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In recent years, the use of ultnggh-strength structural steels has been studiadhandby
utilizing these steels effectivelgnergy can be saved, and thus emissibasonly fossH

free steel can lead intan emissioffree future. It has been found that by using UHSS,
significantly lighter structures can be made, without compromisingbeadng capacity or
safety. However, it has been found that UHSS8e genera)y more sensitive to
manufacturing parameters and the production quality must be good in order to fully utilize
the properties of the stedSkriko, 2018, pp. 11i6.21)

However, the dissimilaweld between cast steels and USi8as not been scientifically
studied, even though there are large differences in the requirements of the materials for a
successful weld, e.g. the limits of heat input. Also, the gjdint with permanentoot
backingand the effect of the initi@lefed¢ caused by it on the fatigwtrengthof UHSS steels

hasnot been investigated.

In this thesis, the quality of the weldjoint in thepreviously mentionedissimilarjoint and

the effect of the initiatlefectof theweld root equipped with @ermanentoot backingon

the fatiguestrengthof UHSSare investigated with an experimental study. In the welding of
the dissimilar joint, the importance of the quality required from the proasssdwas
observed and compromises mbstmade at the expense of the mechanical properties of the
materials in order to make the welding successful. In addition, the results showed a better
fatigue strengthfor the investigated weétl detail than the current design guidelines
recommend.



TIIVISTELMA

Lappeenranndriahden teknillinen yliopisto LUT
LUT-Energiajarjestelmat
Konetekniikka

Juho Havia

Eripari hitsausliitos valuterdksen ja UHSS vélilla, ja paikallisen geometrian optimointi

hitsausdetaljissa

Diplomity®
2023
81 sivua,46 kuvaa,16 taulukkoa jal2 liitetta

TarkastajatProfessori Timo Bjork
DI Matti Randelin

AvainsanatUHSS, valuterashitsatut eripatiitokset, vasyminen

Viime vuosinaultralujienrakennéeraksien kayttéa on tutkittu paljge hyddyntarélla naita
terdksia tehokkaastienergiaa voidaan saastaga siten paastojakin, mutta vasta
fossiilivapaasti valmistetulla terdd#a paastaan kohti paastéttomyyt@n havaittu, etta
kayttamalla UHS teréaksid, voidaantehda huomattavasti kevyempia rakenteita
kuormankantokyvystdai turvallisuudestainkimatta. On kuitenkin havaitty ettd UHSS
terdkset ovat yleisesti herkempia valmistusparametreitieoj@nto laadun on oltava hyva,
jotta terdksien ominaisuuksia voidaan hyodyrigiéiko, 2018, pp. 11i6.21)

Valuteraksien ja UHSS teraksienpariliitostaei kuitenkaan oléeteellisesttutkittu, vaikka
materiaalienvaatimuksissa onnistuneelle hitsilen suuria eroja mm. lammaontudn
rajoissaMyo0s hitsausliitos kiinteélla juurituella ja sen aiheuttaman alkuvian vaikutus UHSS
terdksen vasymiskestavyyteam jaanyt tutkimatta.

Tassa tyossdutkitaan hitsaus liitoksen laatua edella mainitussa eripariliitoksessa ja
kiintealla juurituella varustellun itsin juuren alkuvian vaikutusta UHSS teraksen
vasymiskestavyyteekokeellisella tutkimuksellaEriparilitoksen hitsauksessa havaittiin
prosessilta vaaditulaadun tarkeys jaompromisseja on tehtavaateriaalien mekaanisten
ominaisuuksien kustannuksilla, jotta hitsaus saadaan onnisturh&siksi uloksista
havaittiin  tutkitulle hitsausletaljille parempi vasymiskestavyys, kuinnykyiset
suunnitteluohjet suosittelevat
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Latin alphabet

o2 2 > >

Caw
CET

Percentage elongation after fracture

Percentage neproportional elongation at maximum force
Initial crack size

Final or critical crack size

The crack propagation coefficient

Carbon equivalent according to IW

Carbon equivalent according to Thyssen
Distance

Eccentricityof the joint

Force

Shape factor foheat flow incalculationts;s2D case
Shape factor for heat flow iralculationts;s 3D case
Fatigue class, fatigue strength correspondingtto 2gymles
Tensilestrength

Yield strength

SIF rangeas function othecrack length

Height

Current

Impact strength

Fatiguestress concentration factor
Structuralstress concentration factor

Elastic notch stress concentration factor
Thermal efficiencyof the welding process

Slope of SN curve

Slopeof Paridlaw

Heat input

Fatigue life estimation

Stresgatio

Radius

Initial temperature

[%0]
[%]
[mm]
[mm]
[mml/cycle]
[mm]
[mm]
[N]
[-]
[-]
[MPa]
[MPa]
[MPa]
[ MPaamm]
[mm]
[Al
[J]

[°C]



ts/s The cooling timdrom 800°C to 500°C
t Mateial thickness

U Voltage

v Welding speed

Vwire Wire feed speed

W Width

Greek alphabet

e Fictitious notch radius
¥ Stress

V! Fatigue strength

Ui Maximum notch stress
Us Structural stress

Abbreviations

AW
COze
CE

DIC
DOB
DQ
DO+T
EDS
ENS
FEM
FF(U)HSS
GMAW
HAZ
HFMI
LEFM
QT

N

SCF

As welded

Carbon dioxide equivalent
Equivalent carbon content
Digital imagecorrelation
Degree of bending

Direct quenched

Direct quenchednd tempered

Energydispersive Xray spectroscopy

Effective notch stress

Finite element method

Fossitfree (ultra}high-strength steel
Gas metal arwelding process

Heat affected zone

High-frequency impact treatment
Linear elastic fracture mechanics
Quenched and tempered
Normalized

Stress concentration factor

[s]
[mm]
[V]
[mm/s]
[m/min]

[mm]

[mm]

[MP4|
[MPa]
[MPa]
[MPa]



SEM Scanning Electron microscope

SIF Stress intensity factor

TMCP Thermamechanical control process
UHSS Ultra-high-strength steel

WPS Welding procedure specification
Indices

avg Average

b Bending

m Membrane

n Notch

nom Nominal
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1 Introduction

This thesis wamadefor Hiab, part of Cargotec Corporatipas part of thé&ossilfree Steel
Application project, which aimgo the commecialization of a fossitfree (ultra)-high-
strengthsteels (FF(U)HSS) A carbonneutral world is a meg&rend to which several
communitiesandindividual countries have committed themsedlvéhese new FF(U)HSS

could be one path thahelpsto achievethesecarbonfree objectives However, fossifree

stee| that reduces steel production emissjossiot enouglaloneand steel structures must
alsobe more energefficient, safeandthe lifetime of the structures should be accurately
estimatedThis means that new structural solutions are needed, and many old products must
be redesigned to use the material more efficiently and utilization of stronger grade steels are
necessarilyneeded to achieve these goal=l at the same timestay competitive(Bjork,

2022)

The topic of this thesis was chosen from Hi&stilift product line to studyfatiguein the
welds in the steel structure of the Multilifhooklift. Steel dructure of the hodKt has
remained almost unchanged sir@@06 and fierce competition ad new environmental
standardsencourageshe development oén efficient structureand the use of modern
metallic materials.This thesis focuses on fatigue welded dissimilajoints, when thick
plates in theoriginal steelstructure argeplaced with a significantly thinnertra-high-

strength stegUHSS plates, that still have the same load carrying capacity.

In the initial settings of the study, it wassumed that an unwelded initial crack remaims
top of the permanent root backingtlé weld root. This work studieswhether the fatigue
strength of the weld root can be improvedwith numerically calculated geometrical
modificationand whathe fatiguestrengthof permanentootbackingin singlebevel groove
weld between cast steel and UH®%addition, weldingf the dissimilar joint will be briefly

investigated with a few different UHSS grades and two different cast steels.
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1.1 Background of the thesis

In recent years, thHSShasgained popularity in many applicationdsually, the UHSS
definition refers steels that have minimum 690 MPa nominal gie&hgth(Amraei et al.,

2020, p. 1) What makes these steels so attractive, is their high strength/weighfTtato
mechanical propertynakes possible tcedign lighter structuresnables the use of new types

of efficient structure designs and decreases use of the steel overall. This is especially
emphasized in obile structures, such as automotive industry, because lighter structure
decreases energy congpion, allows more payload and can increase crashworthiness of
the structure(Amraei et al., 2016, p. 227n Figurel can be seen possible weigavings

when conventionalstructural steeplateis changed intdnigherstrengthsteelplate In the

bendingbeams, the weight saving may be even greater
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Figurel. Possible weight savings by using structural giésks with a higher nominal
yield strength(Mod. Mikkonen et al., 2017, p. 27)

Another point of view that drives into higher usgdHSS is environmental aspects and
carbonneutrality. Producing 1 kg of traditional mild structural steel produces the emissions
of about2 kg of carbon dioxide equivalent (@€ (Sperle, 2012p. 3). In individual and
modern production facilities, CO2e may be low asil® kg per 1 kg of steelCOze
emissions may also increase slightihen the nominal yield strength of the steel is

increased, dependiran the manufacturing method. Howeuiiie benefits of the reduction
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in the required amount of steeltlrestructures and reduced lifetime emissions outweigh the
possible small additional environmental impact of stronger gigpérle, 2012, p. 1pA

new fossifree steel production methsdor iron reductionvirtualy eliminates carbon
dioxide emissions in steelmakinQne of the many methodsasiron reduction process is
called aHYBRIT processand on this processtraditional coal and colkae replaceavith
hydrogen and fossfree electricity. Even thah new fossifree steels are produced, used
processes after iron reduction remain the same than before, and only difference is that all
used electricity and other fuels are fo$gdle. This guarantees that the quality and properties

of fossitree steels vl not change, and the properties can also be improved in the future.
(SSAB, 2022, p. 1%

There has been lenown lack of knowledge about UHSSBuUt in recent years thelgave
beenanincreasingnumberof publicationshat havestudiedUHSS Thetrerd of published
articles, conference papers and bgooeWsich deal with UHSS has beemgrowing andtotal
amount of publicationare1907betweertheyears 20002022. Thisanalysis wasnadewith

Scopusanddocumentpublished peyear can be seen Figure2. (Scopus, 2023
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Figure2. The amount of published articles, conference papers and books per year, that are
rel ated t o s e dighesht rseenngt{®boposet2@tR) [0t r a

UHSS materials have gradually become familiar with each scientific publication, but in

many realife applicaions there is a need to combine UHSS with different mateaiads
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parts Forexamplejn many structuregast stelds usedn structural partsconnectiorpoints
and jointsin booms.Currently, there is veriittle if at all research on the UHSS and cast

steel welding joint.
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2 Weldingof UHSS

Until now, all the welds in theesearchedtructure hae been manuallyveldedwith a gas
metal arc welding (GMAW) processd used structural steels were between S355 and S550
grades A brief literature review was conductedhere wasexaminedhow changingthe

structuralsteelgradeto UHSSaffects welding and what things ned¢d beconsidered

Many studies havehownthatgood structural design amtanufacturing qualitgrerequired
at every stage gdroduction to effectively utilize the potential capacity of UHSSIthough
thisthesisfocuses on welding, other stages of manufacturing must alsorisaleredn the
actual steel structure, whichcould bee.g., cold forming, cutting and possible coatings.
(Afkhami et al., 2019, p. 97; Lipidinen et al., 2022, pp.®¥ Skriko, 2018, pp. 11921.)

Modern ultrahigh-strength structuratseels are mainly lovearbon micrealloyed steels. The
strength of these steels is based on fine grain structure, which is made with a thermo
mechanical controlled processing (TMCP) combined with optimal alloying and direct
guenching (DQJr traditional quaching and tempering (QT) process. Some steels grades
are tempered after direct quenching (DQHThas been observed that the used hardening
method influences how welding affects tinechanicaproperties of UHSS, but the matter

has not been investigatéd more detail. The reason may be the higtaioying degree of

QT steels.

The most common difficulties in weldirgg UHSSs are caused by heat management during
the welding procedurand the effects are commonly manifestedths deterioration of
material propertiesr asthe occurrence of cold crackirigeterioration of material properties
depends a lot on the steel production metfi@@ or QT) but in general the following
phenomena cahe identified a sofenedregionin the heataffected zondHAZ), reduced
impacttoughnesslack of ductilityandreduced yielthg and tensile strengtidowever, it is
usually possible to reduce the aforementioned phenomena by adpsstingeters that affect
the cooling rateof the weldor by using a welding process that is more suitable for the
situation (Afkhami et al., 2019, pp. 887; Skriko, 2018, p. 10p
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2.1 Cold cracking

The hardness of the HAZ is directly related to the hydrogen or cold crgakempmenon
becausehe hydrogen induced cradlequires a simultaneous presence of the three primary

factors that are stress, hydrogen and microstructural factors.

The stress factor isausedy an external loadr a multiaxial tensile residual stredsiethe
shrinkage of the welavhich occurs when the weld cools down. The hydrogen factor consists
of hydrogen that is diffused into the weld and residual hydrogen that is trapped in the weld.
The microstructure factor is hard and brittle microstructuresd) sisc martensitevhose
hardness is determined by the alloying elements and especiatlynthntof carbon with

weak deformation ability, which are formed as a result of rapid cooling.

Risk of hydrogencracking iseliminatedwhen one of the three factassremovedandthe

most common methods used to control hydrogen crackingharese of lowhydrogen
consumablesan elevated welding temperature apdstweld heat treatment®urposeof
low-hydrogen content consumablssodirectly reduce thamount of hydrogen in the weld.

Use oftheelevated welding temperaturereass cooling time from 800°C to 500°Gsfs),

which impedesheformation of hard microstructures such as martensite and gives additional
time for the hydrogen to leave the weRost weld heat treatment or hydrogen release
treatments can be performed right after welding to release hydrogen from weld and/or relie
residual stresses from weldLukkari et al., 2016, pp.i21)

2.2 Deterioration of the material properties

The deterioration of the material propertiesthe HAZ are related to changes in the
microstructure caused by the heat input of the welding proddss.severity of the
microstructuralchanges depends on the steel production method, chemical composition

microstructureand amount of heat inpytlavidan et al., 2016, pp.ilb/7.)
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In recent years, the properties of S700, S960 and S1100 UHSS have been studsed a lot,
in all of them, a soéinedregionthroughthicknessn the HAZ has been observed to varying
degreen both DQ and QT steelslowever, thehardnes®f the microstructure does not
directly correlate with the strength of the material, as only S960 has been obsdraed to

a significant decrease in yield and tensile strength va(desraei et al., 2019, p. 12; Guo

et al.,, 2017, p. 13X The elongatiorbefore failurecompared to the base materias also
been found to decrease significantly in the HAZ regidre explanation for the phenomenon
is anonhomogeneous microstrucauin the HAZ where stainsare concentrated locally
during tensioncausing premature fracture compared to the uniform elongation that occurs
in the base materidlGuo et al., 2017, pp.i8; Tumer et al., 2022, p. 211} has been
recognizedthat welding heat inpuh relation to geometrizas major impact on thextent

of the softened region in the HAZvhich also affects the elongation capacity of wedd
prior to failure(Skriko, 2018, p. 109)

A decrease in impadbughnessand ductility compared to the base materiags been
observed in welded UHSS joints, both in the weld metal and in the. FIAZ happens
especially in QT steels dae the higher amount of alloying elemetttan in DQ steelsThe
locationof the greatestecrease in impact toughness has been obstvaein the HAZ
closeto thefusion line and in the weld metdlhe mechanism for the decrease in impact
toughnessis the rapid cooling which promotesthe formation of the unfavourable
microstructures such as coagrained partially urdmpered martensit@ hese unfavourable
microstructures argenerally very hard andittle which poorly absorb impact energyut

the impact toughness is also lower in the softened kjibnthan in the base material due
to the increased grain siZ&uo et al., 2017, p. 12; Tumer et al., 2022, ppi 213)

Based on the aforementioned phenomena, it has been observed that the heat input window
is much narrower in the welding of UHSBoth excessiveand very lowheat inpus cause
deteriorationof materialproperties depending on stegfpe This has increased interest in

low heat input welding processes, such as beam welding processes, for UHG&Siapg

The biggest advantages of beam welding processes are high energy density, narrow HAZ
and much lower total heat input compared to arc welding procdsgese 3 shows the

welded crossections of an 8 mm thick UHSS plate usargelectronbeam laser, laser
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GMAW hybrid and traditional GMAW welding processeshere the differences in the
width of the HAZ arevery noticeable(Tamer et al., 2022, pp. 20808)

Figure3. Cross sections of welds in the UHSS with different welding processes, a) Electron
beam welding, b) laser welding, c) laseMAW hybrid and d) GMAW(Mod. Tumer et al.,
2022, p. 208)

According to studies, the softenesion in theHAZ cannot be avoided, but its width can

be reducedvith low heat inputand/orusinglow heat input welding process suchadaser

or laserGMAW hybrid processin DQ, the low heat input usually does not cause the
formation of hard microstructures due to the low degree of alloying, in which case impact
toughnesss notanissue Because of this, laser welding has been found to be very suitable
for DQ steelsHowever,in QT deels avery low heat input is a compromisbecause it
causes cooling time to be very short, which regardless of the welding pcacses poor
impact toughnesgGuo et al., 2017, pp. 112; Skriko, 2018, pp. 10911; Tumer et al.,
2022, pp. 206224.) The use of an under matching consumables has been found to
significantly increase the impact toughness and ductility oiviidedjoint (Siltanen et al.,
2016, p. 6)

The fatigue phenomenon in the UHSS welds has been examined separately in te&butt w
and in the loadearing longitudinal wekl The fatigue strength of the bwtteldedjoints
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with different welding processes h&gen reported to be close liYécommendation
FAT100 (m = 3), based on structural hot spot stress, although the fatigstares of the

laser weldegoints was slightlyhigherthanwith other welding processg$§kriko, 2018, p.

112) Different opinions have also been published about the fatigue resistance of the butt
joints welded with the GMAW procesBatigue strengit valueFAT300 (m = 5) has been
proposed for the GMAW butt joint, but reason for the superior fatigue strength has not been
explained.For other welding processes, there were no differing opinarmait fatigue
strength(Steimbreger et al., 2022, p..2Borlongitudinalload carryingvelds characteristic
design curve FAT140n{ = 3) is proposedor both single and doublesidedwelds with

partial penetrationbut the requirement is automated welding process and the starting and
starting and ending positioris not allowed for the length of the weld.has also been
observed that the single siddiflet weld in load bearing lonitudinal welds has an
exceptionally good fatigustrength in I- and box-beams with insufficient penetration
(Skriko, 2018, p. 115; Skriko et al., 2021, pp8% In the fatigue studies of UHSS, S960

class steels have been used almost without exception.
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3 Numerical methods

Numerical methods were used in the design and analysis efrdssrelief groove of the
welded joint. The intention was to use the effective notch st(E®S) method and linear
fracture mechanicsyhere the anabesof stress concentrations and stregensity factors

areconcludedusing the finite element method.

3.1 Finite elemenmodellingin effective notch stress method

ENS approachis methodfor estimaing fatigue life based on 8l curve that allows the

effect of thdocal weld geometryo be directly included in the stremsd takes botktructural

stres and notch effecinto account.The ENS method idased oranidea d averaging the
notch stresdy using an enlargedfictitious radius }+ on the notch. Usually, numerical
methods are used to solve the notch stressadinite element method (FEM) ihe most

likely usedmethod todaySome parametric formulae apelblishedthat can be sed on
standard caseBigure4 hasanillustrativeimageaboutapplication ofthe fiditious radiiand

somevarieties oimodellingthefictitious radiusattheweld toeor root. (Fricke, 2010, pp.i3

8)

a)

Fictitious radius p¢ b) _ v _\/< _':5',&—\\_,_
) / \ \ \ \ Vo Je } )

G g T L
Figure4. a) Examplesof fictitious notch rounding and lapplication of fictitious rounding

to butt and fillet welds at the weld toe and different optionsy@rpenetratingveld root
modelling(Mod. Fricke, 2010, p. 4,9)
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The position of thdictitious radiusandused modelling techniquaay substantially affect
thestress concentration fact8CF)andthereby affecfatiguestrengthassessmenttlsing
akeyhole type fictitious radiyasmentioned thelesign guidelines angtcommendations,
causesredudion of the net plate thicknessand in relative thin plates the fatigue life
assessment maynderestimate the fatigue capacity of the ja@intl be too conservativA.
fillet types of thefictitious radi make transition betweeihe weld and the base material
smoother and thudecreamg SCF In some cases of root failuresid methodhas been
found to bea more accuratenethodfor assedsg the effective notch stressbut more
research is needetdhese both methodsf modellingthe fictitious radius on the root side
are illustratedn Figure5. (Ahola et al., 2021, p..p

S

Keyhole

Figureb. The keyhole and fillemodellingtechniquesppliedon the fictitiousradiusfor the
weld root.

The elements used on FEM model can be a quadrilateral or a triangular in the 2D model and
a hexahedral or a tetrahedral in the 3D case and elements can have a linear or quadratic shape

function.

In 2D models it is recommended to use quadrilateral elematit quadratic shape function
andanaspectatio of elements should be 2 or 3, around the fictitious rathu3D model,
hexahedrorelementsshould be used with thespectratio as 3. Number of elements over
360° circumferencehould be at least 24ub50 or more is recommended so that the result
converges accuratelyablel showssome recommendations from literatuig@aumgartner

& Bruder, 2013, pp. 142145)
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Table1l. Recommendations for elements from various literature sources for the fictitious
radius(Mod. Baumgartner & Bruder, 2013, p. 138)

Author No. of elements ove No. of Shape function ol Estimated error
360° rings elements
Fricke 24 3 Quadratic few %
40 >3 Linear few %
Gorsitzke et al. 72 6 Quadratic <2%
Eibl et al. 32 6 Quadratic -/-
Kranz & Sonsino 125 -/- Linear -/-

In general, mesh should be relatively coarse globally and improved in scrutinized details, to
decreasehe needechumberof elements and thus decreasing computation time. Mesh
refinement should beoncludedgradually to avoid large steps in element sizd excessive
element distortion. Examples of element refinement around the fictitious radius can be seen
in Figure6. (Fricke, 2010, p. 1}

S B e B e

Py Py

K

TSI PTRRTI

O T T—n
5 N | P

L L[

Figure 6. Typical meshes for the weld toe and root with keyhole varidtitod. Fricke,
2010, pp. 1112).

A recommendedsize ofthe fictitious radiusfor weld is §+ = 1 mm but other radii can also
be used. Foexample}s = 0.05 mm isrecommendedor platesunder 5 mm thickess but
therehas beestudiesvhichhave foundhat, it also works well for thickr materialgFricke,
2013, p. 763)Different sized fictitious radii have alwag®erresponding N curve that is
based on experimental datad is fixedat two million cycles. For welded joints,usually
slope exponenmdf m = 3 is usedbutin some casesuchfor base materiaim =5 may be
moresuitable This curve is also material and stress criteria spe€i Table2, can be seen
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two alternativeENS fatigue classed=AT) for steeland some comparisons about different
fictitious radius size andsed stress criteri& AT hasfi b u-ii hirgkrnd survival probability
of 97,7% (Fricke, 20, p. 17)

Table 2. FAT classedor steel withboth principal and Von Mises stress criteria and two
different fictitious radiugMod. Lindgvist & Nilsson, 2016, p. 20)

Fictitious radius Principal stress criteria Von Mises stress criteria
Jr=1mm FAT 225 FAT 200
$+=0.05 mm FAT 630 FAT560

Recommendation fopbtainingstress concentration factdrem FEM modelis thatmajor

principal stress criteria should be used. Von Mises stress criteria can also be used, but it
needs more elements and finer mesh to converge accurate result, than major principal stress
criteria.(Baumgartner & Bruder, 2013, pp. 1425)

3.1.1 ENScalculation

Fatigue life estimatiofNr) with the ENS methods calculated with following equation

v 22T B 5
¢ DSens =+
whereNs is the estimatedatigue life, FATens is fatigueclass qalens is the effective notch
stress rangandmis theslope oftheS-N curve . Whentheeffective notctstresss calculated
the fatiguestress concentration facts is usedwhich can be calculated from the elastic
stress concentration factisy. In the ENS method it can be assuntteatKr a K: (J+= 1 mm)

and thus; can be usewhen theeffective notch stress calculated with following equation

Sens =Kim S Kip § (2
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whereKimis theelastic notch stress concentration faétsrmembrane anH:,for bending
loads andCim is themembrane and, bending stress from real structurestucturalstresses

from FEM mode|that hadoadings that correspond real structure

The elastic notch stress concentration faktarsed in ENSis aratio betweerthe notch and
structuralstress which arein this thess read from the FEManalysis WhenFEM analyses
are concludedwith unit membrane and bending load@gpplied nominal stress can be used
instead of the structural stress; stress and a maximum notch stress that can benead
FEM model and can be calculated watfuation(Radaj et al., 2006, p. 1Q7)

»n

K, :S—Z, (3)

whereUs is the structuralstress andi is the maximum notch stresSCFs can be converted

into a nominal fatigue strengtihnom using equation

sf,nom:W' (4)

whereKs is structural stress concentration faciine reason for the conversion is to make
possible to comparison between estimated fatigue lives with different calculation methods
or different sizes of fictitious radius.
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3.2 Linear elasti fracturemechanics

Linear elastic fracture mechanifisEFM) can be used to estimattee fatigue life ofthe
specimerby means of the crack growtRatiguefailure consist othree phases thare crack
initiation, crackpropagationand crack failure.In welded structures or detailghe crack
initiation phase can usually be assumed to be really short, bewalded components
behave like severely notchegecimens anthus crackpropagationcan be considered as
dominantphenomenonThe fatiguelife estimationon thecrack propagatiophase can be

calculated witiPa r i s usingnuanerical integratiofJonsson et al., 2016, pp.ilB):.

ag

1

N¢ (erm = m dn (5)

where,Nt erm IS the estimated fatigue lifeg; is theinitial crack lengthgas is thefinal crack
length,C is thecrack propagation coefficiergK(a) is thestress intensity factor (SIF) range
as function ofthe cracklengthandmpisthes | o p e daiw. Fé arack grapagation
coefficient valuesllW recommendations propo€e=5 . 2 113 iaim/cyce (Hobbacher,
2016, p. 73)SIF valuescanbe calculatecnalytically, butin thisthesisthosevalueswere
determined byisingaLEFM FEM programTo getfatigue life estimation comparable with

theENS method, nominal fatigustrengthcan becalculatedwith following equation

1
éNfLEFM B .
S = . 5 O

f nom gem 0 £ (6)
whereNs ermis theestimated fatigue life al cul at e d ,wisthelslopP af the S 0

N c ur v eisthesirdss ignge corresponding witherw.
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3.3 The weld root geometry optimization witlumerical methods

The investigated structure hapermanentoot backingin the cast piece, which leavas
initial crack at the weldoot after welding The purpose was to use FEM calculations to
modify thecastgeometry to minimize the SCF at theld root and toguidethe stresses
away from theveld root FEM modéling and analysisvereperformed usingrema 2022.2

by Siemen#LM Software Inc. and LEFManalysesisingFranc2D v4 by Cornell Fracture
Group.

All modelswere madeby using quadrilateral plane strain elements with quadratic shape
function and at least 50 elements around 3604 fictitious rounding athe weld root and
toes were usedlinear analysisvas used and SCFs frdrEM were read by using maximum
principal dress criteriaUsed calculation methods on LEFM were maximum principal stress
theory, on the crack growthand SIFs were calculated withntegralapproachTheLEFM
models were prepared Femapandimported into Franc2D. LB# modek weremodified

from the ENS models where a fictitious radus was replaced withan equal length
geometricaktrack andon thetip of thisthe initial crack was appliedlhe size of thénitial
crackon every model waa; = 0.01 mmandthreeelements were applied along iength.

The growth ofthe crack wasexecutedn small increments at the beginning and increased
stepby step The crack growth was continuenshtil crack length wasver half fromthe

thickness of the material.

Although the focus of thEEM analysesvasimproving the fatiguestrengthof the initial
crackcaused bypermanent root backing was also necessary to solve how the replacement
of the thicksteelplate with a much thinner UHSS plate shouldcoacluded The joint
without any misalignment wamnalysed first andraillustrative image fronthis weld detail

with dimensionan be seem Figure7, whereapplied boundary conditions and loaus
FEM are also markedEM models on this case weired fromtheleft edgeand theload

was appliednto right edge Every model wasnalysedvith membrane and bending unit
loads,and separat8 CF were collected from the model with each load case.
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Figure 7. The first inspected weld detail between cast steel part and UHSS plate with

dimensions, boundary conditions and loadirkgentricitye = O.

The first analygs were concludedwithout any geometry modifications to gedference
values to which the impx@d geometries can be comparétiese models wemnadein
FEM with everyfictitious radius techniqgue and on LEFM with both horizontal and vertical
initial cracks.Results from these five models weanverted into nomindhtigue strengths
(Ks= 1) and comparedn order to see how much of a difference therdesveenthe
techniques and which techniques should be applied in future calculatidgfigure8, can

be seen these previously mentioned miaagtechniques at the root craakd onTable3

are these converteghomvaluescalculated with membrane unit lodhsed orthese results,

it was decided to perform the future arsely with only these three FEM methods, because
the LEFM results were very close to the results of the keyhotidling technique.
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Figure 8. Different modelling techniques uséat root geometry optimization, &eyhole
}+=1 mm, blfillet }s= 1 mm c) U-notch} = 0.05 mmandd) LEFM with a big geometrical
crack and tip of that = 0.01 mm on horizontal or vertical direction

Table 3. The fatiguecapacityestimationsof the same joint calculated with three different

FEM modelling techniques andth two perpendicular initial cracks wittEFM, converted
into nominal fatiguestrengthvalues.

Model O nom
ENS, Keyholg = 1 mm 63
ENS, Filletyt= 1 mm 103
ENS, Unotchy¢- 0.05 mm 88
LEFM, Horizontala; = 0.01 mm 57
LEFM, Verticala; = 0.01 mm 56

A rough optimization was made by addinggaotch type groovevith 1 mm roundingto

the root side of the weld in the base material of the cast $teeposition of the groove tip

in relation to the initial root defect was systematically varied and SCFs were collected from
the fictitious rounding at the weld roaith bothmembrane andending unit loadandfrom

the bottom of the groovenly with membrane unit load his process wasxecutedvith all

previously mentioneéictitious radius modelling techniques.
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When the rough optimization waempletedit was found that for production reasons a joint
where theplate and cast at the weld surface sidealignedwould be more interestingnd
will be usedin the experimental studyAn illustrative image from thisveld detail with
dimensions can be seamFigure9, boundary conditions and load®rethe sameasused
previous joint analyses. Only difference wagositionirg of the UHSS plateThis model
was onlyanalysedwith j r= 0.05 mm Unotch becaus@ccordinglTable3, it appears to be a
good middle ground between keyhole and fillet modelling techniduesugh optimization
was madehe same wayastheprevious casandthemodel was at firsanalysedvithout any

modifications to gebase valueto which improved resustcan be compared.

1000 mm
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Figure9. The second inspected weld detail between cast steel part and UHSS plate with
dimensions, boundary conditions and loadingscentricity marked ase, of the joint
causing secondary bending stress

From the results of theughsystematic ktgroove position variation, the best compromise
was choseffor further developmeni he chosen variation was onehereSCFs at theveld

root were significantly deeased from theeference modeind thefatigue failure shoulthe
equally criticalat theweldroot and at the base of the applied groavéurther development,
the geometry of the groove wamoothene@nd a few different radfior the groovewere
examined In addition, the efficiency of the groove was compared with initial cracks of

different lengths.

When the groove geometry was optimized for the welding joint of 20 mm thick cast steel
and 8 mm thick UHS$late with the surfaces of the sidestbé weldaligned it was stated
that an experimental study will be conducteith a 6 mm thickUHSSplate. This change

was investigated using the groove geomeptimized for 8 mm thick platand the plate
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thicknesswvas reducedrom 8 mm to 6 mmilt wasfound that the optimized geometry also

works in a 6 mm thick UHSS plate.
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4 Experimentalesearch

Experimentalresearch wagarried outto assessiumerically analysedgroove geometry
modificationand fatigue strength of the jointhis chapter introduces the preparation and
measurements of thfatigue test specimeni addition, the weld between cast steel and

various UHSS combinations was briefly investigated in relation to the welding

4.1 Materiak

Steels useth this thesis can be found frohable4, along with the steel number, the material
standard andominalmechanical properties to the according material stanHaattreated
G26CrMo4 cast steel was used in the experimental stindyweld combination with itvas
tested withthreedifferent grade of UHSSplates S70Q S960 and S110&355was taken
asthe control group An additionalsingular test wasoncludedwith different cast steel,
G20Mnb5.

Table4. Steels useth research and therominalmechanical propertigSFSEN 100252,
2019, pp. 2630; SFSEN 101492, 2013, p. 18; SF&N 10293, 2015, pp. 118).

Steel Material fy fu A KV
Steelgrade

No. standard [MPa] [MPa] [%0] [J] [°C]
G20MN5 1.6220 EN 10293 300 50071 650 22 27 -40
G26CrMo4QT2 1.7221  EN 10293 550 70071 850 10 18 20
S35512N 1.0577 EN 100252 345 4707 630 21 27 -20
S700DQ+T 1.8974 EN 101492 700 7507 950 12 40 -60
S960DQ 1.8799 EN 101492 960 9801 1250 7 27 -40
S$S1100QT -/- -/- 1100 12501 1450 7 27 -40

The welding additives were chosen as matchinge steel plate and fromthe same
manufacturer to limitthe variables.The @mmercial names, standard designation and

mechanical properties of these filler wires can be sedrable5.
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Table5. Filler wiresin research and themominalmechanical properties

Commercial name fol . . fy fu A KV
] ) Standarddesignation
filler wire [MPa] [MPa] [%0] [J/-40°C]
ENISO14341A: G464 M
OK Autorod 12.63 ) 490 590 29 90
4Sil
) ENISO 16834A: G694 M
OK Aristorod 69 730 800 19 73
Mn3Nil1CrMo
) ENISO 16834A: G894 M
OK Aristorod 89 . 920 940 18 47
Mn4Ni2CrMo

Carbon equivalent content (CE) is commonly used to estiweltiability of the steels and

it is mainly used to assess the risk of cold cracKiinge chemical composition of the steel
directly affects the risk of cold or hydrogen crackpigenomenon, dualloying elements

that affect the hardening of ste€hereare multiple equations forcalculatingCE, which is

used to assess the risk of cold cracking based on the chemical composition of the, material
but the two mostcommonmethods areCEyw that ismainly for carbon manganese type
steels andCET that is mainly for lowalloy highstrengthsteels. Both thesmethods are
based on extensive experience and.d@Eaw andCET can be calculated wittmefollowing
equationgLukkari et al., 2016, pp.i21; SFSEN 10112, 2001, p. 25,59)

_ Mn Cr+Mo + Ni Gu
CEw =C ¥ g 15 "

CET=C +Mn+Mo C+2r 1Cu _N_d @®
10 20 4C

In equationg7) and(8), amounts of elements are in mass percentagés)(w

WhenCEw is more than 0.4%veldability starts to deterioratdepending on structure and
material thickness. This caugagheating, low hydrogecontentwelding consumablesnd
postweld heat treatments starto become relevanBecause solid wire additives werseal

on experimental research and those have very low hydrogen content, this thesis does not go
deeper into hydrogen cracking mechanisms or how it can be mitigdtece is no clear

limit for the CET value when you should worry about the quality of thedimg), but there

are several formulas for calculating the need for preheafiigis still used to roughly
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evaluate the weldability of steels used in experimental resdardtkari et al., 2016, pp.i7
21).

Chemical compositiomf G20Mn5 and G26CrMo4 cast steels waralysedwith optical
spectrometer(Appendix | & Appendix Il). Plates came with material certificatédsat
includedchemical compositiorElement amunts that are needed previous CEequations

are presented ohable6 and CE values are presentedi@ble?.

Table 6. Chemicalcomposition ofthe steelsused on researcand elementcomposition
needed oiCEw andCET calculations.

C Mn V Cu Cr Ni Mo

Stee wosl [l ol weoll ] well [weo)
G20Mn5 0.18 1.191 <0.0050 0.014 0.077 0.029 0.024
G26CrMo4 0.261 0.828 0.0056 0.013 0.946 0.023 0.177
S355 0.152 1.42 0.008 0.017 0.07 0.05 0.005
S700 0.055 1.81 0.012 0.014 0.05 0.04 0.003
S98) 0.086 1.08 0.009 0.009 1.12 0.06 0.126
S1100 0.129 1.48 - 0.439 1.29 0.99 0.371

Table?. CalculatedCEw andCET valuesfor steels used in research

Steel CEw CET
G20Mn5 0.40 0.31
G26CrMo4 0.63 0.41
S355 0.41 0.30
S700 0.37 0.24
S960 0.52 0.26
S1100 0.80 0.43

According to calculated CE values some steels should need at least prelasating
additionally, standard SFEN 10293: Steel casting for general engineering uses, instructs
to using 156800°C preheating and post weld haatatment for G26CrMo4 cast st¢8FS

EN 10293, 2015, p. 280n this research from these instructions were deviated and no
elevated welding temperature or poatld heat treatment were used. The main reason was
UHSS plates, which are daidelicate to heat input, and another was to enhance productivity,

by skipping quite time&onsuming heating procedures. The goal was to achieve a good
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compromise between the sufficient quality and strength of the yeddljusting heat input

used on weldig.

Heat input(Q) differs from the arc energy by the thermal efficiency of the used welding
processand is the amount of heat energy thatdspositedio the base material during
welding Heat input strongly affectbe coolingrate of the weldnd thus the microstructures

in the vicinity of the weldand can be calculated with equati@FSEN 10112, 2001, p.

78).

k@ 10

Q= a000 )

wherek is thethermalefficiency of the welding process and f&MAW it is 0.8 U is the

welding voltage] is theweldingcurrent andr is thewelding speed

Coolingtime from 80C0C to 500°Cis commonlyused tomeasure cooling rate at the weld.
The cooling rate of the weld is affected by the thickness of the materials, the type of joint
and the heat inpuduring welding.Therearetwo equations that are used to estimate heat
flow and cooling on the weldOneis made for 2D casewhich usegnaterial thickness
parameterwhere it is assumed that the heat is dissipated in only two direc@dheris
usedfor 3D caseswhere the thickness of the material is assumed to be thick enough that it
is numerically stabilandno longer affects the heat flovalculationandheat can dissipate
freely ineverydirection On 2D and 3D casessiscan be calculated wiflollowing equations
(SFSEN 10112, 2001, pp. 7879).

Q28 1

t =(4300 -4.3,) 1O - =
8/5,2D ( 0 ) t2 asoo_ TO)Z (800 'TO)2

6
K (10

o

.a -1 1 0

fos0 = (8700 -5, ) Q %‘%g 00-T, sooT, T (11)
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whereTois theinitial plate temperaturd,is the thickness of the plate arkb/F3 are shape
factors for 2D and 3D heat flowsrhich is0.9 on both cases with singbevelgroovebutt
weld (SFSEN 10112, 2001, p. 79)

The recommendedheat inputs andk;s times of the steelplates were searched frosteel
manuf act uriestrudt®ndecerents andgising their welding calculator, dgble
8.

Table 8. Recommendedheat inputs ands;s times for used steel plates according by
manufacturer.

Q ters
Steel
[kd/mm] [s]
S355 1.05- 2.25 1-20
S700 0.21-1.12 1-20
S960 0.19-0.73 1-15
S1100 0.19- 059 5-20

Accordingto standardSFSEN ISO 156141, iiSpecification andjualification of welding
procedures for metallimaterials. Welding procedure teBlart 1: Arc and gas weldingf
steels and arc wel di nthe maimum allowaldd hardnasd valones ¢ k e
for QT steels without heat treatment afteziding is 450 HV10The same standard has been
applied also to DQ steeis thisthesis (SFSEN ISO 156141 + A1, 2019, p. 20

4.2 Test specimens

Test specimenseredesignedrery earlyof thisresearchbecausé was known thadlelivery
andproductionof cast steepieces @akesa lot of time. This caused test specimens to be big
enough tabe suitable for many tesg equipmem and it is easier to remove material than
add.Cast steel materialsed on altest speimens was 20 mm thicknd all geometries and
surfaces were machine®355 plate that was used as control was 20 mm thickmahidher
grade steelglate thickness was decreasedthat thecapacityof the plate remained close
at the S355 leveAll plates regardless of thicknessere cut with a fiber laser using nitrogen

as cutting gas. All used material thicknesses can be seEabtaD.
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Table9. Thicknessesf used steels angsedcuttingmethod.

t

Steel Cutting method
[mm]
G20Mn5 20 Machined
G26CrMo4 20 Machined
S355 20 Fiber laser, M
S700 8 Fiber laser, M
S960 6 Fiberlaser, N
S1100 6 Fiber laser, M

The cast steel was 20 mm thick every test specimamndthickness of steel plate varied.
The rarrowed are@n themiddle of the specimemad wingshat had starting aritieending
points of the weldwWingswere cut after welding anghacro graphsvere made from these
cross sectiogifor hardness and microstructural examinatiides of the narrowed area were
machined and grinded before any testmgave uniform widthand as flawless a surface as
possible The final width of thefatigue test specimerwas 50 mm and on tensiléest
specimens 40 mnschematics athe finalizedtest specimens can be seeifrigure 10.

Steel plag

Cast steel ~

v/

Figure10. Dimensionsf thefinishedtest specimens, atest specimen fdhe quaststatic
test and batest specimen fahefatigue test.

At first tensile test specimensnvere madeand testedTesting includedensile test and
hardness measuremenig)ich weremade to test and prowfelds betweenG26CrMo4 cast

steel andall three researchedHSS gradesalong with S355as contral An additional
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singular test waexecutedvith G20Mn5cast steel combined with S700 pldte Table10
is presented test matrix for tensile test¥he anount of test specimens was one actest
specimen and two spare specimeasdissimilar joint Sparespecimensvere made irtase
techni@al problemsappearednthetensile test procedum@ unexpected resulteeded to be
verified.

Tablel10. Test matrix for tensile test

Numberof test

ID. Plate Cast steel i
specimens
35G26_S13 S355 G26CrMo4 1+(2)
70G20 S%3 S700 G20Mn5 1+(2)
70G26 S13 S700 G26CrMo4 1+(2)
96G26 S13 S960 G26CrMo4 1+(2)
11G26 S13 S1100 G26CrMo4 1+(2)

For fatiguetests material pair used otensile tesD6G26 S waschosen Fourfatigue test
series wereompletedthree of which are related to ropgometrymodification,and one is

a control series from S355. Geomatrgdificationswereperformedwvith FEM andmore on
geometry optimizatioms presentedni Chapter5.1, final optimized geometrused on FA
seriescan be seen oAppendix VIl . The est matrix for fatiguespecimens can be seen on
Table 11. Root geometrytest series have six test specimens and control skngs
specimensEvery fatigue test series $iavo spare specimenBifferences on fatigue series
are FA series haghe calculatedgroove on cast steelroot, FB series has even more
aggressivaggroove and this series is split into tywdhe firsttestedpart as welded (AW)
condition (specimens 96G26_HB3) and the rest(specimens 96G26_FB3 are high-
frequency impact treatedHEMI), and FC seriebasthe same geometry than tensile test
specimensThe control seriespecimenslso hae the exactsame geometrgs thetensile

test specimen.
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Tablell Test matrix for fatigue tests. Material combinatia@sesame than with 35G26_S
and 96G26_S tensile test series.

ID Variation Numberof test specimens
96G26_FA18 Grooved 6+ (2)
96G26_FB18 Aggressivegroove+ HFMI 3+3+(2)
96G26_FC18 Tensiletestgeometry 6+ (2)
35G26_FD16 Control 4+(2)

4.2.1 Welding of thetest specimens

The weld between cast steel and steel plate veagydedassinglebevelgroove where the
bevel was machined into the cast steel psdoagthe permanent root backingdge of the
plate was left as culhe surfaces two pieces weal@nedon the same levalhich caused
axialmisalignmentvith UHSS to cast steebnnectionsexcept 20 mm thick S35& Figure

11, can be seeschematic of weld with 20 mm cast steel and 8 mm plateebsions of the
rootbacking 2 amgap atroot andbevelangleremainedunchangedn each different
data setThe welding procedure specificatio(@/PS) were performedwith tensile test
specimens and even thought fatigpecimensad divergent weld root geometridsesame

WPSO66 were used.

)

0 Plate

—
—

Cast o .

Steel ~ ‘
o
—_—

Figurell The dimensions of the designed watdensile test specimensherepermanent
root backingandsinglebevelgroovewere machined on cast steel and plate lefss cut.
Dimensions at mm.

i
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Test specimens were welded usGBIAW process withmixed welding gas (8% Q: + Ar)
and welding wagxecutedwith a roboton PA position Welded steels were cleaned a
citric acidbath andvere clamped inttheweldingjig before weldingWelding setup can be

seenn Figurel2.

Weldingdirection

SpecimernD

Figure 12. Welding setupand markings on specimern®n this imagewings that have
weldingstart and stopoints can be seen

At the beginningof WPS developmentthe welding parameters werehosenbased on
calculatedss times andollectiveexperiencdrom similar joint type andnaterials Welding
wasperformedinto welding tial sampleghat had real joint geometry and materi&istin
thesmallerscale After thata polishedmacro graplwasmade fromthe weld cross section
and hardness was measured ficast steebase material taveld. Based on geometricahd
hardnessnformation from the weld the weldingparameters were adjustedntil weld

geometry, root penetration and hardnesse acceptable

Figurel3present macro graph athe first test weld between G26CrMo4 and S886lding
wasexecutedvith two passwhich both hadhe samevelding parametersvhereQ = 0.59
kJ/mm interpass temperature 83C andthe torch was targeted intalower cornerof the
plate with30° angle Many voids and cracks were found fromacro graphThe whole cast
steel basenaterial was full osmall 4850 um diameter voiddt seemed likehosevoids
werecombined intacracksin theHAZ andatlower part ofthecross section
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Heat input
1stpas 0.59kJ/mm
2nd pass 0.59kJ/mm

Figurel3. The first weld between G26CrMo#H 20 mm) and S96Q £ 6 mm). Cracks and
voids were found from HAZ anthe base material on cast steel a) small voids5@@m)

on HAZ, b) voids that are connected into bigger cracks on HAZ, c) small voids everywhere
on base material, some are connected, d) bigger crabksamaterial.

Hardnes measurements this thesisvereperformedusing automatic measurement device
that used/ickershardness measurement method wikig $orce In this specimera straight
measuremeriine that was about 1.75 mbelow the surface of the platen weld toe side,
17 measurementsoints weranade The hardness curve is preseniadrigurel4, and from
that can be seen theasts steel hardens strongly amaly hard microstructuregs40 HV5)
can beobserved HAZ close to fusion lineike previously mentioned standard allotie
maximumhardness o450 HV10on QT steels
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4 5
Distancelmm]

Figurel4. Hardness curve from same weld thafigure13 from cast steel base material
into the weld.

Additional inspection for the welded test specimen that was presenied-igure 13 and
Figure 14 was performedwith an electron scanning microscope (SElid an energy
dispersive Xray spectroscopy (EDS$Yo find possiblereasons why and how cracks were
formed and what is this darker rhestructure o HAZ (cast steel side)Expertise of

uni versityos r esamlgeesditer s were used to

The preliminary investigation of the welded joints indicated-steped cracks and such
crack morphologies are not typical among HAZ cracks directly caused by wadicaLise
crackswere apparent even in numerous areas of the base matiict suppors anidea

that the natural origin of the cracks cannot be attributed solely to the welding procedure
However, the shapes of the defects, either in the base metal or in the HAZ, resemble the
defects caused by sulfide embrittlement or sulfide liquefactitigh temperaturegigure

15. (Afkhami, 2022)
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w

LUT 15.0kV X100 SE

Figurel15. On lefta SEM image fronfFigure13b) crack and on righitnage from literature
about an intergranular sulfide distribution and transformation to sulfide liquid at high
temperature in steéVan Vlack et al., 1958)

Manypr eci pi t at es ware fodndifrom baseansterialnd€£EDS was used to
confirmthecomposition of these precipitaiésgure16. EDS confirmed these to be suHur
manganese compounds, amitro-voids and micrecracks were found in the vicinity of
some of them(Afkhami, 2022)

Figure16. EDS analysisonfirmedfound precipitateso besulfur-basedmpurities Some
sulfur-basedorecipitates were even accompanied by miainls and micrecracks.

A darker mesHike pattern on HAZ was found to be locally more compaetrtensitic
networks Figure 17, which indicates local fluctuationsn base materidls r es pons e
welding heat input and its subsequent cooling st8geh localized responses can point to
segregation and lack of chemid¢admogeneity in the base materi@luctuations in carbon
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contentsvould also explain different martensitic features in the HAZ zones that experienced
similar thermal gradients(Afkhami, 2022)

; _-;;St_JITur based

LUT 15.0kV X50 SE 1.00mmI

Figurel7. Mesh like pattern in the HAZ, waxbserved to becally compact martensitic
networks Sulfur-basedmpurities were also found from there

Although the general chemical composit{@&ppendixl) of thebase metal does not indicate
any unfavourablefeature in the resultg@reviously mentionedegregation can lead to the
sporadic presence of sulfbased impuritieseventhoughthe general sulfur content might
seem normal according to spectroscq@ykhami, 2022) The assumption was made that
cast steel behaves in the same way in all welds, so no other weldsnargedvith SEM

or EDS.

Based on EM and EDS resulighe one major issuéor internal defects in cast stesdems

to be quality of the cast steel, amdvas not possible to obtain new cast steel material for
this thesisBased on these resylts/pothesisvas formedthatincrease on heat input may
help but the tradeff was that some UHSS grademsy soften,which leads into decreased
load bearing capacitn ideabehird increased heatput was longets/s time which should
retad the formation of hard microstructures amdditional heamay heat treaprevious
passeslncreased heat input dheroot pasded into situation thathe weld burned through
the rootbacking,and it was noticed that about 0.65 kJ/mm w&asnit which backingstill
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survived without meltingTherewerestill someindividual cases, where robackingd i d n 6 t
sustainthe heatbut it wasprobably dudo the quality of the casting.

The welding torch positionvas changé&rom alower edge of the plateto 1 mm away from
edgeandthe torchanglewas decreased from 30° into 2&1theroot passto geta similar
unmelted longitudinal cradkito theweld root on everynaterial combinationn Figure18
can beseenanideal rootpass, which haa good penetration without burning throutite

permanentootbackingand still havingashortunmelted cracktthetop of the roobacking

Figurel8. The weld between S700 and G26CrMo4 steels with adjusted welding parameters
and torch positioning. These changes resutgdod penetratioffior the root passwith a
desiredshat unweldedsectionwhich worked ashe initial crack.

The final welding parameters that were used can be se€ald®12 and full WPS can be
found from Appendix Ill. These welding parameters were mdxjeusinga tensile test
specimen roojeometrieandthethickness of the steel plaigas used okgs 2p calculation

althoughtwo plates hadiifferent thicknesses
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Tablel2. Welding parameters uden all weldsandts;s estimationsS960 and S1100 plates
were welded with same WPBlaterial thickmess usedn tgs2p calculation was thickness
of the thinner material of the joint.

WPS Pass U I Viire v To Qavg te/s.20 te/s3D
No. V] [A] [mM/min]  [mm/s] [°C] [kJ/mm] [s] [s]

S355 1. 24.3 220225 10.0 7.0 20 0.62 11 31
254 255265 11.5 3.0 100 1.86 114 10.5

3. 254 250260 11.5 2.7 100 1.92 13.5 115

4-6. 254 220230 115 3.8 100 1.20 53 7.2

S700 1. 25.3 270280 115 8.5 20 0.65 6.8 31

2. 25.6 270275 12.0 5.0 50 1.12 228 58

S960/S1100 1. 24.0 230240 10.0 7.3 20 0.62 10.9 3.0
2. 25.8 255260 12.0 6.5 50 0.82 21.7 4.2

High-frequency impact treatment waerformedin three passes into the groove of the
96G26_FB48 specimensThe purposeof the HFMI treatment is taobtain compressive
residual stress intthe treated surfaceln this case, the treatment wesecutedwith the
biggest tool availableyith radius of2.5 mm. Becauseadius of the groove was 4.5 mm,
treatment wagsoncludedin three passeshe last of which wasadeat the bottom of the

groove.In Figurel9, schematic from treatment can be seen.

Figurel9. TheHFMI treatment waperformedn three passesvherethesides of the groove
weretreatedfirst and therthe bottom of the groove.
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Strain gauges were used to meastinectural stress and degree of bending (DOBgaxh

fatigue specimen. Th&rain gauge was glued to each fatigue $pstimerat 0.4 distance

from the weld toe. The recommended maximum size of the strain gauge grid is determined
by the thickness of the measured material, which is(Bl@bacher, 2016, p. 29n this

thesis with a 6 mm thick plate, a strain gauge with the grid size of 0.6 mm was used and on
a 20 mm thick plate the usettan gauge had the grid size of 3 mm. One strain gauge was
glued on each fatigue test specimen. An additional strain gauge was added into one test
specimen per test series the opposite side of the plate, to verify the results of the first gauge.
In Figure20 position of the strain gauges and a terminal can be seen. Very thin wires of the
strain gauge are soldered to the terminal, which is connected to measurementwitévic

longer and thicker wires.

1stStrain gauge

: P 7y
Terminal 4»{ }‘QM t
— Y

v

Weld toe ... \ 2ndStrain gauge

Figure 20. Strain gauge positions, each fatigue test specimen had strain gauge at the first
position and a one specimen per series had gauge also on the second position. The strain
gauge was gkd at 0.4distance from the weld toe and the terminal to which the wires were
soldered was glued after that.

4.2.2 Test specimen measurements

Hardness measureents wereperformedfrom every tensile test specimemd one test
specimen was measuré@m one specimen of eachtigue test serieSwo measurement
lines were madmto amacro graplof the weldat 1 mm under surface atdnmabove root

backing Both lines go over the weld from base material to base material
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On G20Mn5 cast steel casemximum hardneswasfound fromthe surface sidef cast
steelHAZ, wheremeasured maximurardness wa330 HV5.G26CrMo4 cassteelhada
noticeablehigherhardenabilitythan G20Mn5This @uld be seen on evespecimen where
G26CrMo4 was usedrhemaximum hardness was found frahose tothe surface of cast
steelin HAZ, wherethe measured maximum hardness vgeserallya little bit over 450
HV5, whichis above permitted limit according standdrdthis study thehardness values
were interpretedo bewithin quite reasonable limit85G26 S1 specimenas exception
andhardness jumped over 600 HVBeason for this was probably the last ptet was
welded to the castingidewith too lowinterpass temperature (R03). On other side of the
weldin steel plate HAZ¢onsiderable softening is observed in both the S700 and S960 plates.
Softening was on S700 stembout 1015 % and on S960 about 30% from base material
hardness valudll resultsand graphgan be found from\ppendixIV & AppendixV.

In the inspection of the hardness measurement-sext®on,a few samplesvith welding
defects were detected. The detected defecowasich cadack of the penetratiomn Figure

21 are two imagefrom test specimen 96G26_FB&herelack of penetration was detected
onthehardness measurement samplé thefracturesample that was taken fratme middle

of the test specimemad impeccable penetratiofhe lack of penetration was probably due

to too short weld staxting, which is why the start of the weld stilbuld affect the quality

of the weld.

Figure21. Weld penetration on 96G26_FB&stspecimen. Sample dheleft is taken from
removed weld start wing and a sample at the right is takddlenof the specimen after
fatigue test.
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From each fatigue test seriesiespecimen fronwas3D scanned and the residual stresses
were measuredrom the surface of the plate. In addition, from the FB serigsth
measurements weperformedin thespecimen with and withut HFMI treatment, anén
additional residual stress measurement wasde on the root grooveOn following
measurements specimen 96G26_BHFMI treated and 96G26_FB3 is without treatment.

The scanned area was a strip approximately 60 mm wide where the weld was located in the
middle of the area, andoth the weld and root surfaces were scann&danning was
performedwith HP-L-20.8 Lase Scannemwhich was attached to ROMERbsolute Arm

Three crossections were cut from the surface model formed after scanning, from which
geometric measurements were mabdeo of these crossections were taken at a distance

of a fewmillimetresfrom the edges of the piece and one fromdéetreof the pieceln
Figure22is thescannd surfacemodelfrom 96G26_FB3 specimen and thiresssection

sectionlines can be seen on image.

Figure 22. 3D scanned surfaces and three section view lin@®m which geometry
measurements were made.

Geometrical measurements weegecutedfrom these three crossectionson every
specimen. Each measured test specimenasvreally straightand measured angular

misalignment was under 0.5° enery specimemo aial misalignmentvasdetected from
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the measured test specimenhjch is probably due to the clamping of the pieces against the
rootbacking and welding tablduring welding.In Figure23is shown mesured dimensions
from each test specimen series and values can be found@éldel3. Measured dimensions
werematerial thickness in the groove, radius of the gragvecation of the groovd and

the weld dimensions widtlv and height. The presented resslirethe calculated average

of three crossections, and the variation between these three-sez$®ns is added after
eachresult. In thedrawings(AppendixVIll ), the notch dimensionsere defind ast = 6.0
mm,r = 5.0 mm andl = 10.24 mmfor specimen®6G26_FA18 andt = 4.5mm,r = 4.0

mm andd = 11.39mm for specimen96G26_MB1-8.

FD

Figure23. Measurements taken on scangeasssections

Table13. The calculated averages of three cresstions fron3D data and the variation
between these three cressctiors.

h t r d

Specimen ID.
[mm] [mm] [mm] [mm] [mm]

96G26_FAl 14.3+0.2 1.99 + 0.02 6.09 + 0.03 4.4 +0.15 10.25 + 0.02
96G26_FB3 13.7+£0.25 1.99 + 0.02 4,59 +£0.02 3.39+£0.05 11.25+0.01
96G26_FB5 13.8+0.15 1.89 +0.03 4.68 £0.15 3.48+0.1 11.53+0.04
96G26 FC1 13.6 +0.2 2.19+0.04 -/- -/- -/-
35G26 FD1 27.7+0.2 1.91 +0.05 -/- -/- -/-
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The residual stressesere measured with-Ray diffractometer Stresstech XSTRESS 3000
which wasequippedwith G3-goniometer In Figure 24 areimages from the measurement
setup. The measurements weradefrom surface of the plate starting from the weld toe
with 1 mm incrementsAdditional measurementsere taken fronone pointbottom of the
notch groove at 96G26_B3 and 96G26_B5 specimensetsurghe effect of the HFMI

treatment.

o dim

Figure24. X-Ray diffractometer setup on residual stress measurements.

In Figure25is presented residual stress curves from every measured spetimagasidual
streses measured areslatively in accurate, butrend and order of magnitudean e
measurd andin this casehte margin of error in the stress valas approximately+50
MPa
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Figure25. Residual stresses on the plate, measuredtfrerweld toe.
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The measuredesidual stress othe groovewithout HFMI treatmentvas about80 MPa

with amargin of error approximately £50 MP@ompressive residual stress is likely due to

machining that is known to leave residual stresses, or the machining has redistributed

internal residual stresses in the aratl. On the HFMI treated specimen measuresidual

stress was abou#50 MPaanda margin of error approximatelyl:00 MPa The purpose of

HFMI is to leave a strong compression residual stress which can be as large as the yield

strengthof the treated material.



50

4.3 Quasistatictensiletests

Quaststatic testavere performedby Gardalni Quasar 60@ensile test machinavhich is

driven byelectremechanicagears and screw system. Elgation is measured froitme
machineand with Aramis digital imageorrelation(DIC) system, becausan extension

metea wasnotavailable DIC makes it possible to measuhedeformations of solids without
contact. In short, a speckle pattern is painted on the surface to be measured, from which
imagesare taken during the deformation and the deformations on the measured surface are
calculated from th@nages Calculation isconductedby applying facet®n spekle pattern

andby tracking speckles in the facéhe deformation of the facet is calculattdm each
imageand compared intthereferencemage Strain calculatioms commorpostprocessing

step, wheretrainsare computed frorthedisplacementgLePage, 2022

Duringthetensile testAramis setup hativo 12-megapixecamerasvith 75 mm lensewere
used with24.8* angleto each otheboth of which hagn & x 65 mm capturing aredoth
camerasverecalibrated intdhe same poirin themeasured surfa@nd mages were taken
with 6 Hz frequencyduringthetest Needed geckle pattern was painted into one side of the
test specimeby paintingarea with wite and then applying black paint dropleighe area
The applied dcetsize on analysisas19 pixels andoverlapbetween facets vgdl 6 pixels

The force dataduring the testwas readaboutforce sensor of th&ensile test machinand
signal was sent into Aramis computéifter strain computationa50 mm longextension
meter was applied over the weld ahdt was used to measure elongatlorFigure26 can

be seen the test setup with cameragtl@dpplied extension meter ¢imecomputed surface.
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Figure26. Quaststatic tessetup, with Aramis digital image cetation cameras deleft.
And ontheright theapplied 50 mm long extension meter over the weld.

From the tensile tests, 35G26_S1 and 11G26_S1 specimens broke from the base material of
the plate and outside the capturing range of Aramis canadrather failures were captured
70G20_S13 series was very brittle and one spare specimen was used to verify results.
Otherwise, no errorgere observed in the test arrangem&pnsile test results can be seen

on Table14. Yield strength at 0.2% elongatidyp. wassolved graphically fronmeasured
dataand becausthe extension meter was set over weld, the cast sfésttedmeasured

yielding strengthOther values thatvere extracted frorthe data weref, ultimate or tensile
strength Ag elongation during maximum load without elastic region Artdtal elongation

at failure.
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Table14. Tensile test results and, in parentheses, the nominal tensile strengths of the base
material where the failure occurred.

Specimen ID. b b & A

[MPa] [MPa] [%0] [%6]
35G26_S1 384 569(50071 650 4.204 5.629
70G20_S1 626 671(7507 950) 0.505 0.715
70G20_S2 563 576(75071 950) 0.282 0.490
70G26_S1 708 815(75071 950) 3.395 3.684
96G26_S1 770 960(980i 1250 1.456 3.120
11G26_S1 953 1156(12501 1450) 2.618 4.074

Stressstrain curves fronthetensile test can be seenFigure27 andfrom thecurves carbe
observed that all the other specimérasl ductilebehaviourexcept specimens with S700

plate.G20Mn5 cassteel is orthegraph with dashed lines.

1200 ——11G26_S|
——96G26_S|
1000 ——70G26_Sl
- .- 70G20_S|I
- 800 ----70G20_Sp
o 35G26_Sl
=, 600
(7]
o
& 400
200
0 ]

0O 05 1 15 2 25 3 35 4 45 5 55 6

in[o The length of theextensiometer
Straln[ /0] was 50 ?nm.

Figure27. Stressstraincurve of the tensile test specimefslid lines are specimens with
G26CrMo4 cast steel and dash lines with G20MxtSheright low cornercan be seen small
images about straire the weldduringmaximum load.

35G26_S1 specimen hadluctile fractureon S355 plate base material dik@ previously
mentioned the failure happened outside of capturing ar€he specimen and the weld
withstood the load, which was expect&dmaterials usedn the weld itself,only a small

region with highestrain can be detected treweld rootand very small region on the weld



53

toe In Figure28 can be seeanimage fromthe fracture surfacethe position of the &ilure

andtheDIC image athe moment omaximum load

5%

0%

Figure 28. The ductile fracture at35G26_S1 specimerkailure happened &355base
materialoutside DIC capturing areandno high strain regions can be detedtedveld area
from DIC image

Both70G20_S1andS2 specimen$ad very brittle fracturesnd hadandplasticdeformation
ability was almost nomxistent Failuresoccurred vay below the yieldstrength of S700and
this neededan additional test to verify if there was error othe test specimen or
measurement©n both specimenshe failurehappened offusion line between the weld
andS700 plateln Figure29, thefracture surfaceheposition of the failurand thdastDIC
image before failurean be seenTwo high strain lines can be deteciadhis image, one at
fusion line where failure happened and othehabuter region of HAZFracture surfaces
of both 70G20_S1 and 70G20_S2 specimens can be ségpendixVI.



54

|1.5(%
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Figure29. The lrittle fracture at 70G20_S1 specimé&iailure happeneidision line between
the weld and S700 plate. Twgh straininescan be detectad theweld areaone on fusion
line where failure happened and otieatthe outer HAZ region

70G26_S1 specimen habrittle fracture on S700 HAZThe specimen and the weld
withstood the load, which was expectédised materialdn Figure30, thefracture surface
the position of the failureand thelast DIC image before failure can be seén this
specimenthefracture surface is shifted almost irdonaximum shear stress plaaedthe

position of the failure can be seen as high strain line on DIC image.

0%

Figure30. The lrittle fracture at 70G&2 _S1 specimen. Failure happer@dS700 HAZand
onehigh strain line can be detectetfailure location.

96G26_S1 specimen hadluctile fractureon a softened HAZAt S960 plateln Figure31

can be seethefracture surfaceheposition of the failure and the DIC image at the moment
of the maximum load. On the DIC imag® higher strains can be deteciaa theweld but
necking and position of the fututalure can be seen on high strain lin¢ghat softened HAZ.
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The location of the failure matches withe softened region that was detected on hardness

measurement@ppendixIV).

0%

Figure31. The dictile fracture at 96G26_S1 specimen. Failure happendue softened
HAZ at S960 plateNecking and &igh strain line can be detect& HAZ where failure
happened.

11G26_S1 specimen had a ductile fracture on S1100 plate base material and like previously
mentionedthefailure happened outside of capturing atad&igure32 can be seeanimage

from the fracture surfacethe position of the failure anthe DIC image at the moment of
maximum loadOn DIC image two higher strain lines can be detected on theansdd One

from the weld root, possibly following the fusion line asttierfrom the weld toeon cast

steel HAZ. Based orthis tensile test result and hardness measurem&pgedix V),

S1100is the only UHSS that did not deteriorate during welding
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Figure 32. The ductile fracture at 11G26_S1 specimen. Failure happened at S1100 base
material outside DIC capturing aréa.DIC image two higher stain regions can be detected
onefrom the weldroot, possiblyfollowing thefusion line and otheon cast steel HAZ

Fracture samples were made from 70G20_S1 and 70G26_S1 specimempéve drastic
difference between specimens, tinad the same S700 platdditives,root geometry,
welding parameterandwelded in successiofn Figure 33 are both fracture samples and
unbroken samples that were used on hardness measurefnentailure along the fusion
line is usuallyananomaly and navelding errors were detected imacro graphsr by visual
inspection. Only differencebetween specimensgas the cast steehaterialandthe failure

did not even occur on the cast steel side.
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Figure 33. Macro graphsvere made from fractures at 70G20_Si) éamd 70G26_S1 (b
specimensUnbrokencross sectionsf the weldsthat wereused in hardness measurement
70G20_S1 (g and 70G26_S1 ¢h
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5 Results

On this section is presented the results obtainedibnerical optimization and experimental

research.

5.1 Results oihumerical analysis

A rough rootgeometry optimizationn the welded joint between 20 mm thick cast steel with
a permanent root backiragnd 8mm thick UHSS platevithout any misalignmer(Figure?)
wasanalysedvith three different fictitious radius modelling techniques, keyhotel mm,
fillet }+= 1 mm andJ-notchy = 0.05 mmOn thisanalysis théocationof the applied groove
was systematically varied aiBCFs were reatfom the fictitious radiuof the weld root
with a both membrane angending unit loads and frorine applied groove with only
membrane loadlotal amount of FEM models wa8 which also includes three reference
models, one for each mdtieg technique All calculated numerical valuesan be found

from AppendixVII .

Figure34 shows the place of the applied relief groove and hopasstion wasletermined
duringrough optimizationThesamecoordinate point was usedtagorigin in each analysis
regardless of the rombodellingtechnique When interpreting the results, it is important to
remember that regardless of the romidellingtechnique, a 1 mm radius was used in the
groove from which the SCF was determined at the bottaimegfroove
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Figure34. Theorigin of coordinate systenvas positioned intthe corner of 8 mm plate and
centreof thenotch radius whose position was varied.

A rough groove location optimizatiaan models withthe fillet type fictitious radiuswas
performedwith nine location variations SCFsfrom the reference model (Ctrl) and

optimizations (FiF9) are presentenh Figure35 along withthe groove position

4.5 x

4.0 I:'Kt,n M ID. [mm][mm]
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Figure 35. SCFsfrom the ENS model witha fillet type fictitious radiusat applied notch
(Kt,n) and weld root witmembraneK:m) and bendingKs) unit loads.
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A rough groove location optimization on models watkeyhole type fictitious radius, was
performed with six location variations. SCFs frorthe reference model (Ctrl) and

optimizations (K1K9) are presenteih Figure36 along withthegroove position.

6.0
K D. XY
55 1 H ¥ jmm ]
50 H Kt,m Ctrl
2(5) : S Ky, Kl -45 -2
3'5 ] K2 -45 -1
: = _ o
3.0 E _E- _ —~ K3 -55 -1
25 s / 1% / K4 -6.5 -1
' VAN ,.."f' / / i N
2.0 N——1 IN— A N K5 -45 0
AN T / AN ::
15 FN— AN [/ LA N— K6 -45 1
N | N | 1 N
XN A
0.5 AN— N N
o LN TN TN TN TN TN 1A
Ctrl K1 K2 K3 K4 K5 K6

Figure36. SCFs fromthe ENS model witha keyhole type fictitious radius, at applied notch
(Kt,n) andweld root with membrane<{m) and bendingK:p) unit loads.

A rough groove location optimization on models watb)-notchtype fictitious radius, was
performedwith seven location variations. SCFs frorhe reference model (Ctrl) and

optimizations (J1-U9) are presenteith Figure37 along withthegroove position.
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Figure37. SCFs fronthe ENS model witha U-notch type fttitious radius, at applied notch
(Kt,n) and weld root with membran&m) and bendingK:p) unit loads.

In the second joint type, where the welded surfaces ahgmeed the analysis was performed
only with U-notch}f= 0.05 mmmodelling technique.The structure wasnalysedwith
membrane and bending load like on previous cdsésgure38can be seetheapplied U
notch groove whose position was variedoarough optimization and the origin of the used

coordinate system.
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Figure38. Theorigin of coordinate systerwas positioned into the corner of 8 mm plate
andcentre of the notch radius whose position was varied.

A rough groove location optimization dime joint typewhere welded surfaces wealgned
with a U-notch type fictitious radiyswas performedwith seven variationsSCFs from
reference model (Ctrl) and optimizationsq)lare presenteith Figure39. From these results
variationno.5 (x = -4.0,y = -0.1), was chosen for further developmewtith that groove
geometry, the fatigustrengthof theweld root and the added grooveagcalculated to be
almost equalvith 50000 load cyclesAlso, improvement itheweld root SCFsn terms of

SCFat the applied groowwas thebest
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Figure39. SCFs fronthe ENS modetha hastop surfaceslignedwith a U-notch type
fictitious radius, at applied notcKq,) and weld root with membran&(,) and bending
(Ktp) unit loads.

After the most effective position for the groove, based on the rough optimitettbheen
found out, root geometry was smoothern@de to welding, a 3 mm thick layer of material
was leftin the area of the weld root inl airections.Figure40 shows thegeometry of the
rough optimization anégmoothenedjeometry of the gromy as well agmagesof a few
additional analyses, which testdiferent choices fothe geometry of the gree bottom
and the sensitivity of the design in relation to the length of the initial ctaskly, the
functionality of the developed groove was tested on the weldedwdimthinner (6 mm)
platewhich was usedn an experimental studysCFs from thesanalyses are presented in
Figure41 and fromAppendix VIl , can be found exact dimensions of the designed relief

groove.
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Figure40. Root groove design based on rough optimization and some additional analyses
a) The resui of the rough optimizatiorh) The Unotch groove was replaced with 3 mm
rounding and smoothened shamgénitial crack was shortened by 2 md).The root groove

was widened by 2 mne) Rounding at the root groove was increased to 5 fn&mm thick

plate was replaced with 6 mm thioke
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Figure4l. SCFs from a model which was chosen for further developfderdndsome
additional analyses whickeremade to definéinal root geometry (6.).

5.2 Results othe fatigue tests

The purpose of the fatigue tests was to determine the effectiveness refighgroove
developed irBection5.1 protecting thaveldroot from fatigueAnother goal was to develop

a desigrs-N curve for that weld joint with thpermanent root backing

Fatigue tests for test series 96G26_FA, 96G26_FB and 96G26_FC were performed with a
750 kN servehydraulic rigdesigned and manufactureglthesteel stucturelaboratory The

reason for this was the secondary bending stress due to the eccentricity of the joint, which
causes lateraupport reaction forces to tiestrig. The fatigue test for 35G26_FD series

was performedwith commercial fatigue test rigumul Vibroforte 700, whose operating
principle is dynamic vibration at thestt s peci mends ¢ h&ahehiggéeser i st
advantage to use Rumul was the high fatigue speed compdiheithe servehydraulic test

rig and sraight pieces without eccentricity enabled the use of this test rig

A total of 27 fatigue tests were performaadall the extra spare specimens were wesfée
the official tests wereompletedResults from 96G26_FAd4pecimerwere not used omg
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analyses becauskiring the test another test rig stopped the test and caused a major overload
situation due to the common hydraulic pumich cause¢ o ns i d er a bplastic & 3 4
strainto the test piecelhe official tests wereonductedwith stress ratidR = 0.1 and the

spare specimens by = 0.5 Raw fatigue test data and additional data can be found in
AppendixIX. Fracture samples were taken freachtest serieandmacro graphsvere

made from these samples. Images from these fractures can béndegnre 42. All
specimens that werestedwith servehydraulic test rigwere fatigueduntil the specimen

broke into two parts and on high frequerray the testwas stoppedvhen characteristic

frequeng changed enougland then pulled into two parts withgaaststatic testmachine.

Images fronfracture surfacecan be found from\ppendixX.

Figure 42. Macro graphssections were made frofinactures from each test series and
variations. a) 96G26_F& b) 96G26_FB2, c) 96G26_FC5 d) 96GEB6 HFMI ande)
35G26_FD1.
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In Table15 are presented fitted-8 curvesusingthe standard methotbr each test series
using data from botR = 0.1 and 0.5 test specimefifie curve fitting was made using the
nominal stress and structural stressThe gructural stress wasalculated fronthe strain
gaugemeasurementsnd theknownnominal stressbecausete boundary conditions of the
testrig induced secondary bending stress infétigue tesspecimen with tensile streshie
eccentricity of the jointThe assumption that thendingmomentremains the same over the
weld was madeso that the structural stress at the bottom of the groove could be determined,
with the available measurement ddtathis assumption, the menae stress was linearly
and the bending waguadratically proportionadver the weldIn the fitting of the curve to
the 96G26_FA series, the 96G26_FAS8 test specimen was |giiueub thaelivergentailure
location Graphs of the fitted curves and thesults of eachndividual test serieswith

structural stressan be seen iAppendixXI.

Table 15. Fitted SN curves for each teseriesusing data from botRR = 0.1 and 0.5 test
specimenskitting wasperformedwith nominal stress and structural stress.

) Numberof Nominal stress Structural stress
Test seriesD. ) m . 3 . .
specimens Ok, 50 % Lk,97.70 % Q50 % Lk,97.70 %

96G26 FA 6 3 64 53 99 80
96G26 FB 3 5 117 104* 171 162*
96G26_FB** 4 5 173 149+ 217 207*
96G26 FC 8 3 53 44 96 82
35G26 FD 4 3 99 86* 99 85*

* Small sample size
*HFEMI treated

It wasnoticedthat the fatiguestrengthwould be very similato all specimengroken from
theweld root when using structural stre3tie SN curve was fitted using all test specimens
that failed at theveld root, the curve and data points are presenté&igume43. The curve

fitting wasperformedusing a standard method using a total of 18 test specimens' data, where
structural stress wassed withm = 3 slope.This resulted in a mean curve witmaminal

fatigue strength of 98 MPa and a characteristic curve with a fatigue strength of 84 MPa.



68

=
o
StresgangepMPa] 8

496G26_FA
¢ 96G26_FC 4 50%
+35G26_FD

10° 100 100 100
Cyclesto failure Nf

100

Figure43. SN curves (n = 3) fitted to data from all test specimens that broke atvitld
root, a total of 18 specimerfsatigue strength of the curves were 98 MPa and 84 MPa.

All specimens that failed frothebottomof the applied groovererealso placed in the same
graph along with fatigue strength cunfesm the weld root failure, and mean curves from

both variations fron96G26 FB seriesFigure44.
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Figure44. All datapoints fromfailures at cast steel base material along with fatigue strength
curves98 MPa and 84 MPar(= 3) and mean fatigue strength curves from botGZ% FB
variations(m = 5).

In AppendixXIl is presentedhe previous figure with data from each fatigue test specimen
except 96G26_FA1
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6 Discussion

In this thesisa welded joint between a cast iron part and &5late wasmvestigated with
experimental research and joint geometry optimization with FEM analiseéke brief
literature review, it was found that UH$&juireshigher quality in thevelding requires and

just the right heat input so that the joint has goodcssitength and impatbughness

6.1 Welding andmaterial quality

The investigation of welding was not initially the focus oftthesis because it was assumed
that there were no problems with welding. Because of this, the measurements were

somewhatacking.

In the experimental study and in the welding of UHSS, sefteHAZ regionwas observed

in S700 and S960 plates, and strong hardemihghe microstructureand martensite
formation in the HAZ of G26CrMo4 cast ste@he approximatelyl0-15% soft@ing in
harchess wasobserved in the B0, about30% in the S960 and insignificantlecrease of
hardnes$n S1100 after weldingSimilar resulthas also been observed in other studies with
similar heat inpus (Amraei et al., 2020, p. 3Ruaststatictensile testprovedthat S1100
was the only tested UHSS that did not deteriorate during the welding.

The drastic increase in hardness in the cast steddl be explained by the higher carbon
content(0.26 %)and a possibly different cooling time than the calcul&gstimes Different
calculated and actual cooling times may be due to the thicker material's ability to absorb heat
and act as a heat sink in a dissimilar jdring welding, a clear difference in cooling times

was observed between the different fatiguepesces due tde applied relief groovia the

cast steelbut no scientific measurement was performBte use of a pyrometer during
welding could have provided a lot of valuable information about the cooling time and heat

flow in different variations bthe welding joint geometry.
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The weld joint of G20Mn5 and S700 broke along the fusion line of the weld and UHSS plate
and the test was repeated with the same rdsuit. gener al , failure al
line is ananomaly caused by anternal welding defect. In this case, no welding defects
were found and @thing special was observed in the hardness measurementsnoadie

graphs but in thequasistatictensile test thability to endure deformatiowas found to be

almost norexistent. Additional tests to investigate the cause of the fusion line failure would
have required extensive SEM and EDS inspections of the fracture surfaces, for which there

wasneither resources nor time in this thesis.

Signs of low material quality were observed in the G26CrMo4 cast steel base mAtkatal.
of micro-voids were found in the castingpsematerial, and the examination of the HAZ
raised doubtabout the lack of homogeneity in the chemical compositioaddition, a few

large cavitiedilled with sandwere found during the machining of thevelsandon HFMI

treatmentFigure45.

Figure45. Internal defects detected in machining and HFMI treatment.

Although all tesspecimensvere welded successfullthe sample size was very smaith

steels other than S960’he welding of these cast steels requires further research and
understandingespecially te welding joint between S700 and G20Mn5 ste€lgere is also

reason to doubt thmaterialquality of S700 duéusion line failure Impact tests could give

more insight into thérittle weld joins. In addition, the quality of the casting materials must

be monitored and examined because many of the observed defects are not acceptable or safe
in the final product.
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6.2 Analysis of results

In this thesis, based on the fatigue tests, a design curve was developed for the cast steel and
UHSS weld detail, witipermanent rodtacking Thedesign SN curve was developed from

the data of all the test pieces broken at the weld root of which therel&reces in total,

with a characteristidatigue strength of 84 MP@n =3). Currently, Eurocode 3 and IW
recommendations both advice to use fatigue class 71 foields with permanent root
backing(Hobbacher, 2016, p. 44; SN 19931-9, 2005, p. 24) Thesedo notconsider

the eccentricity of the weld.

Numerically calculated, the relief groove should work, but the effect of the groove was not
detected in the experimental studgd all testspecimenswith the sameatigue failure
locationlandedon the sam&-N curve whena structural streseriteriawas usedThe most

likely reason is that the FEM modelling technique affects the SCF values more than expected
andthe fictitiousradiusof 0.05 mm emphasizes the SCF valurethe weldroot too much.
Examining the results of the firseld detail Figure 7), where was not any axial
misalignmenin the welded jointit can be observed that the effect of tbkef groove with

the keyhole method is very minii@&igure36) compared to thotch(Figure37). Although
theweld detail was different in the aforementioned models, a similar phenomenon may also

occur in the experimentally studied geometry.

Insteadjt was obseved thatthe fatigue strength for adpecimens that failed from the weld
root was remarkably similar,Table 15. This led to the hypothesis thtte relid groove
affected thestructural stress compositiarf the weld detaibnd reduced thproportion of
bending Thesame connection can be observed from the calculated DOB vAkersge
DOB values can be seen ®ablel16, from which it can be observed that the DOB decreases
when the relief groove is made deepdFMI treatment also seemed to affect h©B

values
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Table16. Calculate average degree of bendwgn testspecimens.

Test seriesndvariation DOBayg
96G26 FA 0.3
96G26 FB AW 0.26
96G26 FB HFMI 0.16
96G26 FC 0.45

In the selection of optimized geometry for further development, the location oélidfe
groove was chosen so tHatlure at the weldroot andbase material failurat the groove

would occur at the same tina 50000 cycles The failure location othe test specimen
96G26_FA8wasdiffered from theother specimens in thest series and the fatigue failure
occurred in thebase materiain the relief groove A macrograph analoser inspection
revealedanapproximatelyl.1 mm longcrackat theweld root Figure46. The SN curves,

which have been developed according to the failures of the weld root and the bottom of the
relief groove, intersect at 3W0- 50 000 cyte area(Figure44) and this specimen lasted

approximately 41000 cycle¥isual inspection did not reveal any other test specimens with

two competing growing cracks.

Figure 46. Fractre sample from specimen 96G26_FABh a 1.1 mm long crackn the
weld root.
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By making the designed relief groove even more aggressive, the failure location was
transferred from theveld rootinto the base material of the castifidnis made it possible to

treat thefailure location withHFMI and increasehe fatiguelife considerably With this

small sample sizeneannominalfatigue strength of thbase materiahcreasedrom 171

MPa to 217 MPdm = 5) with HFMI treatmentwhich means 3.3 times improvement in

fatigue life.

Howeverthe determination of structural stresshiebase materidhilurein cast steel is not
very reliable because the structural stress cannot be reliably calculated with the existing
measurement datdhe assumption that the bending moment across the weld is constant
was madeand the structural stress was calculated from the stresdbe strain gauge

location

6.3 Summaryfor the ideal solution

Based on the findings in this studihe best materiadelection would be G26CrMo4 and
S1100.Promising results were also obtained with S960, but the welding parameters or the
process still need to be adjusted in ordeminimize the soft@ed regionof the HAZ. In
G26CrMo4,wasa lot of micrevoids and a feviargercavitiesfull of sand,but it is mainly

a matter of qualitycontrol In addition, considerableardeningwas observed in thdAZ,
because of which the use of an elevated working tempermauly for cast steeshouldbe
consideredA G20Mn5 and S708ombinationcannot be recommendéar use due fusion

line brittle fracture and neaxistent elongation capacitResearche&700 plate should also
beusedwith caution because tleasorfor thebrittle fracturein thefusion linehas not been

clarified.

In terms of welding the permanent root backing should be slightly thicker so a larger heat
input can be useavhich enables a larger weld volume per plsa.real structurthewelded

joint is always part of a larger structure that affects leathpositionsand boundary
conditions.This means thaherelief groovemight not be relevanias it affects the amount

of secondary bending of the joiktowever, in situations whefatigue strength ahe weld

is an issueand a small decrease in static ldsEhring capacity is natrucial,an aggressive

relief groove can be utilized by transferring the location offtigue failureto the base



75

material. When the location of th&ailure is transferredo the base materiad, largerFAT
class and-N curve withm= 5 slope can be utilized) which case fatigue resistance should

increase considerablin this case, podteatment of théatigue criticalarea is also possible.

In future, nore tests are required to examihe mechanism where the location of tiggue
failure is moved away from the weld root and then HFMI treafdsb, the realstructural

stresdn bottom of reliefgroove should beneasuredavith additional tests.
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7 Conclwsions

In this thesisvas investigated the fatigue of the initial crackused by the permanent root
backing in cast steebnd the local optimization of the casting geometith FEM and
experimental researéh order toimprove the fatigue strength of the weld rdataddition,

the welding of cast steel and UHSS dissimijaints was briefly investigated with three
different steel grades S700, S960 and S1100. The purpose was to investigate alternatives
when traditionaktructural steels are replaced by significantly thinner UHSS with the same

or better loaetarrying capacityBased on fatigue tesbther experiments andeasurements

donein this thesisthe following conclusions can be drawn:

1 Current design recommendats are somewhat conservative forexcentric butt
joint with permanent roobacking The lowestobtainednominal mean fatigue
strengthfor the joint was 96 MPam = 3) and the characteristic fatigue strength
calculated from all specimens that failed frtdme weld rootwas 84 MPdm = 3).

1 Inthe experimental study, it was not found that the optimiekeef groove influences
SFCsof the weld roatInstead, e location of the fatigue failure was successfully
moved from the weld roohto base materidly aggressivgroove This enabled the
newfatigue failure locatiorto be treated with HFMMwhich gave promising results
for increasing fatigue strength of theelded joint,although the sample size was
small.

1 Of the studied UHSS S1100 and S960 appeared to be the most suitable for this
application although S960 welding parameters needs to be developed to achieve
maximumestaticload carrying capacity. Based on these results, the S700 cannot be
recommended without further investigen, duetherisk of the brittle fracture.

1 Effective utilization of the full capacity of UHSSequires higher quality
requirements for product design and manufactusagh as in weldingFurther
research on the subject is needed, especially in welding S700 to G20Mn5 cast steel.
This same observaticabout qualityhas been made in other studies related to the
topic (Lipidinen et al., 2022, p. 1; Skriko, 2018, pp. 1151)

1 The quality of cast steel céecriticizedbased on thistudy, and the use of that steel
cannot be recommended due to Hadetyrisks caused by poanaterial quality.

There is also reason to doubt thaterialquality of S700 duéusion line failure
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Appendces

Appendixl: G26CrMo4 material analysis

03.10.2022 13:11:16

LUT Kone Hitsaustekniikka

Sample Identification

Quality SampleNo G26CrMo4 Customer

C Si Mn P S Cr Mo Ni Cu Al

% % % % % % % % % %
1. 0.264 0.350 0.831 <0.0050 <0.150 0.953 0.176 0.037 0.015 0.074
2. 0.257 0.331 0.836 <0.0050 <0.150 0.948 0.178 0.021 0.013  0.068
3. 0.262 0.321 0.825 <0.0050 <0.150 0.946 0.177 0.017 0.012  0.065
4. 0.260 0.315 0.819 <0.0050 <0.150 0.939 0.178 0.016 0.012  0.065
(%] 0.261 0.329 0.828 <0.0050 <0.150 0.946 0.177 0.023 0.013  0.068
c 0.0030 0.015  0.0074 0.0058  0.0010 0.0097 0.0014 0.0042
v 1.149 4.559 0.894 0.613 0.565 42.17 10.77  6.176

As B Bi Ce Co Mg N Nb Pb Sb

% % % % % % % % % %
L. 0.0097 <0.0010 <0.010 <0.0050 <0.0050 <0.0050 0.078  0.0079 0.012 <0.010
2. 0.0095 <0.0010 <0.010 <0.0050 <0.0050 <0.0050 0.079  0.0081 <0.010 <0.010
3. 0.0093 <0.0010 <0.010 <0.0050 <0.0050 <0.0050 0.079  0.0078 <0.010 <0.010
4. 0.0097 <0.0010 <0.010 <0.0050 <0.0050 <0.0050 0.075  0.0084 <0.010 <0.010
(%] 0.0095 <0.0010 <0.010 <0.0050 <0.0050 <0.0050 0.078  0.0080 0.011 <0.010
o 0.00020 0.0019 0.00027  0.0012
v 2.105 2.436 3.375 10.91

Sn Ta La Ti v W Zn Ir Se Fe

% % % % % % % % % %
1. <0.0050 <0.030 0.0044 0.0035 0.0057 <0.010 <0.0020 <0.0020 <0.0050 96.93
2. <0.0050 <0.030 0.0046 0.0033 0.0055 <0.010 <0.0020 <0.0020 <0.0050 96.98
3. <0.0050 <0.030 00039 00032 00055 <0.010 <0.0020 <0.0020 <0.0050 97.01
4. <0.0050 <0.030 0.0041 00033 0.0056 <0.010 <0.0020 <0.0020 <0.0050 97.04
@ <0.0050  <0.030  0.0043  0.0033  0.0056 <0.010 <0.0020 <0.0020 <0.0050 96.99
o 0.00032 0.00013 0.00010 0.047
v 7.442 3939 1.786 0.048
Fel100 Concentrations

Bruker Elemental 111



Appendixll: G20Mn5 material analysis

09.11.2022 16:06:24

LUT Kone Hitsaustekniikka

Sample Identification

Quality SampleNe G20Mn5 Customer

C Si Mn P S Cr Mo Ni Cu Al

% % % % % % % % % %
1. 0.189 0.382 1.188 <0.0050 <0.150 0.087 0.025 0.060 0.016 0.032
2. 0.178 0.354 1.192 <0.0050 <0.150 0.077 0.024 0.024 0.014  0.030
3. 0.179 0.353 1.192 <0.0050 <0.150 0.074 0.024 0.018 0.014  0.029
4. 0.175 0.353 1.192 <0.0050 <0.150 0.072 0.023 0.013 0.014  0.027
(%] 0.180 0.360 L191 <0.0050 <0.150 0.077 0.024 0.029 0.014 0.029
G 0.0061 0.014  0.0020 0.0067 0.00082 0.021  0.0012 0.0022
i 3.389 3.889 0.168 8.701 3.417 72.41 8.571 7.586

As B Bi Ce Co Mg N Nb Pb Sb

% % % % % % % % % %
1. 0.011 00011 <0010 <0.0050 <0.0050 <0.0050 0.085 0.0079 <0.010 <0.010
2. 0.0095 <0.0010 <0.010 <0.0050 <0.0050 <0.0050 0.058  0.0078 <0.010 <0.010
3. 0.010 <0.0010 <0.010 <0.0050 <0.0050 <0.0050 0.052  0.0089 <0.010 <0.010
4, 0.0096 <0.0010 <0.010 <0.0050 <0.0050 <0.0050 0.049  0.0078 <0.010 <0.010
%] 0.010 <0.0010 <0.010 <0.0050 <0.0050 <0.0050 0.061  0.0081 <0.010 <0.010
o 0.00069 0.00006 0.016 0.00054
1 6.900 6.000 26.23 6.667

Sn Ta La Ti vV w Zn Zr Se Fe

% % % % % % % % % %
1. <0.0050 <0.030 0.0045 0.0051 <0.0050 <0.010 <0.0020 <0.0020 <0.0050 97.65
2. <0.0050 <0.030 0.0040 0.0040 <0.0050 <0.010 <0.0020 <0.0020 <0.0050 97.76
3. <0.0050 <0.030 0.0044 00042 <0.0050 <0.010 <0.0020 <0.0020 <0.0050 97.78
4. <0.0050 <0.030 0.0036 0.0037 <0.0050 <0.010 <0.0020 <0.0020 <0.0050 97.80
g <0.0050 <0.030 0.0041 0.0043 <0.0050 <0.010 <0.0020 <0.0020 <0.0050 97.75
G 0.00041  0.00061 0.067
1 10.00 14.19 0.069
Fe100 Concentrations

Bruker Elemental 1/1



Appendixlll : Used WPS documents

pre Welding Procedure Specification

pWPS

workpiece

. G26CrMo4/S355
Parent material
Material thickness 20mm/20mm Joint type Welding sequences
Outside diameter -
Welding process 135 -

6.

Welding position PA \ =
Groove preparation Machined :/

_ Pickling o
Groove cleaning —

. o Clamped — <7
Workpiece fixturing _'\__]_
Tack welding i
Back gouging i

Root support
Backing PP
. . 1. 20°
Designation of consumables and trade name Torch angle 2.6 0°
] ] ISO 14341-A-G 46 3M G 4Si1 o 5°
Filler material Inclination angle
classification
’ 1. 21mm
Distance contact tube to
2-6.18 mm

Preheating and interpass temperature

OK Autorod 12.63 Esab

20°C room temperature

Filler material Preheat temperature
trade name
100°C
Interpass temperature
Flux i Preheating method i
. Awomix 8 Digital pyrometer

Shielding gas Temperature measurement

15 I/min
Flow rate Post-weld heat treatment
Plasma gas i Method i
Flow rate i Heating rate i
Backing gas i Temperature i
Flow rate i Time i

DC+ ] R
Type of current Cooling rate
Polarity Post-weld treatment | -

Remarks: Date and name:

Run | Process | Size of | Current | Voltage Travel Wire Heat Run-out [ Weaving | Amplitude | Remarks
filler speed feed input length [ frequency (mm)
metal (A) (V) (mm/s) rate (Hz)

@ (mm) (m/min) | (k3/mm) | (mm)
1. 135 1 220-225 243 7 10 0.66
2. 135 1 255-265 25.4 3 115 1.87
3. 135 1 250-255 25.4 2,7 115 1.04
46 135 1 235-250 25.4 3.8 115 1.42
Customer Approved




Appendixlll : Use

d WPS documents

pre Welding Procedure Specification

PWPS

Parent material

(G26CrMo4/G20Mn5) S700

20mm/8mm

Distance contact tube to
workpiece

Material thickness Joint type Welding sequences
Outside diameter N
Welding process 135 o
—— h
Welding position PA \ | \/:
Groove preparation Machined \ y )
) Pickled
Groove cleaning
Clamped
Workpiece fixturing P
Tack welding i
Back gouging i
Root support
Backing PP
. ' 1. 25°
Designation of consumables and trade name Torch angle 2 0
. . 1SO 16834-A-G 69 4 M Mn3NiCrMo N 5°
Filler material Inclination angle
classification
16 mm

Preheating and interpass temperature

OK AristoRod 69

20°C Room temperature

Filler material Preheat temperature
trade name
50°C
Interpass temperature
Flux i Preheating method i
o Awomix 8 Digital pyrometer
Shielding gas Temperature measurement
15 I/min

Flow rate Post-weld heat treatment

Plasma gas i Method i

Flow rate i Heating rate i

Backing gas i Temperature i

Flow rate i Time i

DC+ ] N

Type of current Cooling rate

Polarity Post-weld treatment |~
Remarks: Date and name:
Run | Process | Size of | Current | Voltage Travel Wire Heat Run-out | Weaving | Amplitude | Remarks

filler speed feed input length | frequency (mm)
metal (A) (V) (mm/s) rate (Hz)
@ (mm) (m/min) | (kI/mm) | (mm)

1. 135 1 270-280 | 25.4 8.5 11.5 0.66 Torch 25°
2. 135 1 270-280 | 25.4 5 12 1.11 Torch 0°
Customer Approved




Appendixlll : Used WPS documents

pre Welding Procedure Specification

pWPS

Parent material

G26CrMo4/ P60 & S1100

Distance contact tube to
workpiece

Material thickness 20mm/6mm Joint type Welding sequences
Outside diameter -
Welding process 135 e
Weldi it PA o :
elding position A

gp . < | /1

Groove preparation Machined .
) Pickled
Groove cleaning
Clamped
Workpiece fixturing P
Tack welding i
Back gouging i
Root support
Backing PP
. . 1. 25°
Designation of consumables and trade name Torch angle 2 Q°
. X EN ISO 16834-A : G 89 4 M Mn4Ni2CrMo o 5°
Filler material Inclination angle
classification
16 mm

Preheating and interpass temperature

OK Aristorod 89

20°C Room temperature

Filler material Preheat temperature
trade name
50°C
Interpass temperature
Flux i Preheating method i
- Awomix 8 Digital pyrometer
Shielding gas Temperature measurement
15 I/min

Flow rate Post-weld heat treatment

Plasma gas i Method i

Flow rate i Heating rate i

Backing gas i Temperature i

Flow rate i Time i

DC+ . R

Type of current Cooling rate

Polarity i Post-weld treatment |~
Remarks: Date and name:
Run | Process | Size of | Current | Voltage Travel Wire Heat Run-out | Weaving | Amplitude | Remarks

filler speed feed input length | frequency (mm)
metal (A) (V) (mm/s rate (Hz)
@ (mm) (m/min) | (kJ/mm) | (mm)

1 135 1 230-240 [24.1 7.3 10 0.7 25 Torch 25°
2 135 1 250-260 | 25.8 6.5 12 0.88 25 Torch 0°
Customer Approved




AppendixIV: Hardness measurements froomsistatictensile test specimens
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Hardness curves from 70G20_S1 specimen.



AppendixIV: Hardness measurements froomasistatictensile test specimens
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Hardness curves from 7@8_S2 specimen.
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Hardness curves from 70G26_S1 specimen.



AppendixIV: Hardness measurements froomasistatictensile test specimens
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Hardness curves from 11G26_S1 specimen.



AppendixV: Hardness measurements from fatigest series
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Hardness curves from 96G26_FAL specimen.
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Hardness curves from 96G26_FB2 specimen.



AppendixV: Hardness measurements from fatigestseries
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Hardness curves from 96G26_FC1 specimen.



AppendixVI: Fracture surfaces of the 70G20_S1 and 70G20_S2




AppendixVII: Numerical values of the FEM notch optimization

Reference ID. in the

Position of the

Fictitious radius groove

Figure  Figure [mm] X y Kin Kem Kip
[mm]  [mm]
Figure35 Ctrl Filletyr=1 - - 0 2.1757  1.7286
F1 Filletys=1 -4.5 -2 2.0642 1.8994  1.5613
F2 Filletyr=1 -5.5 -2 2.2253 19111 1.5729
F3 Filletjs=1 -6.5 -2 2.3631 1.9333  1.5887
F4 Filletys=1 -7.5 -2 24738  1.9592 1.605
F5 Fillety;=1 -4.5 -1 2.9389 1.6324  1.4009
F6 Filletys=1 -5.5 -1 3.0559 1.7097 1.4613
F7 Filletjs=1 -6.5 -1 3.1617 1.7764 1.5102
F8 Filletys=1 -7.5 -1 3.2485 1.8329 1.5491
F9 Filletys=1 -4.5 0 4.07 1.2482 1.161
Figure36 Ctrl Keyholejs=1 - - 0 3.5786  2.5515
K1 Keyholejs=1 -4.5 -2 1.8734 3.5043 2.5302
K2 Keyholeys=1 -4.5 -1 2.771 3.3833  2.4806
K3 Keyholejs=1 -5.5 -1 2.9526  3.3974 2.491
K4 Keyholeys=1 -6.5 -1 3.0781 3.4174  2.5033
K5 Keyholejs=1 -4.5 0 3.9468 3.1672  2.3927
K6 Keyholeys=1 -4.5 1 5.4845 2.8545  2.2395
Figure37 Ctrl U-notchy+=0.05 - - 0 7.1337 5.9165
Ul U-notchy¢= 0.05 -4.5 -2 2.1006  5.6035 4,751
u2 U-notchy+=0.05 -4.5 -1 29511 4.4257 3.9794
u3 U-notchy¢=0.05 -55 -1 3.0705 4.775 4.3014
U4 U-notchy+=0.05 -4.5 0 4.0413 3.1008 3.0906
us U-notchy+=0.05 -5.5 0 41204 3.7611  3.6496
U6 U-notchy+=0.05 -5.5 1 5.5104 2.7921  3.0442
u7 U-notchy+=0.05 -4.5 1 5.5163 1.9324  2.2832
Figure39 Ctrl U-notchy+=0.05 - - 0 5.2916  7.0609
1 U-notchy¢=0.05 -4 -2 1.0947 5.1164 5.2496
2 U-notchy+=0.05 -4.5 -2 1.1316 5.1351  5.3077
3 U-notchy¢=0.05 -4 -1.5 1.5418 4.7163 4.7237
4 U-notchy+=0.05 -4.5 -1.5 1.5723  4.7919 4.855
5 U-notchy+=0.05 -4 -1 2.0698 4.181 4.1209
6 U-notchy+=0.05 -4.5 -1 2.0879  4.3375 4.343
7 U-notchy+=0.05 -4 0 3.4006 2.8393 2.8924




AppendixVII: Numerical values of the FEM notch optimization

Position of the

Reference ID.. in the Fictitious radius groove Ken K Keo
Figure Figure [mm] X y : : :
[mMm]  [mm]

Figure4l 1 U-notchy+=0.05 -4 -1 2.0698 4.181 4.1209
2 U-notchy¢=0.05 - - 1.5495 4.2584 4.2414
3 U-notchy+=0.05 - - 1.5767 4.5244  4.8623
4 U-notchy¢=0.05 - - 1.4082 4.2602  4.2562
5 U-notchy¢=0.05 - - 1.3787 4.4856  4.5206
6 U-notchy+=0.05 - - 1.3339 4.3237  4.2967




AppendixVIII : Optimized geometry of the weld root relggioove

9.0

11.0

&




AppendixIX: Fatigue test results

TestID Condition R oF OB Qnomplate  Qhsroot  Chsgroove Nf Frequency Location of
the failure
[kN] [MPa] [MPa] [MPA] [cycles] [Hz]
35G26_FD1 AW 0.1 1755 0 175.5 175.5 - 371218 100.4 Weld root
35G26_FD2 AW 0.1 1575 0 157.5 157.5 - 508513 100.1 Weld root
35G26_FD3 AW 0.1 207 0 207 207 - 169600 100 Weld root
35G26_FD4 AW 0.1 189 0 189 189 - 333576 100.1 Weld root
96G26_FALl* AW 0.1 90 0.352 300 462.85 462.85 39180 0.8 Weld root
96G26_FA2 AW 0.1 135 0.316 450 658.17 658.17 7117 0.5 Weld root
96G26_FA3 AW 0.1 54 0.388 180 293.92 293,92 131925 - Weld root
96G26_FA4 AW 0.1 135 0.317 450 659.07 659.07 5762 0.6 Weld root
96G26_FA5 AW 0.1 90 0.371 300 476.99 476.99 14944 0.7 Weld root
96G26_FA6 AW 0.1 54 0.373 180 286.93 286.93 75326 0.7 Weld root
96G26_FA7 AW 0.5 54 0.338 180 27199 271.99 82126 0.9 Weld root
96G26_FA8 AW 0.5 72 0.319 240 35252 352.52 41281 0.7 Groove
96G26_FB1 AW 0.1 72 0.227 240 310.46  445.26 17472 0.7 Groove
96G26_FB2 AW 0.1 45 0.281 150 208.55 30410 124019 0.8 Groove
96G26_FB3 AW 0.1 54 0.262 180 243.81 33545 47281 0.8 Groove
96G26_FB4 HFMI 0.1 72 0.100 240 266.69 367.44 130633 0.7 Groove
96G26_FB5 HFEMI 0.1 81 0.150 270 317.78  444.94 54100 0.7 Groove
96G26_FB6 HFEMI 0.1 76.5 0.188 255 313.92 44475 63394 0.6 Groove
96G26_FB7 HFEMI 0.1 855 0.211 285 361.04 515.17 26782 0.6 Groove
96G26_FC1 AW 0.1 90 0.438 300 534.17 - 16700 0.7 Weld root
96G26_FC2 AW 0.1 135 0.431 450 791.5 - 3523 0.5 Weld root
96G26_FC3 AW 0.1 54 0.467 180 337.87 - 36534 0.9 Weld root
96G26_FC4 AW 0.1 40 0.443 133.33 23941 - 97857 0.9 Weld root
96G26_FC5 AW 0.1 90 0.46 300 555.18 - 12130 0.7 Weld root
96G26_FC6 AW 0.1 54 0.458 180 332.05 - 56905 0.9 Weld root
96G26_FC7 AW 0.5 54 0.454 180 329.48 - 43536 0.8 Weld root
96G26_FC8 AW 0.5 72 0.441 240 429.69 - 22720 0.7 Weld root

*QOverload case



AppendixX: Fatigues peci menés fracture surfaces
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AppendixX: Fatigues peci meno6s fracture surfaces
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AppendixX: Fatigues peci mendés fracture surfaces
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