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I 

The fatigue strength of welded structures normally gains little from 

the use of high strength steels. Instead fatigue life is determined by 

two factors: weld quality and geometry. Welding inevitable 

introduces micro defects that results in stress concentrations. 

Consequently, through the stress ratio effect, the type and size of 

both the applied load and the weld residual stress will impact the 

fatigue life. Thus, a lower amount of weld residual stress will 

promote better fatigue strength. Low transformation temperature 

welding consumables has been developed to reduce these stresses. 

This project aims to evaluate how two newly developed low 

temperature transformation (LTT) weld consumables compare to a 

standard consumable, in reachable weld geometry, residual 

stresses and fatigue properties 
 
Abstract 
 
In this study, evaluation of typical weld geometry, residual 

stresses and fatigue properties of two new LTT consumables 

have been performed. The literature survey discusses the 

topics of LTT consumables regarding fatigue life, chemical 

composition, dilution, crack phenomena and fatigue crack 

repair, impact toughness, weld residuals stress and weld 

geometry. The experimental part of the project included LTT 

MAG welding trials, fatigue specimen development and 

production, fatigue testing and weld residual stress 

measurements. All welding were performed using mechanised 

MAG spray arc welding, performed on 8mm and 10mm thick 

DOMEX 650MC as rolled steel plates. The initial trials focused 

on finding good weld parameter to be used for the fatigue 

specimen production. For the specimen production, 

optimisation of the robot weld path, weld geometry and weld 

parameters were performed. Evaluations of the weld results 

were done in a standard metallurgical manner, and assessed 

according to current standard documentation. After the 

specimen production, fatigue testing were performed and 

evaluated. Residual stress levels were measured through X-

ray diffraction in as welded state. Observations and results 
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have been presented and discussed. The most interesting 

results are:  

- The two LTT filler reduced the tensile weld residual stress 

by 45% respectively 30% compared to the conventional MCW 

weld filler. 

-The fatigue testing of the two LTT fillers resulted in a 

characteristic Natural Mean FAT of 127 MPa respectively 115 

MPa. 

-In weld position PB, the LTT weld consumable gave better 

weld toe radius against the flange plate compared to the 

conventional MCW filler.   
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Sammanfattning 
 
 
I denna studie har utvärdering av typiska svetsgeometrier, 

restspänningar och utmattningsegenskaper hos två nya LTT 

tillsatser utförts. Litteraturstudien diskuterar ämnet LTT med 

avsende på utmatntningslivslängd, kemisk sammansättning, 

uppblandning, sprickfenomen och lagning av utmatnings 

sprikor, slagseghet, svetsegenspänning samt svetsgometri. I 

den experimentella delen av projektet utfördes LTT MAG-

svetsning, utvekling och tillverkning av 

utmatningsprovstavar, utmattningsprovning och 

restspänningsmätning. All svetsning utfördes med 

mekaniserad MAG-svetsning  på 8mm och 10mm tjock 

DOMEX 650MC stålplåtar. De tidiga svetsförsöken utfördes 

för att hitta hitta bra svets parameter som skulle användas 

vidsvetsning av utmatnings provstavarna. Provstavs 

tillverkningen innefattade optimering av robot svetsbanan, 

svetsgeometri och parametrer optimering. Utvärderinga av 

svetsresulaten utfördes metalurgiskt och bedömdeses enligt 

gällande standard dokumentation. Efter provstavs 

produktion, utfördes utmatnningsprovning och utvärdering. 

Restspänningen mättes med röntgendiffraktion. 

Observationer och resultat är presenterats och har 

diskuterats. De mest intressanta resultaten är : 

- De två LTT tillsatserna minskade dragrestspänningen med 

45 % respektive 30 % jämfört med ett konventionelt 

tillsatsmaterial (MCW). 

- Utmattningsprovningen av de två LTT-tillsatserna 

resulterade i en karakteristisk utmatningshållfasthet av 127 

MPa respektive 115 MPa. 

- I svetsposition PB, gav LTT tillsatserna bättre svetstå radier mot 

flänsen plåten jämfört med den konventionelt tillsatsmaterial 

(MCW). 
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1 Introduction 

The fatigue strength of welded structures normally gains little 

benefits by the use of high strength steel. Instead, the 

expected fatigue life is strongly dependent on the overall 

weld geometry, quality and the weld residual stress state. 

Both weld quality and geometry are regulated by 

international as well as company standards, while the effect 

of weld residual stress is not. However, the negative effects 

of tensile residual stresses in welded details are well known, 

and the recommendations on how to counteract these 

stresses are well documented.  

To reduce the negative effect of tensile residual stress, three 

factors are usually considered: total redesign, avoid placing 

welds at severe fatigue load locations or the implementation 

of a variety of different post-weld treatments. The latter 

usually comprises of post weld heat treatment (PWHT) or 

high frequency mechanical impact treatments (HFMI). 

Applying any of these treatments requires special equipment 

and expertise, which is costly as well as time-consuming.  

Recent studies of low temperature transformation (LTT) weld 

consumables have shown that the new fillers have interesting 

fatigue life extension properties. The LTT effect is achieved 

through special alloying of the weld fillers that effectively 

lowers the Ms-temperature. The net effect is lower tensile 

weld residual stresses. Even compressive weld residual 

stresses at the critical weld toe region have been reported. 

Applying new LTT fillers to welded details is therefore an 

interesting concept for a one shot solution, reducing the need 

of post weld treatment (PWT) that ultimately could save both 

time and money. 
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In the wake of this, the newly developed LTT consumables 

will continuously need updated benchmarking to determine 

their performance and potential uses. 

1.1 Background 

In the scope of manufacturing engineering, research and 

development of new technologies, better manufacturing 

processes and new materials all are important constituents. 

The striving towards better quality, shorter lead time and 

higher level of customer satisfaction depend on them. This 

continuous development is also required to enable companies 

to manage the rough competition in the existing market. 

In the context of process technology and material research, 

ESAB have lately developed two LTT weld consumables.  

Design for use with high strength steels, the special 

properties of the LTT fillers reduces the amount of tensile 

weld residual stresses. This can prolong fatigue life through 

the stress ratio effect. Lower residual stresses could also 

potentially eliminate the need for post weld treatment and 

distortion rework. The fillers may also be especial beneficial 

in applications where PWHT can’t be applied.  

In the earlier FATMAG-1 project performed at Swerea KIMAB, 

the needed for an evaluation of the two LTT consumables was 

suggested as a future work recommendation in the final 

report. The consortium members have assigned and 

approved the continued work to be performed. 

After an inquiry from a master's student, at the Royal 

Institute of Technology (KTH), the author of this report, the 

assessment was made that the project also would culminate 

in a master thesis. 

The aim of the project was to investigate the possibilities with 

new optimized LTT fillers and to learn how they compare to 

others. Evaluation of reachable weld geometry, residual 

stress levels and fatigue properties were performed.  
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The project was divided in to four modules. Table 1 contains 

the module name, method, joint type and material grade. 

Further details about module 1, 2, 3 and 4 are presented in 

the corresponding chapters.  

Table 1. Project overview. 

Module Method Joint type Materials 

I: Literature 

survey 

   

II: Initial weld 

parameter 

optimisation 

EWM Phoenix 

521 MAG 

Cruciform 

fillet weld 

Domex 

650MC, 

10mm thick, 

as rolled 

III:MAG Welding 

of fatigue 

specimens 

EWM Phoenix 

521 MAG 

T-joint 

fillet weld 

Domex 

650MC, 

8mm thick, 

as rolled 

IIII: Fatigue 

testing  and 

residual stress 

measurement 

Constant 

amplitude 

testing R=0. 

X-ray 

diffraction 

 3x15 fatigue 

specimens 
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2 Module 1 – Literature Survey 

The literature survey discusses mainly the subject of fatigue 

performance in welded high strength steel (HSS) details. 

Focus is put on the comparisons between well-known post 

weld treatments and the newer LTT concepts and what can 

be expected from the latter. 

2.1 Fatigue Life of HSS Welded Structures 

The expected fatigue strength of welded structures is 
normally not influenced by the base material strength. This is 
because the prolonged fatigue life normally seen when using 

high strength steels is lost when the weld introduces micro 
defects and geometrical stress concentrations in the metal. 

These acts as crack initiation points that effectively bypass 
the crack initiation phase of the material, see figure 3 

(Eckerlid, Nilsson et al. 2003). 
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Figure 1. The S/N curve shows that the steel base metal strength has no impact on the fatigue strength of weldments. 
It is the same regardless of yield strength. Note that the tests were performed in as-welded state and no post weld 

treatment has been implemented (Haagensen 2007). 



 

 

7 

As seen in figure 1, after welding, higher yield strength 

materials have the same fatigue strength as lower strength 

steels. Thus, in welded details, the sole use HSS provide no 

fatigue advantages (Haagensen 2007). 

The fatigue strength of welded structures is primarily determined by 

(Barsoum and Gustafsson 2009): 

 The local weld geometry, such as the weld toe radius 
and flank angle at the toe. 

 The presence of weld defects near the weld toe, such 
as cold laps and lack of fusion. 

 The type and size of residual stresses after welding 

(tensile or compressive). 

Welded HSS structures will therefore have lower fatigue 

strength relative to that of the base material if no post weld 

treatment is applied (Barsoum and Gustafsson 2009).  

To achieve better structural fatigue properties, these factors 

are usually considered: 

 Redesign and improvement of the construction, aiming 
to achieve a more favourable stress scenario. 

 Avoid placing welds at structural hot spots that are 
subjected to severe fatigue loads. Welds can be moved 
to a more favourable position, or the construction can 

instead be bolted together. 

 Improving the overall weld geometry and quality, 

thereby lowering stress concentrations.  

 Manipulation of the weld residual stresses may be 
achieved by different post weld treatments. 

In cases where prolonged fatigue life is needed PWHT can 

normalize the weld residual stress. The operation will require 

an oven that can hold the whole construction or special 

heating and insulation units that are mounted on larger 

designs. 
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To eliminate weld flaws and to lower the stress 

concentrations at the weld toe, either Burr-grinding or TIG 

re-melting can be applied. Both will give smoother transitions 

between the weld face and base plate (Yildirim and Marquis 

2012).  

Residual stress modifications technics such as ultrasonic 

impact treatment (UIT), hammer peening, needle peening or 

other so called high frequency mechanical impact treatments 

can be applied. These will achieve both better weld toe 

transition radius and eliminate the high tensile weld residual 

stresses at the weld toe. This is accomplished by mechanical 

tamper, which introduces compressive stresses that will 

promote better fatigue strength (Cheng, Fisher et al. 2003, 

Eckerlid, Nilsson et al. 2003, Yildirim and Marquis 2012). 

An explanation to the link between prolonged fatigue life and 

compressive weld residual stress state, is found in the 

superposition of the applied external load onto the total 

internal stress state (    as stated in equation (1). The 

internal stress is defined as the stress range, and it is the 

tensile component of this stress range’s that will contribute to 

the initiation of a fatigue crack and its propagation. A 

compressive (negative) residual stress would therefore lower 

the internal stress (Cheng, Fisher et al. 2003). 

                                                            

The effect of the superposition of applied load and the weld 

residual stress  are illustrated in  figure 2, where a multitude 

of different tension-only stress scenarios and their 

corresponding stress ratio, R is explained (Cheng, Fisher et 

al. 2003). 
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Figure 2. Internal stress conditions subjected by steel material in a tension-only fatigue test (Cheng, Fisher et al. 2003). 
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The definition of the stress ratio (R) is stated as the ratio 

between the minimum internal stresses to the maximum 

internal stress. It should be noted that this stress ratio 

normally differs from that of the applied stress ratio,          

(Cheng, Fisher et al. 2003).  

 Figure 2 (c) shows high tensile cycling load, where all 
of the applied stress will contribute to fatigue.  

 Figure 2 (e), After applying post weld treatment that 
ideally would results in a pure compressive residual 

stresses state, no part of the applied load will 
contributing to fatigue.  

 Figure 2 (f) if a high compressive residual stress is 

subjected to an excessive stress range, the remaining 
tensile part of the stress,        will contribute to 

fatigue. Hence, poste weld treatment will then have a 
more moderate effect, but will again give greater 

benefits if the stress amplitude is lower (Cheng, Fisher 
et al. 2003). 

The different stress scenarios will determine the fatigue crack 

behaviour. This is illustrated in figure 3, showing a schematic 

figure of the crack growth rate, da/dN (mm/load cycle) vs. 

the stress intensity factor range ΔK, and the threshold stress 

intensity range ΔKth vs. the stress ratio R, for the base 

material. The stress intensity range ΔKth is a function of the 

stress ratio R. If the stress range is kept under this value no 

fatigue crack will initiate or propagate, represented by stage I 

in figure 3. Applying a higher stress range will result in a 

lower threshold value and the fatigue crack growth rate will 

increase. After the crack initiation phase (stage I), the fatigue 

crack will have entered stage II in figure 3. The fatigue crack 

is now progressing independently of stress ratio, unless a 

negative stress ratio is applied. Hence, it is the resulting 

internal stress ratio, R, that will control the fatigue crack 

initiation and propagation rather than the applied stress 

range (        ) (Cheng, Fisher et al. 2003). This is why post 

weld treatments that lower the tensile residual stresses or 
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HFMI that produces compressive residual stresses are used 

as successful tools to improve fatigue performance.  

 

Figure 3. Schematic figure of variation of crack growth rate (da/dN) vs. 

stress intensity factor (ΔK) and threshold value (ΔKth) vs. stress ratio R for 
base materials (Cheng, Fisher et al. 2003). 

After applying HFMI, the compressive stress layer will be 

relatively shallow, around 1-2 mm depending on applied 

technique. If a fatigue crack grows through the layer, again 

only tensile residual stresses will remain and the crack will 

continue to propagate in nearly the same manner as in 

untreated weldmetal. That is why these kinds of post-weld 

treatment have their greatest effect in stage I, prolonging the 

crack initiation phase, rather than stage II, during the crack 

propagation (Cheng, Fisher et al. 2003). As follows, post weld 

treatments that produce deeper compressive stress layers 
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will give better fatigue improvements than those that produce 

thinner stress layers. Thus, UIT will give better fatigue life 

improvements than for example shot peening, since the latter 

produces a shallower stress field. To this it must be added, 

that even if weld toe improvement techniques have been 

widely investigated and found in most cases to result in a 

substantial increase in fatigue strength there are still large 

differences. The actual reported results differ between 

techniques, which can be explained by the following 

(Haagensen and Maddox 2003): 

 A lack of standardized application methods. 

 The property variations between materials. 
 Different fatigue loading types. 
 Different types of test specimens. 

 The skill of the operator performing the improvement. 

The International Institute of Welding (IIW) have presented a 

healthy but conservative relationship between yield strength 

and fatigue improvement techniques, which are presented in 

the IIW-Recommendations for fatigue design of welded joint 

and components. The recommendations states that needle or 

hammer peening will result in a maximum FAT class increase 

of three.  

In the wake of this (Yildirim and Marquis 2012), performed 

data analysis of 288 HFMI treated welds, consisting of 3 

different joint types. After performing a normalization of the 

fatigue data and completing the analysis of the results, it was 

suggested that HFMI treatment could give a FAT increase of 

five, depending on the yield strength of the material, see 

figure 4. 
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Figure 4. Proposed maximum increase in the number of FAT classes for 
HFMI treated specimens as a function off yield strength (fy) (Yildirim and 

Marquis 2012). 

The following is therefore proposed: Increase one fatigue 

class in strength (roughly 12,5%) for every 200 MPa increase 
in static yield strength, above the reference (355 MPa) when 
HFMI is applied. In other words, applying HFMI to HSS welds 

with high static yield strength will give up to five times 
greater fatigue strength (Yildirim and Marquis 2012), see 

table 2.  
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Table 2. Existing IIW FAT-classes for as-welded and hammer or needle peened welded joints 
and the proposed FAT classes for HFMI treated joints as a function of fy = yield strength 

(Yildirim and Marquis 2012). 

fy (MPa) Longitudinal welds Transverse welds Butt welds 

 As-welded, m=71   

All fy 71 80  

    

 Improved by hammer or needle peening, m = 3 

fy≤355 90 100 112 

355<fy 100 112  

    

 Improved by HFMI, m = 5 

235 < fy ≤  355 112 125a 140a 

355 < fy ≤  550 125 140 160 

550 < fy ≤  750 140 160 180 

750 < fy ≤  950 160 180a - 

950 < fy  180 - - 
a no data available 
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In 2013 the international institute of welding presented new 

S/N curves taking into account steel strength, weld 

configurations and HFMI treatment. The new FAT classes 

allow higher characteristic nominal stress. For a longitudinal 

non-load carrying attachment weld (as-welded) the 

recommendation is FAT 71 and after HFMI treatment FAT 125 

is allowed, see figure 5. 

 

 

 

Figure 5. IIW detail 521, longitudinal non load carrying attachment, as 
welded recommendation is FAT 71 and after HFMI treatment FAT 125 (IIW 
2013). 

At higher nominal stress the FAT 71 and FAT 125 curves 

converges at 2×104 cycles, showing that HFMI treatments 

have little effect a high loads. During the low cycle fatigue in 

the finite life region, a major portion of weld residual stresses 

may be relaxed already in the first half of the first loading 

cycle. Where after the residual stresses either stayed intact 

or will relaxed until failure (Farajin 2012). However, these 

improvements are still good, but applying any of the 

techniques mentioned above requires expertise and tooling. 

Taking into account large scatter in quality, increased lead 
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time and added cost, this may not be ideal (Eckerlid, Nilsson 

et al. 2003).  

Another possible solution could be to apply LTT consumables 

instead of conventional weld filler, and hopefully reach 

fatigue performance sufficiently high to omit the post weld 

treatment methods. In recent studies LTT weld consumables 

have shown a promising ability of prolonging the fatigue life 

of welds. This is achieved by chemically altering the 

compositions of the weld consumable in such a way that it 

transforms the onset of residual stress that occurs during 

welding into compressive stresses. This is from a fatigue 

perspective highly beneficial. LLT fillers could therefore be a 

one shot solution to these problems and remove the need for 

any PWT, including HFMI.  Another benefit of using LTT fillers 

is that compressive residual stresses are present in the whole 

weldmetal, rather than just at the weld surface. This will 

therefore not only prevent cracks initiation from the weld 

surface but also prevent cracks forming at any point in the 

weld (Kromm, Kannengiesser et al. 2009). 

Residual stresses can be explained as those stresses that 

exist within a body without any applied load or thermal 

gradient, and are caused by (Çam, Özdemir et al. 2010): 

 Structure transformation during weld solidification, 

resulting in volumetric changes. 

 The event of solid state transformations. 

 The difference in thermal expansion coefficients. 

 A body being subjected to mechanical constraints. 

 Local yielding of material. 

  
Further, the resulting residual stress state of a welded 
structure can be explained by three things, the mechanical 

restraint intensity, thermal cooling time and the metallurgical 
properties of the filler material, seen figure 6 (Kromm, 

Kannengiesser et al. 2009). 
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Figure 6. The mechanical restraint intensity, thermal cooling time and filler 
materials metallurgical relationship, leading to the weld residual stress 
state (Kromm, Kannengiesser et al. 2009). 

During welding when the heat input melts the metal, causing 

thermal expansion and non-uniformed strain distribution. 

During cooling, contraction of the weldmetal will result in 

tensile residual stresses and distortion of the structural 

components (Çam, Özdemir et al. 2010). 

The volumetric expansion that occur during transformation 

from austenite into, ferrite, bainite and martensite, do to 

some extent compensate for the shrinkage during cooling. 

However, typical welding consumables have a transformation 

temperature that is  around 400-600ºC, high above ambient 

temperature (Karlsson 2009). During further cooling, down to 

room temperature, the resulting net effect is contraction, 

once again leading to the build-up considerable tensile 

residual stresses (Francis, Stone et al. 2009, Karlsson 2009). 

Retardation of the stress build up is possible by a reduction of 

the martensitic start temperature (Ms). The approach is 

utilized in LTT consumables which by manipulated of added 

alloys have hade there Ms-temperature lowered, typically to 

150-250 ºC (Karlsson 2009), see figure 7. 
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Figure 7. Change in stress and strain during the cooling of the weldmetal. a) Strain under constrained cooling; B) Stress 

under constrained cooling (Barsoum and Gustafsson 2007). 
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The literature also shows that if the temperature is 

sufficiently low, compressive weld residual stresses will 

evolve during cooling (Ohta, Suzuki et al. 1999, Ohta, 

Matsuoka et al. 2003, Zenitani, Hayakawa et al. 2007, 

Barsoum and Gustafsson 2009, Francis, Stone et al. 2009). It 

also appears to result in lower peak longitudinal stresses as a 

whole (Francis, Stone et al. 2009). 

Further, the residual stress reduction can be explained in the 

following way: 

 Austenite has the lowest yield point of both ferrite and 

martensite. Hence, allowing for greater plastic 

relaxation of the tensile stresses during cooling, further 
limiting stress build-up. This can be expected to occur 
if the Ms-temperature is kept low (150-250 ºC). By 

contrast, if the transformation is completed at 
temperatures much higher than ambient, instead 

contraction of the ferrite occurs. This will generate a 
higher stress gradient due to its higher yield point. 
Further, austenite (FCC, γ) has a greater thermal 

expansion coefficient than ferrite (BCC, α), which gives 
a higher volume expansion due to phase 

transformation at low temperatures. This will 
counteract the build-up of tensile stresses due to the 
higher shrinkage compensation (Kromm, 

Kannengiesser et al. 2009). 

 By adding the right alloy composition to the weld filler 

wire, the Ms-temperature can be set at a much lower 
temperature (150-250°C) than that of a conventional 

weld filler (500-600°C). This will retard the 
transformations of the austenite lattice into martensite 

until this temperature is reached. This allows for 
greater relaxation of the accumulated stresses in the 
weld. Since the BCT lattice of martensite has a lower 

density then the FCC lattice of austenite the transition 
into martensite will result in a volume expansion that 

further compensates for tensile stresses occurring 
during cooling (Kromm, Kannengiesser et al. 2009). 
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2.2 Chemical Composition 

The greatest difference in chemical composition between the 

LTT consumables and conventional weld fillers is the much 

higher Ni and Cr content, roughly around 10% of each. The 

conventional filler often has none, seen table 3 for details. 

Note the difference in Ms-temperature between different 

consumables. 

Table 3. Ms-temperature and chemical composition of some convectional 

and newly developed LTT filler wires (Çam, Özdemir et al. 2010). 

Filler wire Main alloying addition in the filler wire 

(wt.%) 

Ms 

temp., 

(ºC) 

Mf 

temp., 

(ºC) 

C Ni Cr Mn Si Mo 

Convectional wires 

MGS-63B 0.03 -- 0.42 1.09 0.50 0.29 500 -- 

OK 

Autrod12.51 

0.10 -- -- 1.10 0.70 -- 500 -- 

Mn1 -- 0.08 12.3 1.76 -- -- 533 400 

Cr1 -- 0.10 10.5 0.09 -- -- 537 486 

LTT wires 

10Cr-10Ni 0.025 10.0 10.0 0.70 0.32 0.13 180 -- 

OK 

Tubrod15.55 

0.01 6.7 12.5 1.80 0.40 2.50 200 -- 

-- 0.02 10.14 9.76 0.19 0.39 0.17 205 <0 

-- 0.076 6.13 6.14 0.55 0.43 0.10 380 130 

-- 0.04 6.0 8.0 0.70 0.40 -- 281 -- 

-- 0.04 8.0 10.0 0.70 0.40 -- 213 -- 

-- 0.04 10.0 10.0 0.70 0.40 -- 179 -- 

-- 0.04 12.0 10.0 0.70 0.40 -- 145 -- 

-- 0.04 8.0 8.0 0.70 1.60 -- 247 -- 

-- 0.04 10.0 10.0 0.70 1.60 -- 179 -- 

-- 0.03 10.0 10.0 0.70 0.32 -- 180 -- 

Ni1 -- 3.41 11.0 0.20 -- -- 293 147 

Ni3 -- 9.99 12.0 0.28 -- -- 170 135 

 

The purpose of the added Ni and Cr is to lower the 

martensitic start temperature (Ms). An estimation of the 
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resulting Ms-temperature can be calculated through Steven 

and Haynes equation (2) according to: 

 s 5  - 7 C-33 n- 7Cr- 7 i-   o   ( )   

(Hillert, Ågren et al. 2005) 

The elements C, Mn, Ni and N are all austenite stabilizers. 

They retard the transition from austenite into martensite. 

Even if carbon has the strongest effect on the Ms-temperature 

it is not desirable to use C and Mn for toughness 

improvement. Instead lowering of the Ms-temperature is done 

by adding Ni and Cr with small amounts of other alloys. 

Noted that Cr by itself works as a ferrite stabilizers, but when 

combined with Ni it acts like an austenite stabilizer (Çam, 

Özdemir et al. 2010). C, Mn and Mo together have a smaller 

impact on the Ms-temperature since the wt.% content of 

these alloys typically are relatively low. By tailoring the 

composition of the LTT weld consumable according to 

equation (2) it is possible to lower the Ms-temperature. The 

LTT effect has a clear relation to the weld transformation 

temperature, and not the specific alloying content (Karlsson, 

Mráz et al. 2010). 

2.3 Residual Stresses 

When welding with LTT consumables, compressive residual 

stresses can be expected to be greatest in the weld centre 

and a bit more moderate but still compressive at the weld 

toe. The distribution of compressive residual stresses are 

different along the transverse (T) and longitudinal (L) 

direction of the weld, see figure 8 (C, H.Y et al. 2010).  
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Figure 8. The definition of the Longitudinal (L)  and Transverse (T)  stress 
direction (C, H.Y et al. 2010). 

As seen in figure 9, the resulting measured longitudinal 

stresses have been shown to be lowest at the weld centre, 

(C, H.Y et al. 2010). 
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Figure 9. The resulting longitudinal stress after MIG welding of two LTT 
filler concepts, PS and PT. That the lowest stresses are situated close to the 
centre of the weld (C, H.Y et al. 2010). 

The resulting transverse stresses are a bit more moderate, 

seen in figure 10 (C, H.Y et al. 2010). 

 

Figure 10. The resulting transverse stress after LTT MIG welding of two 

LTT filler concepts, PS and PT (C, H.Y et al. 2010). 
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The residual stress measurements in the literature show that 

the levels of weld residual stresses varies between different 

LTT concepts and applied welding technique, between -50 

MPa to -450 MPa. Note that the variation also depends on 

measuring method and location. The highest value of 

negative stresses is located in the weldmetal (Ohta, Maeda et 

al. 2001, Zenitani, Hayakawa et al. 2007, Darcis, Katsumoto 

et al. 2008, Francis, Stone et al. 2009, Kromm, 

Kannengiesser et al. 2009, C, H.Y et al. 2010, Kromm and 

Kannengiesser 2011). 

2.4 Dilution 

During welding a small amount of weldmetal alloys will 

evaporate. The main dilution however, occurs when the weld 

filler and the base metal mixes. The effects of the dilution on 

the LTT fillers have been investigated by (Kromm and 

Kannengiesser 2011).The results are presented in table 4. 

 

Table 4. Dilution significantly increases the higher Ms-temperature 

compared to that of the pure weldmetal. The effect is more subtle with 

higher Ni content (Kromm and Kannengiesser 2011). 

LTT 

weldmetal 

Ms in °C 

(welding) 

Ms in °C 

(pure 

weldmetal) 

Austenisation in 

°C (pure 

weldmetal) 

8% Ni 268 184 680-700 

10% Ni 125 90 660-680 

12% Ni 71 39 630-650 

    

In a LTT comparison study performed by (Karlsson, Mráz et 

al. 2010) the single weld run dilution level were 25-35%. This 

pushed the Ms-temperature up by 70º C above that of the 

pure weldmetals and was suggested to lower the LTT effect. 

When applying two weld runs the resulting dilution level was 

lower, about 11%. The fatigue life was also proven to be 
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better than in the single pass run. A proposed solution to the 

dilution effect is to compensate by further optimisation of the 

consumable alloy composition (Karlsson, Mráz et al. 2010). 

2.5 Cold Cracking 

Cold cracking is a result of hydrogen contaminations of the 

weldmetal. The phenomenon usually occurs around 

temperatures from -50 ºC to +150 ºC. Cracking may occur 

weeks or months after welding. 

To estimate the risk of cold cracking, three things are 

considered: 

 The carbon equivalent Ceq, as a measure of the 

hardenability. 

 The amount of diffusible hydrogen in the metal. 

 The degree of restraint. 

Further, martensite has a higher hardness value relative to 

other microstructures. It is therefore also more sensitive to 

cold cracking under the same conditions of residual stress, 

and amounts of  diffusible hydrogen (Zenitani, Hayakawa et 

al. 2007). To prevent cold cracking from occurring, it is 

important to use dry filler materials, since water is a source 

of hydrogen. Furthermore, pre-heating can be used to reduce 

the cooling rate and post weld heat treatment to encourage 

diffusion of hydrogen since the diffusion rate is greater at 

higher temperatures.  

The effect of retaining austenite in martensitic LTT fillers is a 

lowered hardness of the weld. Furthermore, since austenite 

has a higher solid solubility of hydrogen than martensite, a 

presence of retained austenite is expected to absorb more of 

the diffusible hydrogen, lowering the total amount (Zenitani, 

Hayakawa et al. 2007, Çam, Özdemir et al. 2010). Less 

hydrogen in combination with lower residual stress has been 

shown to prevent cold cracking even without pre-heating. 
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Further, conventional high-strength filler materials show an 

increment of cold cracking as the amount of restraint was 

intensified. The exact opposite behaviour was revealed for 

the LTT alloys. Increasing the restrain did lead to a decreased 

in cold cracking. The behaviour was more pronounced for LTT 

fillers with the lowest Ms-temperature which also containing 

retained austenite (Zenitani, Hayakawa et al. 2007). 

Tekken test also confirms that cold cracking could be 

completely avoided when appropriate amount of retained 

austenite existed in the weld. In table 5, a Nickel content of 

12% was enough to avoid cold cracking altogether (Kromm 

and Kannengiesser 2011). Thus, an increase in Ni content will 

reduce the Ms-temperature and also increase the total 

amount of retained austenite (Altenkirch, Gibmeier et al. 

2011, Altenkirch, Gibmeier et al. 2011). 

Table 5. Crack ratios and hardness of LTT-welds in Tekken test (Kromm and 

Kannengiesser 2011). 

LTT 

alloy 

Hardness 

HV10 

Surface crack 

ratio in% 

Section crack 

ratio in % 

8% Ni 417 70 60 

10% Ni 401 0 30 

12% Ni 394 0 0 

 

To achieve a maximum volumetric expansion the Ms- and Mf-

temperatures should be above room temperature, thereby 

giving a fully martensitic structure within the fusion zone. To 

achieve a more favourable, small amount of retained 

austenite that may prevent cold cracking,  the Mf-

temperature should lie below room temperature (Çam, 

Özdemir et al. 2010). 
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2.6 Hot Cracking 

Since Cr and Ni will promote austenitic solidification, the risk 

of hot cracks could be an issue (Karlsson, Mráz et al. 2010). 

This is because austenite has very low solubility of sulphur 

and phosphorous. If these impurities are concentrated to the 

grain boundaries they can cause low-melting phases 

susceptible to hot cracking (Davis 1999). These crack 

tendencies was observed when welding with LTT filler with 

austenitic solidification, but non existing using LTT filler with 

ferritic solidification (Karlsson, Mráz et al. 2010). 

2.7 Crack Propagation 

The compressive residual stresses induced by LTT fillers 

promotes fatigue crack closure and retardation of crack 

propagation (Ohta, Suzuki et al. 1999). During crack 

propagation, if retained austenite is present in the vicinity of 

the propagating crack tip, the concentrated strain field at the 

crack tip will induce solid state transformation of retained 

austenite into martensite. During the transformation, energy 

will be consumed and a volumetric expansion will occur. The 

result is, lowering of stresses, closing of the crack tip and 

absorption of the strain energy. The net effect will be 

retardation of the crack propagation (Çam, Özdemir et al. 

2010). 

2.8 Fatigue Crack Repair 

By using LTT weld consumables to repair fatigue cracks an 

extended fatigue life can be achieved compared to repairs 

performed with conventional filler materials. The life 

extension works especially well for larger cracks, since a 

deeper weldmetal induces  even larger compressive residual 

stresses at the weld toe (Ohta, Maeda et al. 2001). Similar 

results have been reported by (Miki, Hanji et al. 2012) 

concluding that fatigue crack repair by welding with LTT filler, 
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can restore and also improve the fatigue strength of cracked 

joints (Miki, Hanji et al. 2012). 

2.9 Impact Toughness 

Charpy V notch test is a standardized test that is performed 

to determine the amount of energy a material can absorb 

during fracture. The measured energy is used as a tool to 

determine the specific impact energy a material can 

withstand at a specific temperature.  After determining if the 

fracture was brittle or ductile the results can be plotted, as 

seen in figure 11. In the graph, the ductile to brittle to 

transition temperature can be read, here seen as a “slope” 

(Tisza 2002). 

 

Figure 11. Charpy V notch graph and the ductile to brittle transition slope. 

LTT consumables with martensitic solidification have the 

highest relative hardness values compared to austenite and 

ferrite. The weld is therefore more brittle compared to those 

of conventional filler and will have lower impact toughness. 

The phenomenon has been studied by (Karlsson, Mráz et al. 

2010), confirming that the impact toughness of LTT weld 
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consumables is lower than that of a conventional weld filler, 

as seen in table 6 (Karlsson, Mráz et al. 2010).  

Table 6. Impact toughness of conventional filler compared to LTT filler at -

40°C (Karlsson, Mráz et al. 2010). 

Welding consumable 

Rp0,2 

[MPa] 

Rm 

[MPa] 

A5 

[%] 

Impact 

toughness 

at  

-40°C [J] 

Name Designation 

Experimental 

metal-cord 

wire 

LTT-A 498 1144 8 25 

LTT-B 888 997 11 35 

LTT-C 736 1127 13 49 

OK 

Tubrod14.03* 

MAG 760 840 23 70 

OK 75.78 MMA 967 999 18 72 
*Typical values. 

2.10 Weld Geometry 

The weld toe radius and the weld toe angle are the two weld 

geometry characteristic that have the strongest impact on 

fatigue life. A definition of the geometries can be seen in 

figure 12.  

 

Figure 12. The definition of weld toe angle and radius, after (Anttonen, 
Wahlsten et al. 2012). 
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A greater toe radius and a larger weld toe angle will promote 

better fatigue life since the stress concentrations at the weld 

toe will decrease with better geometries. The specimens in 

the fatigue trials performed by (Barsoum and Gustafsson 

2009), were manually MAG welded in position PB. The 

measured weld geometry achieved with the conventional and 

LTT filler is seen figure 13.  

 

Figure 13. Measurement of local weld geometry, weld toe radii and angle. 

The conventional wire (OK 12.51) gave better weld to radius and toe angle 

compared to the LTT filler (Ok 15.55) (Barsoum and Gustafsson 2009). 

Note that the best results were achieved using a conventional 

filler (blue). However, even with less good weld geometry the 

LTT filler shows better fatigue performance, as seen in figure 

14 (Barsoum and Gustafsson 2009). 
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Figure 14. Result from constant amplitude fatigue testing. Even with less 
good weld geometry the LTT filler wire performs better than the 
conventional (Barsoum and Gustafsson 2009). 
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2.11 Weld Distortion 

The solidification and cooling contraction of the weld is a 

source of deformation. The LTT effect, with its lower residuals 

stresses and greater volumetric expansion could therefore 

reduce weld distortion, as illustrated in figure 15 (Çam, 

Özdemir et al. 2010). 

 

Figure 15. The effect of expansion of the LTT weldmetal compared to 
conventional wire (Çam, Özdemir et al. 2010). 

In table 7, LTT X has the lowest Ms-temperature and is also 

the filler that gave the least amount of angular distorting 

compared to the conventional filler (Özdemir, Çam et al. 

2012). 
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Table 7.  A summary of angular distortions of the welded steel plates 

obtained (Özdemir, Çam et al. 2012). 

Alloy Angular distortion (θ) 

LTT X* 4.8 

LTT Y* 6.6 

LTT Z* 11.1 

Conventional 6,3 

*
LTT X,Y and Z are renamed in this report not to cause any confusion. 

Original names are LTT 1,2 and 3. 

The effect can be even more significant, as seen in figure 16. 

It is clear that LTT consumables give less angular distortion 

(Karlsson 2009). 

 

Figure 16. Deformations of unrestrained mild steel plates joined with a 
single pass weld in a square butt joint using LLT and conventional 
consumables (Karlsson 2009). 
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In figure 17 the relationship between weld filler type, Ms-

temperature, and angular distortion can be seen. Where the 

LTT filler result in the lowest  angular distortion (Çam, 

Özdemir et al. 2010). 

 

Figure 17. Relationship between Ms-temperature and 
angular distortion (Çam, Özdemir et al. 2010). 
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3 Experimental Methods and Materials 

3.1 Materials 

The material used consisted of uncoated as-rolled high 

strength steels. Known mechanical properties of the 

materials, filler wires and chemical composition are stated in 

table 8, 9 and 10. Table 11 contains information about the 

used shielding gas. 

Table 8. Mechanical properties (Nominal) of the metal sheet and filler 

materials. 

Grade Thickness/ 

diameter 

[mm] 

Batch no.: Coating Rp0.2 

[MPa]  

Rm 

[MPa] 

A5 

[%] 

A80 

[%] 

Sheet materials from SSAB 

SSAB 

Domex 

650 MC* 

10   650 700-

800 

14 12 

SSAB 

Domex 

650 MC* 

8   650 700-

800 

14 12 

Filler metals from ESAB 

OK 

Tubrod 

14.03 

1,2 PN921060  757 842 23  

LTT2** 1,2 PV1170416      

LTT1** 1,2 PV1370740      
* As stated by SSAB. 

**Further details of the mechanical data has been omitted from this report. 

From now on in this report, OK Tubrod 14.03 will be referred 

to as MCW (Metal Core Wire), even if all 3 weld filler 

materials actually are of MCW type. The LTT wires are 

referred to as LTT1 and LTT2. 
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Table 9.  Chemical analysis of the metal sheet in wt-%. 

Analysis 

[wt%] 

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

SSAB 

Domex 

650 MC 

10mm 

Bal. .079 .07 1.37 .012 .002 .02 .04 01 .037 .01  .049 .12  

SSAB 

Domex 

650 MC 

8mm* 

Bal. .12 .10 2.00 .025 .010    .015 .20  .09 .15  

*The chemical composition is Nominal, as stated by SSAB. 

 

Table 10. Chemical composition of the filler materials in wt-% (Nominal). 

Analysis 

[wt%] 

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

OK Tubrod 14.03* Bal. .07 .6 1.7    2.3    .6    

LTT2** Bal.               

LTT1** Bal.               
* As stated by ESAB. 
**Further details of the chemical composition have been omitted from this report. 
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Table 11. Chemical composition of the shielding gas used in the project (Nominal). 

Product Gas constituent [%] 

Ar CO2 He NO 

AGA MISON 18* Bal. 18  0,3 
*As stated by AGA. 
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3.2 Experimental Embodiment 

Interesting weld parameters that gave good weld geometry 

results in a previous FATMAG-1 project were to be used as 

starting parameters for the weld geometry optimisation.  

The best weld parameters from the performed geometry 

optimisation were later used as a starting point for the MCW 

fatigue specimens weld parameter evaluation. These settings 

were tweaked to fit an appropriate robot weld path. For the 

LTT1 and LTT2 fatigue specimens, the recommended filler 

parameters were used, and tweaked in the same way as 

stated before. During all trials, the weld parameters were 

measured and logged. 

Both the geometry optimisation trials and the fatigue 

specimen development were performed using the same robot 

welding equipment. The setup can be seen in figure 18.  

 

Figure 18. The Motoman HP20-B00 mounted with the MAG welding 
equipment. 
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The Motoman HP20-B00 robot was equipped with a EWM 

PHOENIX 521 PROGRESS PULSE coldArc power source to 

which a PHOENIX PROGRESS DRIVE coldArc wire feed unit 

was connected. The welding torch used was a Motoman CWK-

400. 

3.3 Module 2 – Initial Weld Parameter Optimisation  

The trials were performed using, 10 mm DOMEX 650 MC (as 

rolled) sheets. The throat thickness was set to 5 mm. The 

welding was performed by MAG welding of a single pass fillet 

weld, in position PA (1G). The shielding gas was MISON 18 

set at 20 l/min gas flow rate. In the same way as in the 

FATMAG 1 project, cruciform joints were used. Every 700 mm 

specimen was welded with 3x4 single pass runs (3 on each 

side), welded with their own specific parameter setup. No pre 

heating of the steel plates was applied before welding. Figure 

19 illustrates the MT1-250 positioner and the mounted weld 

fixture used for clamping and positioning of the steel plates. 

 

Figure 19. MT1-250 positioner and weld fixture. 
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The optimisation work was focused on achieving a good weld 

toe radius by freely changing the following parameters:  

 Wire feed speed (no less than 5 mm throat 

thickness was to be achieved). 
 Torch travel angles. 

 Contact tip to work peace distance. 
 Welder synergy setting. 
 Weld speed (45, 55, 65 cm/min). 

During all welding trials, arc voltage and current was logged 

using measurement equipment connected to labVIEW 

software. The measurements are presented graphically over 

time. An example of the resulting graph can be seen in figure 

20. By studying the graph, any major deviations in arc 

current and voltage that would affect the weld result was 

revealed. In figure 20 however, no unwanted deviations can 

be noted, however an on the fly weld parameter change is 

recorded, changing from a lower to a higher setting. 

 

Figure 20. Example of arc current and voltage over time graph. The on 
the fly change of weld parameter after welding around a web plate corner 
can be noted. No other deviations are present in this graph. 

Thus, the weld process was in this case stable. Also the arc 

energy and heat input is calculated and display in the same 

program. These measurements were performed for all trials 

in this project.  

Weld geometry evaluation of the specimens were performed 

in a standard metallurgical manner. The specimens were cut 

and polished. Finishing was performed with 1µm diamond 

grain size followed by etching in 2% nital solution.  

  



 

41 

Using a digital photo macroscope and computer software, a 

quantitative weld quality and geometry evaluation was 

performed in accordance with the documentations stated in 

table 12. 

Table 12. Standard documentation used for weld quality evaluation 

Standard name Is applicable for 

Volvo standard STD 181-

0004 

Fusion-welding in steels 

sheets with a thickness  

≥ 3 mm* 

 

EN ISO 5817:2003 Fusion-welded joints in steel, 

nickel, titanium and their 

alloys*  
*For further details about the evaluation criteria please 

see the specific standards. 

3.4 Module 3 – Fatigue Specimen Development 

The chosen fatigue test specimens design is widely used and 

data from similar trials has been reported from the 1970s. 

The specimens were out-of plane gusset fillet welded joints, 

with two longitudinal no-load carrying out of plane 

attachments, welded to the main flange plate, see figure 21 

(Maddox fatigue specimen, type-1).  

When a load is applied to the specimen, the web plates will 

act as stiffeners. Thereby a concentration of the stress build-

up in the flange plate and welds, near the web plate short 

side is created. The stress of an applied load will then cause 

failure at a predetermined location, in this case the weld toe, 

which is use useful for fatigue testing. 

 



  

42 

 

Figure 21. The Maddox fatigue specimen type-1 design consisted of 
DOMEX 650 MC steel plate with 8mm thickness. The flange plate measures 
440x70mm and the two web plates 50x100 mm. 

After welding, the specimens are ready for fatigue testing 

without further operations. Hence, any residual stresses will 

therefore be left unaffected in as welded state, as needed for 

the project, since residual stress evaluation was to be 

performed.  

According to the IIW- “Recommendations for fatigue design 

of welded joint and components”, the non-load carrying filet 

weld of the specimen should satisfy FAT-71, see table 13 for 

details (Hobbacher 2007).  
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Table 13. IIW Fatigue Recommendations XIII-2151-73/XV-1254-07 May 

2007 (Hobbacher 2007) 

No.   Structural Detail Description FAT 

Steel 

Requirements 

and Remarks 

521 

 

Longitudinal 

fillet welded 

gusset at 

length l 

 For gusset 

near edge: see 

525 "flat side 

gusset" 

l < 50 mm 80 

l < 150 mm 71* 

l < 300 mm 63 

l > 300 mm 50 
* The length of the web plates on the specimen is 100mm (see figure 21 for 

further details), hence the recommended FAT class is 71. For further details 

please refer to IIW Fatigue Recommendations XIII-2151-73 (Hobbacher 

2007) 

For the fatigue specimen production, 8mm DOMEX 650 MC 

(as rolled) sheets were used. All plates were laser cut to the 

right dimension by SSAB according to the dimensions in 

figure 21. The flange plate measures 440x70x8 mm.  The out 

of plane none load carrying web plates measures 100x50x8 

mm. For all welds and filler materials, a minimum throat 

thickness of 4mm was to be achieved, as specified in the 

project plan.  

Welding of the specimens was performed using mechanised 

robot MAG with a single pass fillet welds. All weld operations 

was performed with AGA MISON 18 shield gas set at a flow 

rate of 20 l/min. 

In total 3x15 fatigue specimens were produced. In 

accordance with the recommendation by ESAB, pre-heating 

to 50°C was applied to all of the LTT1 and LTT2 steel plates 

before welding. Also the interpass temperature was kept 

between 50- 00°C by letting the specimen’s air cool between 

welding operations. No pre heating was applied to the MCW 
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specimens, but the interpass temperature was controlled in 

the same way as mentioned earlier.  

The robot path and weld parameter optimisation was 

evaluated by destructive testing of four welds per series, in 

order to ensure repeatability and capability of the welding 

process. 

3.5 Weld Fixture 

The fixture for the fatigue specimens needed to be designed 

and build as stated in the criteria of the project. Prior to 

performing the designing work, the following design criteria 

were identified.  

The weld fixture should:  

 Hold the different specimen parts together in a 
sufficient way. 

 Allow for robust fixation of parts, granting repeatability 
when welding. 

 It should be easy to assemble and mount on the 

welding table, and also fit the whole pattern of the 
weld table. 

 Provide sufficient tool access directions, to allow robot 
welding. 

The final design was drawn using Solid Edge CAD-software, 

also enabling a digital pre-assembly of the fixture component. 

The final assembly can be seen in figure 22, holding the 

flange plate and the web plate together. 
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Figure 22. The weld fixture CAD preassembly, seen from an isometric 
view. 

After final adjustments, the drawings were printed and sent 

to the in-house workshop for machining. A complete set of 

fixture design drawings are found in APPENDIX II. In figure 

23, the finished fixture is illustrated. The specimen parts are 

clamed together using standard welding clamps. 

 

 

Figure 23. The finished assembly of the weld fixture, holding the flange 
plate and web plate together. 
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The weld process repeatability depends on the specimen 

parts recurrent placement. It is therefore important that the 

placement does not change between weld runs. To address 

this, a zero position was set on the fixture. Also a 31 mm 

wide positioning guide block were produced, illustrated in the 

figure 24 below. 

 

 

Figure 24. The marked zero position and the 31mm wide guide block. 

The positioning guide was placed against the zero position on 

top of the flange plate. Then the 8 mm thick web plate was 

placed against the guide, effectively positioning the web plate 

at the middle of the 70 mm wide flange plate. After that the 

parts were clamped together the specimen was ready for 

welding.  
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A total of four welds were applied to all fatigue specimens as 

illustrated in figure 25. The weld bead order and robot 

coordinate positions are also clarified. First weld one and two 

were applied after which the specimen was turned over. The 

second flange plate was then mounted and welds three and 

four were performed. Further details about the weld sequence 

are found in APPENDIX I. 

 

Figure 25. Here is an illustration of the fatigue specimen weld sequence 

and the corresponding robot coordinate positions. The weld bead order 
were performed in chronological order, for further details see APPENDIX I. 
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3.6 Weld Parameter and Robot Weld Path Optimisation  

Performing welding with a robot may seem trivial. However, 

this is not always the case. Finding a suitable robot weld path 

and weld parameter settings so that the design as well as the 

standard documentation criteria were fulfilled required 

tweaking. The initial weld parameter values were copied from 

the weld parameter optimisation and used as a starting point 

for this process. Furthermore, continued evaluation of weld 

parameters and weld results was performed. 

3.6.1 Melting of Web Plate Corners and Undercuts 

Since the robot weld path around the thin corner effectively 

forces the weld process to somewhat of a temporary 

standstill, the added excess heat input will melt too much of 

the corners, creating undercuts as seen in figure 26.  

Fixing the problem required adjustment of the robot weld 

path, wire feed speed and torch travel speed as following: 

 During cornering, the robot weld path was parallel 
shifted out from the flange plate, focusing the excess 

energy away from the corners to eliminate undercuts. 
However, moving the path too far out would result in 
the loss of throat thickness, when the weld filler metal 

would runs down on the flange plate. A more detailed 
explanation of the robot weld path can be found in 

APPENDIX I. 

 The wire feeder was set to the lowest possible speed, 
still supplying spray arc.  Once again, keeping the weld 

process as cooled as possible, avoiding access heat 
input, still providing sufficient weld filler material to 

fulfill the defined minimum throat thickness.  

 Minimising access heat and applying a sufficient 
amount of weld filler. The torch travel speed was set to 

a high setting, provided that the minimum throat 
thickness (4mm) was achieved. However, a too high 

setting would result in undercuts in the flange plate, se 
figure 26. 
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 Not to overheat the web plate corner, prepositioning of 
the weld torch before cornering was also necessary to 

shorten the robot weld path (the time spent 
cornering), see APPENDIX I for further details.    

 Setting the TCP (CTWD) to simply follow the 
intersection line of the web- and flange plate resulted 

in undercuts along the web plate long sides. This was 
address by shifting the robot weld path 1mm out on to 
the flange plate; see APPENDIX I for further details.    

 

 

Figure 26. In the left picture, an example of undercut at the web plate 

corner. The picture to the right illustrates the undercut in the flange plate. 
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3.6.2 Weld parameters 

During the fatigue specimen welding the CTWD was set 

according to table 14. 

Table 14. Contact tip to work distance. 

Weld filler 

name 

CTWD 

[mm] 

Comment 

MCW 25 Best setting from initial trial in 

Module 2 

LTT1 15 Recommended by ESAB 

LTT2 15 Recommended by ESAB 

 

Necessary fill ratio calculations were performed to ensure 

that the throat thickness would be no less than 4mm. The 

weld speed and wire feed rate was adapted to meet the 

geometry requirements. 

3.6.3 High Speed Camera 

High speed camera filming was used to evaluate the outcome 

of changes done to the robot path and weld parameters. This 

was especially handy during programing of the robot path 

around the problematic web plate corner, when trying to 

eliminate undercuts due to the excess heat input. 

3.7 Weld Geometry Evaluation  

Weld geometry evaluation of the fatigue specimens was 

performed in the same way as was done for the initial trials, 

in a standard metallurgical manner. An example of a 

specimen ready for evaluation can be seen in figure 27. 
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Figure 27. To the left, roughly cut specimen, where no difference between 
the weld and base material can be seen. To the right, polished and etched 

specimen where the weld filler metal clearly can be distinguished from the 
base material. 

This process as well was performed using a digital photo 

macroscope and computer software a quantitative weld 

quality and geometry evaluation was made. A total of 4 welds 

per parameter setup were evaluated to ensure a low 

dispersion of the weld results. 

A detailed evaluation of the weld specimens was performed 

according to: 

 Volvo standard STD 181-0004. 
 ISO EN-5817. 

Only after passing the evaluation, the weld parameters were 

approved for specimen production. 
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3.8 Final Preparations of Fatigue Specimens 

Since the specimen parts were laser cut in to the right 

dimensions the steel plates were left with jagged and heat 

effected edges. After successful welding of all specimens, 

prior to fatigue testing, the jagged edge along the flange 

plate long side was removed by carful grinding. This was 

performed to ensure a smooth surface that would not 

influence the outcome of the fatigue testing. In figure 28, the 

difference before and after grinding is illustrated.  

 

Figure 28. The jagged laser cut edge is clearly visible prior to grinding and 
after grinding the specimen surface is smooth and ready for fatigue testing. 

The grinding operations on all specimens were performed 

using a P180 grains size metal grinding belt.  An example of 

a finished fatigue specimen is seen in figure 29. The two web 

plates are welded to the flange plate and the sides have been 

grinded to a smooth surface. 
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Figure 29. Typical example of how the finished fatigue specimens looked like. 
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3.9 Module 4 - Fatigue Testing and Residual Stress 

Measurement  

Performance evaluation of the different weld consumables 

was done by fatigue testing and residual stress 

measurement. 

3.9.1 Fatigue Testing 

The fatigue testing of all fatigue specimens was performed 

using constant amplitude loading with R=0, as represented in 

figure 30. By applying constant amplitude load instead of a 

variable load spectrum will avoided uncontrolled variation of 

overloading (shake down) between specimens. This 

procedure granted greater repeatability and easier analysis 

between fatigue trials.  

 

Figure 30. Constant amplitude sinusoidal tensile stress, with R=0 (Darcis, 
Katsumoto et al. 2008). 

A minimum load of σmin= 0 MPa generates no compression of 

the specimens. Setting the maximum load to σmax Δσ, 

constant amplitude means that the specimens was subjected 

to sinusoidal tensile stress only.  
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Estimating the first short cycle load was done by comparing 

the outcome of earlier fatigue test results presented by 

(Barsoum and Gustafsson 2009).The goal was to reaching 

between 3x104 to 5x104 cycles before failure, corresponding 

to a nominal stress level of σr= 350 MPa. The target window 

is market with a green rectangle in figure 31.  

 

 

Figure 31. From these earlier results presented by Z. Barsoum, the short 
cycle loads was estimated. The green box represents the targeted stress 
level (σr.= 350 MPa and 3x104  to 5x104 cycles ) and the  number of cycles 
(3x104  to 5x104 cycles) (Barsoum and Gustafsson 2009). 

Calculating the force necessary to reach σr.= 350 MPa 

(Nominal) was done according to equation (3). 

σr 
F

A
                    ( ) 

F is the applied force and A is the flange plate area 

orthogonal to the applyed force direction.  
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After the initial low cycle, high load fatigue testing an 
approximation of the appropriate medium and long cycle 

loads was performed.  By applying a m=3 slop to the 
logarithmic S/N diagram, passing through the resulting low 

cycle failure windows, the two necessary load levels was 
roughly estimated. The short-, mid- and high-cycle load 

correspond to the red (1)-, orange (2)- and green (3)- target 
windows in figure 32. 
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Figure 32. A rough sketch illustrating the short cycle (1), mid cycle (2) and high cycle (3) fatigue loads. 

 

The corresponding estimated load levels can be found in table 15. 
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Table 15. Approximated initial values used in the fatigue trials. 

 Targeted 

number of 

cycles 

(approximate) 

Applied 

maximum 

Force [kN] 

Nominal 

σr [MPa] 

Shot cycle 3-5x104 196 350 

Mid cycle 2-5x105 140 250 

High cycle 1-1,99x106 98 175 

    

For all fatigue testing, the loading frequency was fixed at 

11Hz with a constant amplitude of R=0. 

3.9.2 Fatigue Test Rig 

Fatigue testing was performed using a hydraulic MTS test rig 

seen in the figure 33. 

 

Figure 33. To the left, MTS hydraulic fatigue test rig. To the right, a 

fatigue specimen mounted in hydraulic clamps ready for fatigue testing. 
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The machine is capable of delivering a maximum force of 250 

kN at a maximum frequency of 25 Hz. The hydraulic clamping 

force was set to 700 bar. The fatigue MTS fatigue test rig is 

controlled by the associated control system. All fatigue data 

was logged by the machine for latter analysis 

3.9.3 Residual Stress Measurements 

The residual stress measurements were performed using an 

X-ray diffraction machine, seen in figure 36. X-ray diffraction 

is a non-destructive method used to record stains in the 

material by measuring of the micro-structural crystal lattice 

spacing. The X-ray beam will scatter when it hits the atoms 

creating diffraction, in the same way as with visible light 

diffraction. After sampling of the diffraction data, followed by 

necessary calculations, the shallow surface stresses is 

presented as a 2-D simplification of a 3-D stress mapping 

problem (Cheng, Fisher et al. 2003). 

The equipment used requires the X-ray beam to hits the 

flange plate with an angle of incidence as seen in figure 34.  

 

Figure 34. Fatigue specimen and beam direction. 

Therefore the corner of the web plate needed to be cut to 

allow access for the measurement equipment, as seen in 

figure 35. 
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Figure 35. Fatigue specimen after the corner is removed. 

Removal of the corner was performed using a metal cutting 

saw, with low feed rate and cutting speed. This procedure 

was chosen to minimize any shutter vibrations and the 

cutting forces, since the residual stresses needed not be 

affected by the operation. A complementary initial residual 

stress measurement was performed before and after removal 

of the corner to assure that the sawing operation would not 

alter the stress levels. In figure 36, an example of a prepared 

specimen undergoing X-ray diffraction measurement can be 

seen. 
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Figure 36. Residual stress measurement performed by X-ray diffraction. 
The pre-cut fatigue specimen is mounted in the centre. 

All residual stress measurements were performed before 

fatigue testing in as weld state for all three filler types.  
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4 Results from the Trials 

In this chapter the observations and results from the welding 

trials, fatigue testing and residual stress measurements are 

presented. 

4.1 Weld Parameter Optimisation 

Initial welding trials were performed to find good weld 

parameters for the MCW filler. The goal was to achieve as 

good weld toe radius as possible. Good initial weld 

parameters were copied from the earlier performed FATMAG-

1 trials and tweaked for these specific purposes. A list of 

measured weld toe radiuses and the corresponding weld 

parameters can be found in Table 16 and 17. 

Table 16.  List of measured weld toe radius and corresponding current 

and voltage from the initial weld parameter optimisation. 

Specimen ID Weld  

filler 

Weld 

toe 

radius  

1 

Weld 

toe 

radius  

2 

Measured  

voltage  

[V]  

Measured 

current  

[I] 

MAS-267 OK Tubrod 

14.03 

2.3 1.4 34.6 319 

MAS-268 OK Tubrod 

14.03 

1.7 1.2 35.4 330 

MAS-269* OK Tubrod 

14.03 

- - 36.2 334 

MAS-270 OK Tubrod 

14.03 

1.8 2.3 33.5 321 

MAS-271** OK Tubrod 

14.03 

2.4 2.3 32.7 314 

MAS-272 OK Tubrod 

14.03 

1.2 0.5 31.6 317 

*Resulted in undercuts. ** Best achieved radius. 
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The following setting was used for the initial trials since they 

gave good result in the earlier FATMAG-1 trials (Anttonen, 

Wahlsten et al. 2012), see table 17.  

Table 17. Additional weld parameters that gave good results during the 

FATMAG-1trials, again used in the initial welding trials. 

MAG stick out 

[mm] 

Travel speed 

[cm/min] 

Torch travel angle 

[º] 

25 45 30 

 

The MAS-271 parameter setup gave the best results and was 

later used as a starting point for further fatigue specimen 

geometry optimisation. Further details about the weld 

parameters can be found in APPENDIX VII. 

To find a good weld parameter base line for the LTT1 fatigue 

specimen optimisation, initial LTT1 bead on plate trial was 

performed. DOMEX 650 MC (as rolled) was used as base 

material.  In the early trials, the weld parameters 

recommended by ESAB was used, and later tweaked. The 

appearance of a typical LTT BOP plate can be seen in figure 

37. 

 

Figure 37. The steel plate adopted a convex shaper during LTT BOP trials. 
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An interesting observation is that the weld distortion is 

convex rather than concave. The shape is thereby opposite of 

what is normally expected to occur. Performing the same 

weld procedure using conventional filler resulted in the 

expected concave shape, as seen in figure 38. 

 

Figure 38. Welding BOP with OK Tubrod 12.51 (conventional weld filler) 
caused the steel plate to adopt a concave shape. 

4.2 Torch Travel Angle 

Fatigue specimen welding were performed with a torch side 

travel angle set to 45° according to figure 39. This setting 

gave the least amount of weld spatter and undercuts in the 

web plate. The setting was kept fixed for all welds (MCW, 

LTT1, and LTT2) 
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Figure 39. The torch side travel angle was set to 45° since this setting 
gave the least amount of spatter. 

Further, to prevent the start and stop spatter from traveling 

forward to the critical web plate corner. The weld torch travel 

angle was after initial trial set to a neutral position at each 

starting point and stop point, se figure 40 and APPENDIX I for 

details. Possible spatter were then forced to travel along a 

path orthogonal to the welding direction, landing beyond the 

flange plate.  

 

Figure 40. The neutral weld torch start and stop torch travel angle. 
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However, this angle was dynamically changed during welding 

since the torch position needed to be changed to allow 

cornering of the web plate, see APPENDIX I for details. From 

a weld geometry perspective this is not ideal. Instead a 

pushing weld torch angle is more appropriate and will result 

in a more favourable weld geometry (Anttonen, Wahlsten et 

al. 2012). Not changing the angle resulted in poor weld 

symmetry, as seen in figure 41. 

 

Figure 41. The result of using a pushing weld torch angle when welding 
around the web plate corner can here be seen. The weldmetal was pushed 
too far in front of the arc leaving the weld unsymmetrical. 
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4.3 Weld Geometry Results 

Weld geometry evaluation of all three fillers was performed 

prior to fatigue specimen production. The results showed that 

the welds did not contain any crack like imperfections and 

fulfilled the weld classes according to table 18. 

Table 18. Minimum achieved weld class for the three filler wires. 

Approved weld quality according to standard 

Volvo standard 

STD 181-0004 

EN ISO 5817 

WD C 

 

The Volvo STD-181-0004 standard contain weld classes WS 

for static strength and WE, WD, WC and WB for fatigue 

strength, compared to the EN ISO 5817 that state weld class 

D, C and B. The Volvo standard states the outer transition 

radius (weld toe radius) as a criterion for weld geometry 

evaluation while EN ISO 5817 does not.  

For the purpose of this study, the important radius is the r2 

(see figure 42) that connects to the load carrying web plate, 

while radius, r1 is non-load carrying and will not impacts the 

fatigue testing. Hence the r1 radius was omitted when 

performing the weld quality evaluation.  
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Figure 42. Definition of the different weld measurements. 

The calculated mean weld toe radius from macro 

measurements are listed table 19. In weld position PB, the 

best mean weld toe radii against the flange plate (r2) was 

achieved with the LTT1 filler (2 mm) followed by the LTT2 

(1.3 mm). The MCW filler resulted in the smallest mean 

radius (0.8 mm). For the r1-radii the opposite was achieved 

and the best results were accomplished with the MCW filler 

(OK Tubrod 14.03) at 2.9 mm followed by LTT1 and LTT2. 

Table 19. Results from the macro measurement of the weld geometry. 

Filler name r1 

[mm] 

r2[mm]* Throat 

thickness, a 

[mm] 

Z1[mm] Z2[mm] 

OK 

Tubrod14.03 

 .9  .3
0.9

        
   

  .  0. 
0   .9 0. 

0.  7.9 0.3
0.  

LTT1   0.5
0.7      

   
  .  0.3

0.   .0  .5
 .  7.5  .9

0.7 

LTT2 0.7 0. 
0.         

   
  .  0.3

0.   .  0. 
0.7 7.  0. 

0.5 

*r2 is the weld toe radius that meets the load transferring flange plate of 

the fatigue specimen. 



  

70 

The best weld results were achieved using the weld 

parameters stated in table 20. A clarification to the 

abbreviations can be found in APPENDIX VIII. 

Table 20. Weld parameters that gave the best result. These were later 

used for the fatigue specimen production. 

Filler 

name 

Wfl – 

long 

side 

m/min 

Wfc- 

corner 

m/min 

Wsl – 

long 

side 

cm/min 

Wsc-

corner 

cm/min 

CTWD Pre 

heatin

g Cº 

Interpass 

temp Cº 

MCW* 10 8,5 40 50 25 - 90 

LTT1 10 8,5 40 22 15 50 90 

LTT2 10 8,5 40 22 15 50 90 
*
No pre-heating was applied, as this was not specified to be performed. 

4.4 Fatigue Test Results 

The crack initiation of both the LTT1 and LTT2 fatigue 

specimens, all initiated from the weld toe. In figure 43, the 

two fracture surface from one and the same tested specimen 

can be seen. All specimen fatigue fracture surfaces can be 

viewed in Appendix III  

 

 

Figure 43. Here are two matching fatigue facture surfaces illustrated. The 
crack initiates at the weld toe and then propagated through the material. 



 

71 

The characteristic fatigue strength of a detail is defined as the 

strength in MPa at 2×106 cycles, and referred to as the 

fatigue class (FAT) 

As stated in the IIW document XII-2151-07 - 

Recommendations for fatigue design of welded joints and 

components, the appropriate method for calculations of FAT 

from fatigue data is through linear regression (Hobbacher 

2007).   

The calculation of the m-value (slope) for the natural mean is 

done according to equation (3): 

m   
logC    og 

log σ
             

For linear regression of fatigue data for welded structures, 

the mean curve is normally adapted to an m=3 value. 

However, in cases where the fatigue tests are statistically 

assured the obtained m slope is allowed for use without any 

further adaptation. For unaffected base material m=5 is 

applied. The deviation between the recorded fatigue data 

points and the m-curve that is dependent on the chosen m-

value will determine the standard deviation of logC 

(Hobbacher 2007). 

To calculate the characteristic FAT value, the mean curve is 

lowered by k standard deviations. The k value is dependent 

of the number of test data points, where a larger data set will 

lower the value and vice versa. Examples of pre calculated k 

values can be found in table 21 (n=number of details) 

(Hobbacher 2007). 
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Table 21. Values of k for the calculation of characteristic values 

(Hobbacher 2007). 

n 10 15 20 25 30 40 50 100 

k 2.5 2.4 2.3 2.2 2.15 2.05 2.0 1.9 

 

After collecting the fatigue data from the LTT1 and LTT2 

fatigue testing, linear regressions was performed. The 

following two Wöhler diagrams were then plotted, figure 44, 

and figure 45. The blue lines represent LTT1 and the green 

lines represent LTT2 linear regression results. Both diagrams 

also contains the IIW FAT-71 line (dashed red line, m=3).  

In figure 44, where the FAT value is calculated from the test data 

according to IIW-recommendations, m=3. The LTT1 and LTT2 fillers 

resulted in FAT 68 respective FAT 66. 
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Figure 44. The resulting Wöhler curve after linear regression of the fatigue data according to IIW recommendations, 

m=3. The mean curve and characteristic FAT curve for the two filler can be seen here. The orange line is the fatigue test 
results after (Barsoum and Gustafsson 2009). 

10

100

1000

1,E+04 1,E+05 1,E+06 1,E+07

σ
r 

[M
P

a
] 

Cycles 

As welded - Nominal stress 

Failures LTT1
Failures LTT2
Mean curve LTT1 (m=3)
Mean curve LTT2 (m=3)
Char. Curve LTT1 (FAT)
Char. Curve LTT2 (FAT)
FAT71
Run outs LTTM
Runouts LTTS



 

74 

In figure 45, instead the natural slope is derived from the 
LTT1 (m=4.74) and LTT2 (m=4.41) fatigue data, adapted 

with their individual k value. The corresponding Wöhler curve 
then instead result in FAT 127 and FAT 115 respectively 
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Figure 45. The results Wöhler curve after linear regression analysis of the fatigue data by natural mean with m=natural 
slope. Characteristic natural mean FAT curve and the natural mean curve are both well above FAT 71, and also have less 
step slope. Further details can be found in APPENDIX IV and V. 
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The two characteristic natural mean curves lies above the IIW 

FAT-71 curve and also have less of a steep slope (m=natural 

slope). The LTT fillers characteristic curves (FAT) converge 

towards FAT 71 in the short cycle region and diverge in the 

long cycle region. Thus, the difference between the FAT 71 

curve and the individual LTT curves nominal stress ranges are 

more prominent in the long cycle region. In the short cycle 

region, both LTT curves meet the FAT 71 curve. Hence, there 

is no difference in stress range at higher loads. The results 

are shown in table 22. 
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Table 22. Fatigue testing results. FAT-classes, m-slopes and standard deviations. 

Filler 

name 

IIW 

Characteristic 

FAT 

Mean 

curve  

m= Stdv. 

logC 

Stdv. 

k 

Characteristic 

natural mean 

FAT 

Natural 

mean 

curve 

 mnatural= Stdv. 

logC 

Stdv. 

k 

LTT1 68 114 3 0.245 2.71 127 150  4.74 0.124 2.71 

LTT2 66 104 3 0.213 2.8  115 136  4.41 0.116 2.8 
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4.5 Residual Stress Measurement Results 

The X-ray diffractions measuring positions on the flange plate 

are situated at 1, 2, 4, 6, 9 and 12 mm from the weld toe, as 

seen in figure 46. 

 

 

Figure 46. The six X-ray diffraction measurement positions their distances 

from the weld toe (number = mm). 

Depending on the level of the measured residual stress, 

either 5 or 6 measuring point were sampled. For both of the 

LTT fillers, 5 points were enough to determine the position of 

the stress equilibrium (0 MPa). To give a better indication of 

the residual stress state of the MCW filler, an additional 

measuring point were added 12 mm out on the flange plate. 

The measurement results were plotted and curve fitted in a 

diagram with their respective flange plate position on the x-

axis [mm] and the measured residual stress [MPa] on the y-

axis, as illustrated in figure 47. 
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Figure 47. The plotted residual stress measurements results are here illustrated. Measurements were performed in as 
welded state for LTT1, LTT2 and MCW. The nominal stress values are along the flange plate [Mpa]. The LTT fillers did not 
achieve any compressive residual stresses. However the peak-level of tensile residual stresses are much lower for both 
LTT fillers compared to the MCW filler. 
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In figure 47, it is clear the LTT weld consumables did not 

generate any compressive residual stresses. Hence, all value 

measurements except one shows a positive value. For all 

three filler types, the peak stress values are situated close to 

the weld toe, around 1-2 mm out on the flange plate. The 

measurements shows that the LTT2 filler reaches a peek 

stress value of 240 MPa whereas the LTT1 filler has a lower 

peek value of 157 MPa. For the MCW, the peek value is 

considerably higher at 344 MPa. 

Both of the LTT filler reaches stress equilibrium (0 MPa) at 

the 6-9 mm region. However, the MCW filler does not. 

Instead it continues to show a high level of tensile stress also 

at the 12 mm measuring point.    

The measured residual stress levels (nominal stress along the 

web plate) at the different measuring points for all 

weldmetals are stated in table 23. The nominal stress values 

shows tensile stresses with the exception of LTT2 Sample 2 

at the 9 mm position (-9 MPa).  Even if the value itself shows 

compressive residual stress, the value is within the estimated 

measuring error (20 MPa) and is therefore not conclusive by 

itself. 

 

Table 23. Measured nominal stress along flange plate. 

 

 

Filler 

Measuring position outside the weld toe 

1mm 2mm 4mm 6mm 9mm 12mm 

Nominal stress along the flange plate [MPa] 

LTT1 Sample 1 154 157 75 18 3  

LTT1 Sample 2 156 140 84 13 -9  

LTT2 Sample 1 240 189 88 5 7  

MCW Sample 1* 344      

MCW Sample 2 324 338 282 202 203 135 
*
Initial MCW measurement. 
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5 Discussion 

In this chapter follows a discussion regarding the finding and results 

made in this project. 

5.1 Experiences from the Welding Trials 

Here after follows a presentation of the most interesting 

observations and lessons from the welding trials.   

5.1.1 Torch Travel Angle 

Achieving a good weld geometry is normally easier if a 

pushing weld torch angle is used (Anttonen, Wahlsten et al. 

2012). Fatigue specimen welding around the web plate 

corners did however require the torch travel angle to be 

dynamically changed. Sticking to a push torch travel angle, in 

combination with the directional change as the robot moved 

along its path, made the arc force push the liquid weldmetal 

too far in front of itself. This gave an uneven distribution of 

weldmetal, resulting in an unsymmetrical weld. 

5.1.2 Weld Parameter Optimisation 

The initial LTT1 BOP trials (neutral weld position, PA, DOMEX 

650, as rolled) were performed according to the provided 

weld parameters. However, this resulted in weld spatter. 

Raising the synergy setting of the welding machine to a 

higher level remedied this problem. Further, the total amount 

of weld spatter was much less prominent during fatigue 

specimens welding. Consequently, a lower synergy setting 

could be used, more in line with the recommended setting. 

An explanation could be that the change in weld position from 

PA to PB and the added web plate steered the droplets 

towards the weld pool. The fatigue specimens welding with 

both LTT fillers did however cause some fine spatter. 

However, this landed beyond the plates thereby note 

affecting the final weld results, as illustrated in figure 48.  
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Figure 48.  An example of robot MAG welding with LTT filler. The fine 
spatter is landing beyond the steel plates.  

5.1.3 Elimination of corner undercut 

The approach of eliminating undercuts in the web plate 

corner was to: 

 Lower the wire feed speed to 8,5m/min, keeping 
the spray arc as cool as possible. 

 Use as high torch travel speed as possible, still 
providing the minimum throat thickness. 

 Set the contact tip to work peace distance to 
around 1mm out on the flange plate. 

By this approach, the heat input in the web plate corner was 

low enough to avoid undercuts. 
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5.1.4 Weld Geometry 

During the trials the goal was to achieve weld geometries 

that was similar to each other. This would make the 

specimens more homogeneous, also in between weld filler 

types. The outcome of the trials would then be determined by 

the weldmetal properties and not the difference in weld 

geometry, making the result easier to compare. An example 

of an LTT2 weld geometry cross section is seen in figure 49. 

More cross sections are found in APPEDNIX  

 

Figure 49. LTT1, typical cross section, r1=1,4 mm, r2=,1,4 mm,  throat 

thickness=4,1 mm 

In the work performed by (Barsoum and Gustafsson 2009), 

welding with a LTT filler resulted in a worse weld radius 

compare to that of a conventional filler. Welding performed in 

this project showed different tendencies. In weld position PB 

both LTT fillers gave better weld toe radiuses at the critical 

flange plate (radius r2), than what could be achieved with the 

conventional filler, see figure 49.  For radius r1, that meets 

the non-load carrying flange plate, the results were 

completely opposite, as the conventional filler instead gave 

http://www45.aname.net/~svets/Glossary/csvread.pl?field2=a-m%E5tt%20(verkligt%20a-m%E5tt)&method=perfect
http://www45.aname.net/~svets/Glossary/csvread.pl?field2=a-m%E5tt%20(verkligt%20a-m%E5tt)&method=perfect
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the best results. The location of the r1 and r2 radiuses is 

illustrated in figure 50. 

 

Figure 50. Definition of the different weld measurements. 

In figure 5 , the “OK Tubrod  5.55 ( TT)” natural mean 

curve presented by (Barsoum and Gustafsson 2009) has been 
added to the natural mean Wöhler diagram (orange line).  All 
trials presented in the figure 51 were performed using the 

same specimen design and steel sheet thickness (8mm). In 
the low cycle fatigue region Barsoum and Gustafsson results 

are slightly better. 
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Figure 51. The orange line represents the “OK Tubrod 15.55 (LTT)” fatigue results presented by (Barsoum and 

Gustafsson 2009). The green and blue dotted lines are results from this trial.  
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This higher fatigue strength may be explained by the 

difference in weld side length between the two trials. The 

weld along the load transferring web plate is double the 

length of the opposite side in (Barsoum and Gustafsson 

2009) trials, resulting in a side length ratio of 1:2. This will 

promote better weld toe transitions angles and radii 

compared to a symmetrical ratio (1:1) used in this trial, seen 

figure 52, a) and b).  

 

Figure 52.  a) side length ratio of 1:1. b) side length ratio of 1:2. 

A better toe radius and angle will lower the stress 

concentration and promote better fatigue strength in the low 

cycle region. In the high cycle region both of the new LTT 

filers performed better than OK Tubrod 15.55. With a weld 

side length ratio of 1:1 and higher stress concentrations, the 

fatigue result achieved in this study is the result of lower 

weld residual stress rather than an effect of good weld 

geometry.  

5.2 Fatigue Testing Results 

The characteristic natural mean Whöler curve (FAT) can be 
seen in figure 53. The high cycle fatigue region is marked A, 

and the low cycle region is marked B. 
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Figure 53. Whöler diagram, shoving the characteristic natural mean (FAT). The long fatigue cycle region is marked A, 
the short cycle region is marked B. 
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In region A, the LTT2 and LTT1 characteristic natural mean 

Wöhler curves (FAT) at 2×106 cycles, are considerably higher 

than the FAT 71 curve. Arrow 1 and 2 illustrates the 

difference in stress range for LTT1 and LTT2, an increase of 

79% and 62% respectively.  

In region B, the two LTT FAT curves converge with the FAT 

71 curve, suggesting that at higher load levels the residual 

stresses will be relaxed and no longer have a positive effect 

on fatigue strength. These results are in good agreement with 

what was found in literature. This also shows that the 

increase in fatigue strength seen at lower load levels is not 

only connected to the weld geometry, but also dependent on 

the residual stresses. 

In the Wöhler diagram, descending along the LTT FAT curves 

down from B towards A, there may exists a sufficiently low 

load level where no relaxation of weld residual stress might 

occur or relax slowly. If this level could be determined and 

not exceeded during fatigue loading this would allow the weld 

to take full advantage of the favourable residual stresses of 

the LTT filler. To properly pinpoint this region will need 

further investigation since the dataset in this project will not 

suffice. 

HFMI treatment introduces compressive residual stresses and 

improves the weld toe radius, while the LTT fillers add 

compressive residual stresses. Subjecting both types of 

specimens to high loads will relax the compressive residual 

stresses (Karlsson 2009). The HFMI treated specimen would 

retain the favourable weld toe geometry, which still would 

lower the stress concentrations. Further, applying the same 

amount of load to both types of specimens, the HFMI treated 

specimen is likely to tolerate higher loads than LTT specimens 

before reaching plastic deformation of the weldmetal. This is 

because a larger weld toe radius will generate lower stress 

concentrations and less internal stress. 
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A property specific for LTT fillers is that the compressive 

residual stresses exist in the whole weldmetals, rather than 

just in the weld surface. This will therefore not only prevent 

crack initiation from the weld surface but could also prevent 

cracks forming at any point in the weld (Kromm, 

Kannengiesser et al. 2009). The IIW “Recommendations for 

fatigue design of welded joint and components” shows that a 

weld root crack in T-joint will result in FAT 36 (Haagensen 

and Maddox 2003), see table 24.  

Table 24. FAT recommendation for partial penetrated T-joint, K-butt weld, 

including toe ground crack (Haagensen and Maddox 2003) 

No. Structural Detail Description FAT 

Steel 

414  

 

Cruciform joint of T-joint, 

filler welds or partial 

penetrated K-butt welds 

including toe ground 

joints, weld root crack. 

For a/t<=1/3 

36 

 

 

 

 

 

40 

 

This FAT is considerably lower than that of a fully penetrated 

weld, FAT 71. This is because the weld effectively acts as a 

crack initiation point at the weld root. Applying HFMI 

treatment or any other weld geometry improvement 

technique like TIG dressing will not remedy this problem. It is 

impossible to alter the obscured part of the weld.  

If the plate is relatively thin, a weld parameter optimisation 

resulting in full weld penetration could fix the problem. The 

same method will not work for thicker steel plates, since the 

welding penetration depth is limited and would leave some 

part un-welded. In that case, achieving a fully penetrated 

weld would require costly and time consuming weld joint 

preparations. In these cases the LTT filler could potentially 
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apply enough compressive residual stress to stop cracks from 

initiating at the root side corner of the weld.   

Through further weld geometry optimisation, the allowed 

stress for not fully penetrated T-joints, welded with LTT filler, 

could potentially be higher than for conventional joints. 

However, this needs to be confirmed through further 

investigations. 

HFMI treatments may be preferred in applications that 

occasionally are subjected to overloads. In more controlled 

environments where the load levels are known and more 

moderate, LTT fillers may be more suitable, prolong fatigue 

life and reduce weld distortions without the need for post-

weld treatment. 

5.3 Residual Stress Measurements Results 

By comparing the residual stress state seen in figure 54, it is 

clear that welding with the MCW fillers resulted in higher 

tensile residual stresses. The maximum tensile residual stress 

for the MCW filler is 344 MPa. LTT2 has a maximum of 240 

MPa, a reduction of 30% compared to the MCW filler. LTT1 

has a maximum of 157 MPa resulting in a tensile stress 

reduction of 45%. According to the literature, and equation 

(4), lower residual stress will reduce the internal stress of a 

component promoting higher fatigue strength.  

σ,   σapplied   σresidual   internal stress      

Both LTT fillers show a rapid decrease of tensile residual 

stresses and reaches equilibrium at 6-9 mm out on the flange 
plate. 
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Figure 54. Comparison between the resulting weld residual stresses of the MCW and the two LTT fillers. 
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By applying a linear fit to the MCW data, a rough estimate of 

the equilibrium position is created. The equilibrium point 

would then be situated around 19mm out on the flange plate, 

which is two times the distance of the LTT weldment, see 

figure 55. This shows that the LTT fillers reduced the total 

amount of tensile residual stresses, and also reaches 

equilibrium closer to the weld toe. 

 

 

Figure 55. Linear fit to the MCW residual stress data. 

Even if the residual stress measurements showed no 

presence of compressive residual stresses, the convex weld 

distortions that occurred during initial LTT1 BOP trials showed 

the opposite. This is in good agreement with what was 

expected from the LTT fillers and also what was found in the 

literature. This suggests that compressive residual stress in 

fact was present in the BOP welds, but for the fatigue 

specimens, the introduction of the web plate created some 

tensile residual stresses in this area.  
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In the literature it was stated, that a certain amount of 

weldmetal dilution will occur. This will result in higher Ms-

temperature. Further, since the weldmetal of the LTT fatigue 

specimens meets two plates (web plate and flange plate), 

rather the just a single plate as in the BOP trials, a higher 

level of dilution could have reduce the LTT effect. This may 

be an additional explanation to the absence of compressive 

residual stresses in the LTT fatigue specimens.  

In this study, the residual stress measurements results and 
the fatigue test results indicates a existing correlation 

between lower residual stresses and increase fatigue strength 
of welded details. This holds true for the high cycle fatigue 

testing, where the residual stress state is expected not to 
change due to relaxation. The effect becomes even clearer 
when comparing the natural mean slope of the two LTT 

fillers. LTT1 with m=4.71 and LTT2 with m=4.41 are close to 
m-slope of non- heat affected metals (m=5) rather than the 

IIW recommended m=3 for welded details.  
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6 Conclusion 

 The LTT2 and LTT1 fillers both showed increased 
fatigue strength compared to FAT 71 when the natural 

mean curve standard deviation and their respective k 
values were adopted. The result was an increment of 
the fatigue strength of 79% for the LTT1 and 62% for 

LTT2 filler. 

 The LTT1 filler resulted in a 45% reduction of tensile 

residual stresses compared to the results of the MCW 
filler. The reduction achieved with the LTT2 filler was 
30%. Thus, both fillers caused a considerable reduction 

of the residual stresses in the surface of the welds. 

 The LTT fatigue specimens did not show any presence 

of compressive residual stress. While the concave 
shape of the LTT1 bead on plate trials indicated that 
compressive residual stresses are present in the 

weldmetal. The web plate on the fatigue specimens is 
believed to cause the resulting (low) tensile residual 

stresses here.  

 Measured from the weld toe, the LTT fillers reached 
residual stress equilibrium (0 MPa) at half the distance 

compared to the conventional filler.  

 The use of LTT fillers may reduce weld distortion and 

the need for rework. 

 The lower residual stresses of an LTT consumable may 

reduce the need of post weld treatments such as high 
frequency mechanical impact treatment and post weld 
heat treatment. 

 In weld position PB, the LTT fillers gave a better weld 
toe radius against the flange plate compared with the 

conventional filler. 
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 A lower residuals stress state will provide better fatigue 
strength in the high cycle region, as long as the 

residual stresses are not relaxed. 



 

97 

7 Continued work 

The following is recommended for further studies: 

 Finalise the fatigue testing of the MCW specimens to 
benchmark the results against LTT filler specimens in 
this study. 

 Perform further X-ray residual stress measurement 
(more specimens) – creating more statistical data. This 

in combination with fatigue testing that aims to find a 
threshold for the relaxation of weld residuals stresses  

 Perform examination of the effects LTT fillers has on 

not fully penetrated load transferring welds, where 
crack initiation is expected to occur at the weld root 

side. 
 Perform evaluations of the level of weld distortion 

resulting from welding with the new LTT fillers, 

compared to the results of conventional weld 
consumables. 

 Perform continued residual stress measurements 
deeper down in the LTT weld metal by means of high 

synchrotron radiation. Thereby mapping the levels of 
weld residual stress in the whole weldment. 
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Appendix I 

How to read the weld bead map 

The different welds and their corresponding weld order 

number are colour coded according to figure 56.  

 

Figure 56. Weld path numbering and colour code. 

The start, stop and robot coordinate markers can be seen in 

the figure 57. 

 

Figure 57. Start, stop and robot coordinate markers. 

Figure 58 shows an example of how a start/stop position is 

marked, and the corresponding weld torch position 

 

Figure 58. Weld start and stop position. 

Double coloured marker symbolises an overlapping start and 

stop position seen in figure 59. 
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Figure 59. Overlapping start/stop marker. 

The weld torch angles that were used at the different robot 

coordinate points were set to 0, 45 and 90 degrease as 

required, see figure 60. 

 

Figure 60. Example of robot coordinates and angles around a corner. 

A complete top view of the web plate weld operation can be 

seen in figure 61.  
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Figure 61. Two weld beads were applied to each of the web plates, here 
seen with their corresponding colour code. 

Close-up of the web plate corner and the robot coordinate 

positions can be seen in seen in figure 62. 
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Figure 62. The positioning of the robot coordinate and the position of the 
weld torch at each point around the web plate corner. 

The positioning is mirrored on the opposite side of the web 

plate. The positioning shown above was used for both the 

LTT1 and LTT2 filler. However, it was slightly different for the 

MCW filler, since the contact tip to work peace distance was 

set to 25 mm. The weld tended to more easily run out on the 

flange plate, the position of the middle point of web plate 

corner was therefor set to 1mm instead of 2 mm. 
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Appendix III 

Nr Fracture side A Fracture side A 

LTT1 1 

 

 

LTT1 2 

 

 

LTT1 3 
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LTT1 4 Run out Run out 

LTT1 5 

 

 

LTT1 6 

 
 

LTT1 7 
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LTT1 8 

 
 

LTT1 9 

 
 

LTT1 10 
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LTT1 11 

 
 

 

Nr Fracture side A Fracture side A 

LTT2 1 

 

 

LTT2 2 

 

 



 

E 

LTT2 3 

 
 

LTT2 4 Run out Run out 

LTT2 5 

 
 

LTT2 6 
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LTT2 7 

  

LTT2 8 

 
 

LTT2 9 

 
 

LTT2 

10 
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Appendix IV 
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Appendix V 

Fatigue results from the LTT1 test series. 

 

Weld filler 

wire type 

 

Fatigue 

specimen 

nr: 

 

Fatigue load 

frequency, Hz 

 

Applied 

Load, kN 

 

 

Stress 

ratio 

 

Nominal 

stress 

Δσ, MPa 

 

Cycles to 

failure 

 Run 

out 

2x106 cycles 

(marked with 

+) 

LTT1 1 11 196 R=0 350 32670  

LTT1 2 11 196 R=0 350 45050  

LTT1 3 11 196 R=0 350 40515  

LTT1 4 11 98 R=0 175  + 

LTT1 5 11 140 R=0 250 112469  

LTT1 6 11 120 R=0 214 359743  

LTT1 7 11 120 R=0 214 377835  

LTT1 8 11 110 R=0 196 241104  

LTT1 9 11 110 R=0 196 404048  

LTT1 10 11 98 R=0 175 1372614  

LTT1 11 11 105 R=0 187 1007620  
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Fatigue results from the LTT2 test series.  

 

Weld filler 

wire type 

 

Fatigue 

specimen 

nr: 

 

Fatigue load 

frequency, Hz 

 

Applied 

Load, kN 

 

 

Stress ratio 

 

Nominal 

stress 

Δσ, MPa 

 

Cycles to 

failure 

 Run out 

2x106 cycles 

(marked with +) 

LTT2 1 11 98 R=0 175 612957  

LTT2 2 11 196 R=0 350 36257  

LTT2 3 11 196 R=0 350 29851  

LTT2 4 11 98 R=0 175  + 

LTT2 5 11 98 R=0 175 1035284  

LTT2 6 11 120 R=0 214 176132  

LTT2 7 11 120 R=0 214 336124  

LTT2 8 11 196 R=0 350 31761  

LTT2 9 11 120 R=0 214 196162  

LTT2 10 11 120 R=0 214 262549  
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Appendix VI 

 

Figure 63. LTT1, typical cross section, r1=1,4 mm, r2=,1,4 mm,  throat thickness=4,1 mm  

http://www45.aname.net/~svets/Glossary/csvread.pl?field2=a-m%E5tt%20(verkligt%20a-m%E5tt)&method=perfect
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Figure 64. LTT2, typical cross section, r1=0,7 mm, r2=0,7 mm,  throat thickness=4,6 mm. 

http://www45.aname.net/~svets/Glossary/csvread.pl?field2=a-m%E5tt%20(verkligt%20a-m%E5tt)&method=perfect
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Figure 65.MCW, typical cross section, r1=1,6 mm, r2=,0,7 mm,  throat thickness=4,3 mm 

http://www45.aname.net/~svets/Glossary/csvread.pl?field2=a-m%E5tt%20(verkligt%20a-m%E5tt)&method=perfect
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Appendix VII 

ID  

Joint Consumables Positioning and Angles 

Material 

t1 

(mm) 

  

t2 

(mm) 

  

Joint type Filler type 

Wire 

diameter 

(mm) 

  

Shielding 

gas type or 

composition 

Gas 

Flow 

[l/min] 

MIG 

stick-

out 

(mm) 

  

Travel 

speed 

(cm/min) 

  

Torch 

travel 

angle 

(°) (+ 

Push) 

  

  

    

MAS-267 Domex 650 10 10 Fillet weld 14.03 1,2 Ar+18%CO2 15 25 45 30 

MAS-268 Domex 650 10 10 Fillet weld 14.03 1,2 Ar+18%CO2 15 25 45 30 

MAS-269 Domex 650 10 10 Fillet weld 14.03 1,2 Ar+18%CO2 15 25 45 30 

MAS-270 Domex 650 10 10 Fillet weld 14.03 1,2 Ar+18%CO2 15 25 45 30 

MAS-271 Domex 650 10 10 Fillet weld 14.03 1,2 Ar+18%CO2 15 25 45 30 

MAS-272 Domex 650 10 10 Fillet weld 14.03 1,2 Ar+18%CO2 15 25 45 30 

            

ID  

MIG Settings Measured 

Synergy 

offset 

Voltage 

(V) 
wire 

speed 

(m/min) 

  

MIG 

Voltage 

(V) 

  

  

MIG 

Current 

(A) 

  

Heat input 

mean 

kJ/mm 

  

Arc 

power 

mean 

kW 

Arc 

energy 

mean 

kJ/mm 

  

  

MAS-267 0 34,9 14 34,6 319 1,18 11,02 1,47 

MAS-268 1 36 14 35,4 330 1,24 11,66 1,56 

MAS-269 2 36,9 14 36,2 334 1,29 12,06 1,61 

MAS-270 -1 33,9 14 33,5 321 1,15 10,74 1,43 

MAS-271 -2 33 14 32,7 314 1,1 10,29 1,37 

MAS-272 -3 31,9 14 31,6 317 1,07 10,02 1,34 
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