
SLP methods on the impression obtained by WIA result in low standard 
deviations but quite high relative errors. 
 
In general, considering table 7, by decreasing the radius the accuracy decreases 
and relative error increases. This shows that bigger radii can be measured more 
accurately than smaller ones.  
 

4.2.2 Radius measurements on welds 

The results of measuring the weld toe radius for the three cross sections in 
figure 19 are presented in Table 8. As can be seen in the table the weld toe 
radius varies along the weld and all three methods show almost the same trend 
for its variation.  
 

Table 8. Weld toe radius results for the three cross sections in the fillet weld  
(Figure 19). Average of three measurements. 

Cross section Method Weld toe radius (mm) 

WL 

SLP 
Local 1.17 

General 2.57 

LSP 
Local 1.30 

General 3.01 

WIA 
LM 1.14 
HM 1.19 

WM 

SLP 
Local 0.99 

General 1.63 

LSP 
Local 0.94 

General 2.60 

WIA 
LM 1.15 
HM 1.06 

WR 

SLP 
Local 0.78 

General 1.53 

LSP 
Local 0.78 

General 2.46 

WIA 
LM 0.90 
HM 0.70 
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When comparing the local and general radii for LSP and SLP, the general radii 
are about two times larger than the local ones. For WIA, using the LM and HM 
approaches, the measured values are almost identical. The LSP-Local, SLP-
Local, WIA-HM and WIA-LM methods give very similar results.  
 
Table 9 shows the radius measurement results obtained by SLP-General for the 
16 different surface profiles in Figure 20.  
 

Table 9. Weld toe radius results for the 16 surface profiles from Figure 20. 

Surface 
profile 1 2 3 4 5 6 7                                                  

8 9 10 11 12 13 14 15 16 

Radius 
(mm) 1.62 1.56 2.25 1.46 1.29 1.64 1.46 1.29 1.64 1.62 1.67 1.92 1.47 1.35 1.27 1.17 

 

As can be seen in the table the weld toe radius varies along the weld toe line. 
This confirms the results obtained from the surface profiles in Figure 19. Figure 
25 illustrates the difference between the measured weld toe radii using two 
different surface profile orientations, as shown in Figure 20, for each particular 
point along the weld. In Figure 25, surface profiles that intersect in the same 
point along the weld toe fusion boundary are grouped in pairs along the 
horizontal axis and the corresponding weld toe radii are shown on the vertical 
axis. 

 
Figure 25. Comparison of the weld toe radii obtained for pairs of surface profiles 

intersecting the weld toe fusion boundary in the same point but at different angles 
(see Figure 20). 

 
As can be seen in the figure the largest measured difference is between surface 
profiles of 9 and 16 that is 0.47 mm and the lowest one between surface profiles 
8 and 15 which is 0.02 mm.  
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Table 10 and 11 show the results of the weld toe radius and angle measurements 
using the WIA and sectioning methods, respectively. The results are average 
from six measurements together with the maximum and minimum values. All 
radius (r) and angle (ϴ) measurements are in mm and degree, respectively and 
the results are presented in Table 10.  
 
Table 10. Weld toe radius and angle measurements results using WIA together with 

the calculated stress concentration factor (Kw). 
 

Weld r  
(mm) 

Max. r  Min. r  ϴ 
(degree)  

Max. ϴ Min. ϴ  Kw* 

L1 1.4 1.5 1.2 128 145 127 2.10 

L2 1.3 1.6 1.0 134 136 131 2.06 

C1 2.6 3.1 2.2 149 159 148 1.6 

C2 1.4 1.7 1.0 119 140 120 2.2 

                  *equation 3.1 
 
 
Table 11. Weld toe radius and angle measurements results obtained by sectioning of 

the weld. 
 

Weld r  
(mm) 

Max. r  Min. r  ϴ 
(degree)  

Max. ϴ Min. ϴ  

L1 1.3 1.8 1.0 142 147 139 

L2 1.2 1.6 1.0 140 143 136 

C1 2.8 3.0 2.8 155 165 147 

C2 1.1 1.7 0.6 127 134 122 

 
From Table 10 and 11 it is clear that the largest values for both the weld toe 
radius and angle is found for the single-pass weld produced by conventional 
filler material (C1). No significant difference can be seen between L1, L2, and 
C2. 
 

4.3 Residual stress measurements 

Figure 26 shows the longitudinal surface residual stresses (stresses transverse to 
the weld at the corner) as function of the distance from the weld toe. The 
measurements were made in front of weld No. 4 in Figure 11. Surface residual 
stresses very close to the weld toe are higher for welds produced with the 
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conventional wire compared to those welded with the LTT wire. It can also be 
seen that tensile residual stresses are lower at 1 mm compared to 2 mm from the 
weld toe for LTT welds, whereas the opposite is true for the conventional 
welds. At distances closer than 3 mm to the weld toe, residual stress is slightly 
higher for a double-pass LTT weld compared to the single-pass LTT. The trend 
is opposite at distances further away. 
 
When comparing the two welds produced with conventional consumables and 
the two welds produced with LTT consumables it should be noted that the 
differences within the two pairs are not the same, close to the weld toe. The 
difference between the two LTT welds is about 30 MPa. The difference 
between the conventional welds is about 40-50 MPa. The experimental 
uncertainty, close to the weld toe, for all welds is in the order of 4-10 MPa and it 
reaches to a maximum of about 20 MPa at distances further away. 
 

 
Figure 26. Longitudinal surface residual stresses (stresses transverse to the weld toe) 
in front of the weld toe for samples welded with LTT and conventional filler materials.  
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5  Discussion 
 

In this project, the two main factors (weld toe geometry and residual stress) 
affecting the fatigue life of welded components have been studied. The weld toe 
geometry has been measured and evaluated using three non-destructive 
methods. Residual stresses were varied by using two different welding filler 
materials, one LTT wire and one standard high strength wire. The fatigue 
strength has been compared based on the relative effects of weld toe geometry 
and residual stresses. In the following sections the results are discussed. 

5.1  Weld toe geometry 

The aim of this part is to answer research questions number 2 and 3 of this 
project. The research questions were:  
 
Q2) What is the influence of weld toe geometry on fatigue life?  
Q3) How can the weld toe geometry be evaluated in a precise and accurate way? 
 
Thus, the local weld toe geometry (weld toe radius) has been evaluated using 
three non-destructive methods. Radius measurements has been done first for a 
reference block and then for some fillet welds. The results have been presented 
and discussed in Paper A and Paper B.  
 
The results of the radius measurements presented in the results section point to 
that all three methods measure the weld toe radius in an accurate and precise 
way. This is based on the fact that low values of standard deviation and relative 
errors were obtained in the measurements.  
 
Comparing the radius measurement result for the reference block and weld 
sample, it can be concluded that the measurements for the weld are associated 
with larger scatter. This can be attributed to the better defined geometry of the 
grooves in the reference block that makes it easier for the operator to fit a circle 
and measure the radius.  
 
When comparing the local and general radii for LSP and SLP for the fillet weld, 
the general radii are about two times larger than the local ones. For WIA, using 
the LM and HM approaches, the measured values are almost identical. The LSP-
Local, SLP-Local, WIA-HM and WIA-LM methods give very similar results. 
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Therefore, it can be concluded that in WIA the magnification, in the range 
which have been studied in this research, has little effect on the measured weld 
toe radius. However, still it is not fully clear whether the local radius should be 
considered as the weld toe radius or the general one. One way of finding which 
radius is most relevant would be capturing 3D surface profiles and storing them. 
Fatigue testing can then be applied on the samples and after the fatigue tests the 
probable crack initiation sites could be determined. The initiation sites can then 
be located on the previously stored weld toe data. By finding the cross sections 
from which cracks initiated and measuring the local and general weld toe radii, it 
can be decided if the local or general radius should be considered.  
 
A weld toe is usually assumed to have a mathematically perfect and uniform 
geometry when analysing the weld toe stress and strain [51]. However, as 
illustrated by the result, the weld toe geometry cannot be considered uniform 
and its variation along the weld should be considered. 
 
The uncertainty in the measurement due to the operator is as a factor 
contributing to the scatter in data. Processing the obtained cross sections using 
image analysis is another issue resulting in scatter in the results. In the 
ODSCAD software used in the SLP the radius can be measured by defining a 
set of points on which a radius can be measured. Based on the operator’s choice 
of points, the program plots a circle. The Infinity software used in the WIA 
method relies on placing three points manually on the profile which a circle 
passes through and again it depends on the operator. To minimize the influence 
of the operator, an objective method such as using an automated algorithm for 
evaluating the weld toe radius would be preferred [50], [52].  
 
It can also be suggested that in the community studying fatigue of weldments a 
standardized procedure for the weld toe geometry measurement should be 
introduced. This would result in better consistency in the results reported by 
different researchers. The procedure could address the method, the 
magnification or range of magnifications used for the geometry evaluation, the 
required precision and some other parameters affecting the measured values. 
 
Another observation is related to the difference between the measured weld toe 
radii using two different surface profile orientations in case of a fillet weld. It 
can be concluded that the difference in the measured weld toe radii, when two 
different surface profiles were used for measuring the weld toe radius in the 
same point at the weld toe, is small compared to other factors contributing to 
scatter. Thus, when measuring the weld toe radius, small variations in the 
surface profile orientation relative to the fusion boundary will not significantly 
affect results.  

52 
 



 

 

5.2 Comparison of non-destructive methods 

In this part a comparison of the capability of the three methods to 
quantitatively measure the weld toe characteristics is presented and the 
advantages and disadvantages of using them are discussed. This can hopefully 
give some guidance making it easier to decide which methods are appropriate 
for the weld toe geometry evaluation in a specific application. 
 
In the SLP technique, measurements can be performed much faster than with 
the WIA and LSP methods. It takes only a few seconds to capture a 3-D picture 
of the weld profile. With LSP the measurements of a line-scan can be done in 
the same time while for WIA capturing the surface profile of a few centimetres 
takes at least 10 minutes.  
 
In WIA, storage of moulded materials needs special consideration. For example, 
they should be stored carefully and inadequate storage conditions will shorten 
the life time of the moulded samples. For SLP and LSP the results can be stored 
digitally and can be easily assessed at any time. Data can be exported, for 
example as a text file and used by other programs such as Matlab. Also the 
graphics can be exported in different formats for both LSP and SLP.  
 
From a safety point of view the laser light should be used with caution while 
SLP is eye safe. There is also no reported danger or harm for use of the polymer 
components in WIA. Two drawbacks for using LSP method, the first also 
applies to SLP, are the problem with obtaining information from shiny surfaces 
and secondly, inappropriate laser reflection from geometries that have edges or 
inclined surfaces such as groove E in this study. From cost point of view, WIA 
is cheap and requires no initial investment in comparison to the other methods. 
The advantages and disadvantages of using three methods are summarized in 
Table 12 and shown by + and – signs, respectively 
 
Considering advantages and disadvantages of all three non-destructive methods, 
SLP is a good choice for radius measurement as well as quality control of weld 
surfaces where a compact, high precision, fast and 3D measurement method is 
required. The WIA method is a suitable and economical choice for weld toe 
measurement when the aim is just finding the radius value from a short weld 
length. 
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Table 12. Advantages and disadvantages of the non-destructive methods based on 

different criteria. 
 

Criterion SLP LSP WIA 

Processing time (shorter time=+) + + - 

Accuracy and precision + + + 

Safety + - + 

Data storage + + - 

Applicability for shiny surfaces - - + 

Cost (low cost=+) - - + 

 

5.3 Relative effect of weld toe geometry and 
residual stress 

The aim of this part is to compare the relative influence of toe geometry and 
residual stress on the fatigue life. First the fatigue strength of LTT welds with 
one and two beads (L1 and L2) has been compared to that of conventional 
welds with one and two beads (C1 and C2). Then the comparison has been 
made within the welds made using the same filler materials i.e., between C1 and 
C2 and also L1 and L2. A summary of the obtained results of weld toe radii, 
angles, residual stresses and stress concentration factors is presented in Table 
13. 
 

Table 13. A summary of the obtained results of weld toe radii, angles, stress 
concentration factors and residual stresses for LTT and conventional welds. 

 
Weld FAT 

(MPa) 
Radius 
(mm) 

Angle 
(degree) 

Kw* Residual stress (MPa) 1 
mm from the weld toe 

L1 87 1.4 128 2.10 88 

L2 110 1.3 134 2.06 116 

C1 65 2.6 149 1.6 301 

C2 69 1.4 119 2.2 260 

* equation 1.3 
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In Paper C, the relative influences of weld toe geometry and residual stress has 
been investigated. However in the paper the focus has been on the effect of the 
weld toe radius. In this part the effect of the weld toe angle has also been 
considered and it has been taken into account when calculating the stress 
concentration factor (Kw).  
 
It was concluded in Paper C that residual stress has a relatively larger influence 
than toe geometry. This is based on the fact that significantly higher mean 
fatigue strength was obtained for LTT welds than for the welds made using 
conventional filler materials. In particular weld C1, having a significantly larger 
weld toe radius and angle than the other welds, would be expected to have a 
higher mean fatigue strength if the weld toe geometry i.e., weld toe radius and 
angle were the most influential parameter. 
 
A comparison of the relative effects of stress and toe geometry can be made for 
the two welds produced with the conventional filler material (C1 and C2). These 
welds show almost identical mean fatigue strength. C1 has a toe radius and angle 
of 2.6 mm and 149º and C2 a toe radius and angle of 1.4 mm and 119º, 
respectively (Table 13). Assuming the same difference in residual stress at the 
weld toe as 1 mm away, as results by Ramjaun et al. [62] suggest is reasonable 
for conventional welding consumables, this makes a quantitative comparison 
possible. A decrease in residual stress by about 40 MPa (Figure 26) would then 
balance the decrease in toe radius from 2.6 mm to 1.4 mm and the decrease in 
weld toe angle from 149º to 119º. 
 
This result can be compared to those by Björk et. al. [63] who discussed the 
relationship between the weld toe geometry and fatigue strength for non-load 
carrying fillet welded X-joints. The results of their work are summarized in 
Figure 27. A clear trend can be seen in the figure that the fatigue strength 
increases with increasing weld toe radius. Although there is significant scatter in 
the data, typically a 1 mm increase in the weld toe radius from 1.5 mm to 2.5 
mm resulted in about 20-30 MPa increase in FAT. Although speculative this 
suggests that FAT of weld C1 should have been approximately 24-36 MPa 
higher than for C2 if residual stresses were similar. In other words it seems that 
a decrease in residual stress of 40 MPa should correspond to an increase on 
FAT of about 24-36 MPa in this particular case. 
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Figure 27. Correlation between fatigue strength (FAT) and toe radius for non-load 

carrying X-joints. Adapted from [57]. 
 
This can be compared with results of studies by Nguyen and Wahab [15], [64] 
who developed a mathematical model to investigate the effect of weld geometry 
and residual stresses on fatigue life of butt welds. The geometry is different 
from the present study but results suggest that an increase of about 2 mm in toe 
radius has approximately the same effect on fatigue strength as a decrease in 
residual stress of about 60 MPa. In other words roughly the same relation as 
found for the welds in the present study.  
 
Comparing the weld toe angles of C1 and C2 also suggests a similar relation. 
Stephens et. al [9] presented the influence of the weld toe angle on fatigue 
strength of butt welds. Even though this was reported for a different geometry, 
the trend suggests that by increasing the weld toe angle from 120º to 150º the 
fatigue strength at 2 million cycles is increased by about 75 MPa, i.e. from 125 
MPa to 200 MPa. It should be mentioned that they did not report the weld toe 
radius or if it varies by changing the angle. So, if only the toe angles were 
considered for comparing the FAT of C1 and C2 then even much higher FAT 
would be expected for C1 than C2. Considering the influences of both the weld 
toe radius and angle at the same time using equation 3.1, it can be concluded 
that a decrease in stress concentration factor of about 37% (Table 13) was the 
result of increasing the weld toe radius by approximately 85% from 1.4 mm to 
2.6 mm and increasing the weld toe angle by 25% from 119º to 149º.  
 
Another observation is that welds L1 and L2 have almost identical weld toe 
radius and angle and L2 has slightly higher residual stress (Table 13), at least 
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close to the weld toe. Still, the mean fatigue strength of L2 is significantly higher 
than for L1. If the residual stress was the most important factor, then a slightly 
lower mean fatigue strength would have been expected for L2. This seemingly 
contradictory result can be related to the method which has been used for 
residual stress measurement and also the location of measurements. Ramjaun et 
al. [62] investigated the near surface residual stresses using both X-ray and 
neutron diffraction methods for butt welds produced using LTT and 
conventional welding filler materials. Very similar stresses were measured by X-
ray and neutron diffraction at some distance from the weld toe (see Figure 28). 
However, the X-ray measurements did not fully replicate the stress profile in the 
weld toe region, which were identified by neutron diffraction in the case of LTT 
welds. Using neutron diffraction a drastic local decrease around the weld toe 
was observed for the LTT welds whereas this was not seen in the result using X-
ray diffraction. Therefore, X-ray measurement cannot be expected to accurately 
measure the actual local weld toe stress for LTT welds but can give an 
indication of whether the residual stresses are higher or lower than for 
conventional welds. It can also be concluded that they are most likely 
significantly lower than measured by X-ray at 1 mm. 
 

 

Figure 28. Near surface residual stresses measured using X-rays and neutrons for 
butt welds produced using LTT filler materials. Reproduced with permission of Dr T. 

Ramjaun [62]. 
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The higher fatigue strength of L2 in comparison to L1 can be related to the, at 
the weld toe locally, higher compressive residual stresses in L2 than L1 as 
explained below. Ramjaun et. al. [62] have found that the volume of the LTT 
weld metal has an effect on the local weld toe stress level. For a three-pass LTT 
weld compressive stresses of about 600 MPa were measured whereas the 
compressive stresses at a single-pass LTT weld was about 400 MPa. 
Furthermore the second weld pass of L2 will have a composition with a lower 
Ms-temperature due to less dilution and thereby more effectively lowering the 
residual stress level. Considering the above discussion, the much better fatigue 
properties of weld L2 than for L1 can therefore most likely be explained in 
terms of a lower residual stress locally at the weld toe even though X-ray 
measurements cannot resolve this. 
 
In conclusion the results suggest that a moderate decrease in residual stress of 
about 15% at the 300 MPa stress level has the same effect on fatigue strength as 
the increase of the weld toe radius and angle by approximately 85% and 25%, 
respectively. It should be noted that this result was obtained for radii ranging 
from 1.4 mm to 2.6 mm and angles ranging from 119º to 149º and it cannot be 
concluded from the present study whether the relation is linear and applies to 
other weld toe geometries or stress ranges or not. The larger effect of using 
LTT consumables than having a larger weld toe radius and angle also shows the 
importance of the residual stress level. Further studies are needed to make a 
more quantitative comparison and to study whether the effect is the same or 
varies for different stress levels and weld toe geometries.  
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6 Conclusions 

The effects of weld toe geometry and residual stress on fatigue life have been 
studied for welds in a high strength steel with a yield strength of more than 800 
MPa. The weld toe geometry has been measured and evaluated using three non-
destructive methods namely; Weld Impression Analysis (WIA), Laser Scanning 
Profiling (LSP) and Structured Light Projection (SLP). Residual stresses were 
varied by using two different welding filler materials, one LTT wire and one 
standard high strength wire. From this research the following can be concluded. 
 
Papers A and B 
 

• All three non-destructive methods could be used successfully for 
measuring the weld toe radius and angle but the measured values are 
dependent on the evaluation procedure. 
 

• The weld toe geometry cannot be considered uniform along the weld. 
 

• The main factors contributing to the scatter in data are uncertainty in 
the weld toe geometry measurement due to the operator and processing 
of the obtained cross sections using image analysis. The effect of 
variations of the surface profile orientation relative to the weld toe 
fusion boundary line is small compared to the other factors. 

 
• SLP is a good choice for radius measurement as well as quality control 

of weld surfaces where a compact, high precision, fast and 3D 
measurement method is required. The WIA method is a suitable and 
economical choice for weld toe measurement when the aim is just 
finding the radius value from a short weld length. 

 
Paper C 
 

• The use of Low Transformation Temperature consumables increase 
fatigue life. The fatigue strength of LTT welds at 2 million cycles was 
58% higher for single-pass welds and 76% higher for the double-pass 
welds when compared to corresponding welds made with conventional 
filler materials. 
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• The higher fatigue strength of LTT welds than for welds made with 
conventional consumables is an effect of the significantly lower stress 
levels at the weld toe. 

 
• For welds made with conventional consumables, a decrease in residual 

stress of about 15% at the 300 MPa stress level had the same effect on 
fatigue strength as the decrease in stress concentration factor of about 
37%. The 37% decrease in stress concentration factor was a result of 
the increase of the weld toe radius by approximately 85% from 1.4 mm 
to 2.6 mm and an increase of the weld toe angle by 25% from 119º to 
149º.  

 
• Residual stress has a relatively larger influence than the weld toe 

geometry on fatigue strength of cruciform welds.  
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7 Future work 

Further studies are needed to investigate the effects of the weld toe radius and 
angle on fatigue life of weldments. Determination of the probable crack 
initiation sites after fatigue testing and then relating them to the previously 
measured weld toe radii and angle will be a significant step toward better 
understanding of the effect of the weld toe geometry on the fatigue life of 
welded parts.  
 
The results related to the relative effects of the weld toe geometry and residual 
stress on fatigue life of welds in this project has been reported for the radii and 
angles ranging from 1.3 mm to 1.6 mm and 119º to 149º, respectively. To be 
able to understand whether the relation is linear and applies to other weld toe 
radii or stress ranges or not, more studies are needed.  
 
Residual stresses in both longitudinal and transverse directions should be 
measured and the accumulative effect of the residual stresses in both directions 
should be taken into account when comparing the relative effects of toe 
geometry and residual stress. This would give more accurate and complete 
information about whether the residual stress has a larger influence on the 
fatigue life than the weld toe geometry. Also modelling and simulation should 
be done to predict the residual stresses and to compare these with experimental 
results. Residual stress measurements using neutron diffraction very close to the 
surface could be done, similar to those reported in [63], to confirm the assumed 
lower stress level obtained using LTT welds compared to in welds produced 
using conventional wires. 
 
Fatigue studies with different stress ratios especially with stress ratios less than 
zero (R≤0) and different loading condition such as bending should also be 
studied. By this further knowledge about the influence of residual stresses on 
fatigue can be obtained. This becomes more interesting when external loads, 
compression or tension, are added to the internal residual stresses with the same 
or different signs. 
 
This research deals with fatigue strength of welds made of a high strength steel, 
Weldox 700 with an actual yield strength of more than 800 MPa. Since the 
application of higher strength steels is increasing in industrial components, it 
would be very interesting to extend this study to steels with higher yield 
strengths than the one studied here. 
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Finally, fracture surface studies are needed to better understand the effects of 
the weld toe geometry and residual stress on the fatigue life. It would also make 
it possible to better explain the different behaviour of welds produced using 
LTT filler materials compared to those made using conventional wires.  
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9 Summaries of appended papers 

9.1 Paper A: Non-destructive measurement of 
weld toe radius using Weld Impression 
Analysis, Laser Scanning Profiling and 
Structured Light Projection methods 

This paper is focused on evaluating three non-destructive methods to measure 
the weld toe radius: Weld Impression Analysis (WIA), Laser Scanning Profiling 
(LSP) and Structured Light Projection (SLP). Measurements were done on a 
reference block with five different radii. The accuracy of the three methods was 
estimated by comparing the results with those measured by cross sectioning the 
reference block. 

Results show that all three methods present precise and accurate values. WIA 
seems to be a suitable and economical choice when the aim is just finding the 
radius. However, SLP is a good method to obtain a three-dimensional image of 
the weld profile fast, which also makes it more suitable for quality control in 
production.  
 

9.2 Paper B: The measurement of weld toe radius 
using three non-destructive techniques 

The three non-destructive methods Weld Impression Analysis, Laser Scanning 
Profiling and Structured Light Projection were employed to measure the weld 
toe radius of fillet welds. All three methods could be used succesfully but results 
are dependent on the evaluation procedure. The results show that the weld toe 
geometry cannot be considered uniform and varies along the weld. It was also 
found that the measured weld toe radii does not vary significantly with minor 
variations of the surface profile orientation. 
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9.3 Paper C: The relative effects of residual 
stresses and weld toe geometry on fatigue life 
of weldments 

In this paper, the relative influence of residual stress and weld toe geometry on 
the fatigue life of cruciform welds was studied. Fatigue strength of cruciform 
welds produced using Low Transformation Temperature (LTT) filler material 
has been compared to that of welds produced with a conventional filler material. 
LTT welds had higher fatigue strength than conventional welds. A moderate 
decrease in residual stress of about 15% at the 300 MPa stress level had the 
same effect on fatigue strength as increasing the weld toe radius by 
approximately 85% from 1.4 mm to 2.6 mm.  It was concluded that residual 
stress had a relatively larger influence than the weld toe geometry on fatigue 
strength. 
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Nowadays there is an increasing demand for lighter structures. One 
possibility to optimize the weight is to make the components from high 
strength steels and join them by welding. Welding is the main joining 
method for fabrication of a large proportion of all engineering structures. 
Many of the engineering components experience fatigue loading during 
all or part of their life time and welded connections are often the prime 
location of fatigue failure.

The effects of weld toe geometry and residual stress on fatigue life have 
been studied for welds in a high strength steel with a yield strength of 
more than 800 MPa. The weld toe geometry has been measured and 
evaluated using three non-destructive methods namely; Weld  Impression 
Analysis (WIA), Laser Scanning profiling (LSP) and Structured Light 
Projection (SLP). Residual stresses were varied by using two different 
welding filler materials, one Low Transformation Temperature (LTT) 
wire and one standard high strength wire. Results indicate that all three 
 non-destructive evaluation methods give precise and accurate results. 
The use of LTT consumables increased fatigue life and residual stress 
had a larger effect than the weld toe geometry on fatigue strength.

Fatigue strength of welds in  
800 MPa yield strength steels
– Effects of weld toe geometry and residual stress
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