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ABSTRACT

Fracture Mechanics Fatigue Life Assessment of Welded Joints

Under Ultrasonic Impact Treatment

Mehrdad Sarafrazi

Welding joints are the most used joining method to fabricate engineering strulttares
their low cost, structural strength, and geometric flexibility. Irregular geometries, onacks
defects, high stress concentration and tensile residual stresses are some of the results of a highly
metallurgical process consideredvasiding. Thus, anmportant subject of growing concern in
product design is to consider some of the critical factors caused from the weld process including
high tensile residual stresses and stress concentrations to properly evaluate the fatigue life of the
structures. Ligtweight design of welded steel and aluminum structures in cyclic service requires
the use of podfreatment approaches likditrasoniclmpactTreatmentUIT). In this thesis, an
evaluation of fatigue testsarried outrecentlyon welded specimerexposedo UIT under the

effect of the constant amplitud€A) loadingon the fatigue strengik described.

First, the effects of the various fatigummage parametersn the aswelded (AW)
condition andheimpact treated welds are described in the literature review. Furtheffiaityae
test data have been taken from literafardoth conditions under CA loadirigr severadifferent
stress ranges for each material. Following the tests, residual sttabsitiis below the weld toe
surface have been specified byay diffraction of untested specimens. More importantlytdise
dataobtained from the literatureere analyzed through out the thesis and were used to define
input parameter values for frace mechanicanalyse®f the welded joint specimens. After that,
the crack growth assessment of welded structigresovided. For comparison purposes, both
Walker and Formafatigue crack growtimodels are thoroughly reviewed and their advantages as
invaluable tools for predicting the effects of UIT on fatigue performdocevelded jointsare
examined.Subsequently, the benefit of the models in predictatiggue crack growth behaviors



for ninedistinctmaterials are examined and the effects of the various material strength parameters
on the impact treatment performance are asse3$®uh, fatigue craclpropagation life of the
materialsis displayed In the endithe crack shapevolution of the materialgs depicted In
conclusion, the outcomes of this investigation accompanied by proposed future averk
mentioned.
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CHAPTER 1: INTRODUCTION

1.1) Statement of Need

Automobile, aerospace amaarineetc. industries are facing a growing demand for lighter
structures. Presently, engineers actively seeking for costffective solutions to reduce their
products weight. Environmentally, greenhouse gas emissions can be dramatically reduced by
weight reduction. Then, it will lead to rising payload and through this saving fuel consumption
the ebovementionedndustries Optimizing the weight can safelyaccomplished by welding the
joint components from high strength steefe The principal purpose for selectihggh strength
steelsis gaining benefit of higher strength steels regarding the yield criterion, decreased
dimensionsand allowable higher stresses ¢€€resnigt & Steenhuis, 1997; Svensson et al., 2015)

Welding joints are the most used joining method to fabricate engineering strulttares
their low cost, structural strengind geometric flexibility etc Several engineering segments
encounter fatigue loading throughout all or part of their lifetineen& of the results of a highly
metallurgical process considered as welding are irregular geometries;ansickg defects, high
stress concentration and tensile residual stretse€he main location of fatigue failuises mostly
welded joints sincethe welded joints pose much lower fatigue strength tmamwelded
components. Raising the yield or tensile strength does not even increase the fatigue strength of
steel in the asvelded(AW) condition(Gurney & Saunders, 1981)

Thus, cacks can appear and expand to a risky length in the preseafitavof Remember
that flaws are natural in all material€racks that may appear from these flaws should be
consideredvhen engineers design and analyze such structfiesrack is detected by frequent
inspections, thethecomponent can behangedr repaired ooverhaulegdasneededThe fatigue
fracture life of the structures can assist us determining the inspections intervals. The number of
cycles took to expand a crack fronteastmeasurable size to a risky size can lead us to calculate
fatigue fracture lifeln the literature, angtical fatigue crack growtlfiFCG)models are accessible
for plentiful generalized geometries sucltaaentre crack and an edge cratksimplyto mention
a few(Tada et al., 2000)



Hence, an important subject of growing concern in product design is to consider some of
the critical factors caused from the weld process including high tensile residual stresses and stress
concentrations to properly evaluate the fatigue life of the siret Lightweight design of welded
steel and aluminum structures in cyclic service requires the use dfgatshent approaches like
UltrasoniclmpactTreatment (UIT)In this thesis, an evaluation of fatigue testgried out recently
on welded specimerexposedo UIT under the effect of the constant amplitude (CA) loading on

the fatigue strengtis described.
1.2) Objectives

Note that here is an important gap thaas been derivefilom the literature review. The
gap had to befurther investigated to improve fracture mechanics crack growth methodologies.
First, a proper comprehension of the crack growth models is required to evolve future approaches.
Presently, Walker and Forman models have been employed to express the oxattk gr
propagation. Yet, thaforesaidnodels areslightly differentfrom each othewhen calculating the

fatigue strength.

Second, a good comprehension of fatigue mechanics life of the structures is required.
Numerous studies have shown the fatigue streofdifferentweldedmaterialdy utilizing either
Walker or Forman modelThese studies hawanly employed one of the models to predict the
fatiguestrengthof such materials with respectltmited range ofexperimental data and the most
commonspecific sort of loadsi assumption§ geometries conditions etc. However, there is
limited knowledge ofdetermining the fatiguerack propagationlife phaseaccompanied by
predictingthe evolution shape of fatigueracks On top of that, there is limited analogy of the

foresaidimplications.

Ultimately, crack growth assessment of the structures must be analysed irsol#ph

will clearly expos¢he fundamental shortcomingad essential differencesthe gap.
1.3) Scientific Approach

First, the effects of the various fatigd@mage parameteos the AW condition and impact
treated welds are described in the literature review. Furthermore, fatigdatedsivebeen taken

from literature forboth conditions under CA loadirfgr severaldifferent stress ranges for each



material. Following the tests, residual stress distributions below the weld toe surface have been
specified by xray diffraction of untested specimens. More intpotly, test data obtained from the
literaturewere analyzed through out the thesis and were used to define input parameter values for
fracture mechanicanalyse®f the welded joint specimens.

After that, the crack growth assessnseat the welded structuresre provided. For
comparison purposes, both Walker and Forrfeiigue crack growtimodels are thoroughly
reviewed and their advantages as invaluable tools for predicting the effects of UIT on fatigue
performancdor welded jointsare exarmed. Subsequently, the benefit of the models in predicting
fatigue crack growth behaviofer nine different materials are examined and the effects of the
various material strength parameters on the impact treatment performance are assessed. Then,
fatiguecrack propagation life of the materiaésdisplayed In the endthe crack shapevolution
of the materialgs depicted In conclusion, the outcomes of this investigation accompanied by

proposed future work are mentioned.
1.4) Assumptions

The following assumptions were applied in tstisdyfor the whole materials

Stress rati@quivalent taw wasutilized for all materials

Load spectrum was constant amplitude fatigue cyclic loading.

Residual stres&asemployedn depthdirection from weld toe

An initial crack already existed at weld toe

The crack typavastoe crack

The crack sizevasless tharm@® & & which simply means in microscopic scale
The crack shape was seatiiptical.

The crack was 2Which simply means in depth and on surface dimensions.
Thefinal crack size was half of the thickness.

The fatigue failure otheweld joints occurred at weld toe

=4 =4 4 A4 A4 -4 -5 -5 A -5 -9

The fracture happened when the crack was reached its critical size.



1.5) Limitations

The following aspects wensidered andpplied in thisnvestigation

1 The stimulations focused on assessing the fatigue strength of the welded strwen@res
derived fromchoserimited number of experimental data available for the most common loads
like CA.

1 The resemblances concentrated prele@ctedcomposition of residual stresses, geometry and
materialcharacteristics developed bmited availablestatigics from the literature.

Work accomplishedhn this thesis was limited to a 2i@mielliptical crack at weld toe.
The crack growth of the welded joshwas analysed through fatigue analysis program FALPR
(v6.9).

1.6) Thesis Outline

The achievement of the stated objectives accompanidigebgutcomes of theonducted

research are explained in five chapters formed and outisiéallows:

Chapter 1 performsan overall review of the statement of fr@blem. Then, the primary
justification of thisresearchis defined based on the present stdtart in reference tdracture
mechanis crack growthln a nutshell,hie substantiaffiliation of thisstudyis to improve fracture
mechanics crack growth methodologmsthoroughly scrutinizing the pros and the conbath
modes. In brief, this chapter reveals an important gap in the knowledge concemmiegaluation
of fatigue testgarried outrecentlyon welded specimerexposedo UIT under the effect of the
CA loading.

Chapter 2 looks intoa lack of comprehension in fracture mecharsngalysesn two-
dimensional domains by going through ardgtail overview of the core concepts related to
fatigue. A literature review with respecting to these domamwell as defininghe concepts of
various fatiguedamageparameters aréescribed to present the special purposes of this.work

summarize, a detailed investigation of the essential gap is carried out through this chapter.

Chapter 3 describeshe twod i mensi onal crack growth wusin

equatiorsto accompkh the evaluation ofrecent fatigue testéfter implementing thedtigue crack



propagation life of the materialshe crack shapesvolution of the materialds carried out In

essencethe solutions of the derived nonlinear equationsareerically performed.

Chapter 4introduces the predictions of Walker and Forman mduefgroviding the input
fatigue parametersTo experimentally validate the numerical results of the models, the
experimental derived data from the literature are emploljeel fatigue crack propagation life of
the materialss presented. The crack shapelutionof the materialss representedn closing, a

meaningful comparison between the models and the derived experimental data are presented.

Chapter 5 explainsthe outcomes of thigvestigationaccompanied by proposed future
work. In the first part, he overall outcomes of thresearchare mentionedFurther, the first part
outlined the substantial affiliation of the pursued study as well. The sqmméhtroduced

proposed future work.



CHAPTER 2: REVIEW OF LITERATURE

2.1) Fatigue

The bulk of engineering failures aoéten induced by fatiguéA microscopic crack may
form under the impact of arising stresses caused by fatigue cyclic lodéatigsie happens when
engineering structures are subjecteduoh frequent loading and untbag cycles The degraded
material eventually fractures at some poi@enerally, fractures occur in higlyclic fatigue
domain which represents lower loads. Usudltgcturestake place in a shorter period than
typically predicatedDowling et al., 2013)In accordance with American Society for Testing and
Materials Standard HASTM, 1823) an alternative significaton of f ati gue i s:
process of progressive localized permanent structural change occurring in a material subjected to
conditions that produce fluctuating stresses and strains at some point or point and that may

culminate in cracksorcompket f r acture after a sufficient num
The fatigueproceduras mainly categorized into thrgdhases:

1: Crackinitiation

2: Slow, stable @ckgrowth

3: Rapidfractuing

Crack growthregimeis consisted of two phases. The two phases are under the name of
ASTAGE 10 [ Shear Mo d e ] a n drespe8ively.Gdure ll depicts [ Te n s |
schematicallystage landstagell of the FCG A crack begins from the surface and expands about
a few grains predominately governed by shear stresses and strains amid the first ctage
growth.After reaching over multiple grains,darrieson extending in an orientation perpendicular
to thegreatestensile principal stres#n rapid fracturingregime the crack size is larger than the
remaining cross section. Eventually, the compodeas noendure the fatigue load afalowing
thatabsolute fractureccurs(Dowling et al., 2013; Suresh, 1998; Lampman & DiMatteo, 1996;
Stephens et al., 2001; Lassen & Recho, 2006)



Loading Direction

Free Surface

STAGE 1 STAGE 11

Figurel: Schematic portrait of stage | and stage Il of fatigue crack dr¢marati, 2015)

Cracks usually origiate along slip lines aligned in the planes of maximum shear stress in
crack formation regime. Cracks may originate as well as at or close material discontinuities like

imperfections, grains boundaries, holes and voids.
2.2) RecentFatigue Incidents

Metal fatigue crackis the root cause of the horrifying incident that has recently occurred
in aerospace industry back in August 2016 as broadcasted by American National Transportation
Safety Board (NTSB).In Figure2, ablade of the engine had microscopic cracks that splintered

open under the type of stress positioned on the engine.

Figure2: Schematic illustration of a recent metal fatigneident in aerospace industry reported by American National
Transportation Safety Board (NTSB) backuigust2016 ¢ CourtesyNTSB NEWS AND EVENTS



Metalfatigue is therincipalreasorof the tragic event that has recently arisen in aerospace
industry bak in Ocbber2016 as announced by American National Transportation Safety Board
(NTSB). In Figure 3, a microscopic crack initiated between the left main landing gear.

Unfortunately, the crack went undetected and slowly advanced till the gear crashed.

Figure3: Schematic image of a recent metal incident in aerospace industryteedmy American National
Transportation Safety Board (NTSB) back iml@x®2016¢ Courtesy: NTSB NEWS AND EVENTS

Fatigueis the prime cause of th&triking case that hae recentlyhappenedn marine
industry as shown inFigure4. Microscopic crack, already existed in hull structudue to the

welding propagated through depth and surface of hull girder.

Figure4: Schematigictureof a recent propagation of cracks incident in marine indust@purtesy:
FIVEOCEANSALVAGEsan Saad



In Figure5, the crack engendered either in machining or casting. This figure indicates
schematically the fatigue crack initiati@md propagation phasés an edge crackBhaumik et
al., 2008)

Figure5: Schematiimageof optical microstructure demonstratinghadgefatigue cracknitiated from sharp edge
due to stress raise(®haumik et al., 2008)

In Figures, the cracks were progressed at the rivet holes for a second stage compressor rotor
drum.Because o$tress concentration at this spot, the cracks were established at the surface of the
rivet hole which is unexpectegdhaumik et al., 2008)

Figure6: Schematipictureof a second stage compressor rotor drum and a progressed atdok rivet hole surface
(Bhaumik et al., 2008)



2.3) Fatigue Methods

Generally, there amifferent modeling methods predict the fatigue life of a material:
1: Stresslife method["Y 0]

2: Strainrlife method[- 0]
3: Linearelastic facture mechanidd EFM) method— YU ]

Stresdlife and Strairlife methods are usddr performance and simulationfatigue crack
initiation life. On the other hand,EFM method is utilized formplementation and simulation of

fatigue crack propagation life
2.4) StressLife and Strain-life Methods

To use either the strefife or the straidife method it depends on whether it is the stress
or the strain dominating the cycling among maximum andmum stress / strain levels. Thus,
the core conceptienof the stresdife and the strantife methodsare debatedfor a better

understanding

Stresdlife methodwas introduced by A. Wohlewho carried out rotating bend tests on
different alloysduring the midl800s(Lampman & DiMatteo, 1996)An effective traditional
approach to assess the life of the components because of frequent fatiguddadstsconducted
several fatigue tests on railway axlésen hereportedthat stress range is moceitical than

maximum stress.

Figure 7 displays graphically a common stress cycle in which the key concepts are
displayed.Y"Yis stress range. In other words, the difference between maxifum, and

minimum, Y , streses
Y'Y Y Y (2.1)
Y is stress amplitude which the stress rangdivided by two

Y
y (2.2)

n|“<‘

“Y is mean stress which is averagthg maximum and the minimuamouns:
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oy oy (2.3)

Yis stress ratio:

Y (2.4)

Note that the feasible range for tReatiois: p Y p.

Smux

Time

Stress

S1-nin

Figure7: Schematic sketch of alternating stress

To acquire a stredge curve, agreat deabf different stress levelseedsto bedepicted

The stresdife curve is also name® 0 curveor nominal stress techniquéhereYrefers tothe
stress and standsfor the number of cycle§he stress rang&.Y or the stress amplitudgy, is
usually displayed against the number of cycleshould be noted thdt v matiguefailuresare
anticipated via median lifeshich simply mean$ v 1of the probability of that variation ithe

confidence level.

To acquire a mathematicadémonstratiomf the™Y 0 curve, equatioii2. 5) can be fitted.

Y80 (2.5)

0 andd are fitting constantsf Y 0 model

MansonCoffin in the mid-1950s represented equatidg. 6) to correlate the relationship

among plastic strain and fatigue life in laycle highstrain fatigue regian

11



s
C

— is plastic strain amplitude,( is reversals to failurg, is fatigue ductility coefficient and

. 2.6
- (2.6)

fatigue ductility exponent. Parametersandare fatigue properties of the material wHichis

roughly equivalent to true fracture dudglianddranges from T and T&.

Basquin in the earlt900spresented equatig@. 7) to correspod the relationship among

plastic strain and fatigue life in higtycle lowstrain fatigue regian

- 2.7)
o Y

is elasticstrainamplitude,0 is reversals to failure, is fatigue strength coefficien©is

NE

y

Youngos aniothiigliestengthexponent. Parameters andware fatigue properties of

the material which, is roughly equivalent to monotonic true dtare stress anéranges from

T @nd 1T U

Eventually, grain-life methodthenwas proposed by the combinationexfuationg?2. 6)
and(2.7) (Nieslony et al., 2008)

. . (2.8)

- - - 6qu T QU

- istotal strain amplitude, s elastic strain amplitude ard is plastic strain amplitude

In this investigation, all fatigue tests obtained from literature have been executed with a

stress contrainethod
2.5) Fatigue Strength

The fatigue limitis the maximum stress amplitude levelderwhich the material has an
unlimitedlife. The endurance limit and the fatigue strength are its alternative namegenerally
notedafter 2 to 5 million cycle§Gurney & Saunders, 1981; Dowling et al., 2013; BANNANTINE

et al., 1990Q)Figures illustrates a commoi¥ 0 curve

12
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Cycles to Failure

Figure8: Schematiportrait of Y 0 curve

2.6) Transition Life

Low-cycle fatigug(LCF) regionis distinguished by high cyclic stress levels exceeding the
fatigue strength of the material. The endurance limit is generally admitteddveungdbetween
p mtandp mtcycles. Furtherthe LCF is recognized by frequent plastic deformation in each cycle.
In contrast, higkcycle fatigue (HCF) region mmarked by elastic deformation. In other words, the
number of cycles to fracture is high ftne HCF and is low forthe LCF. Figure9 shows
illustratively the overall concepobf transition life between the LCF and the HCF fatigue
mechanicgrack growthIn this researchthevalue(p 1) was employed as thensition line from

LCF to HCFby setting frequency increment of the number of the cyclgs torfer LCF and
p 1t 11 fomHCF.

13



Low-Cycle Fatigue (LCF) High-Cycle Fatigue (HCF)

Log (S)
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Stress

4
10 Log (N)

Cycles to Failure

Figure9: Schematic perspective of lexycle fatigue and highycle fatigue

2.7) Welded Joints

Welding is a manufacturing process of joining components by which two or more pieces
are merged together by the use of heat, pressure and or both of them. Welding is typically
employed ommetals, but weldability is an important factororder toselect apropriate materials

to weld together so that high weld quality can be achieved.

To join components together, welding techniquedaik processes because a great ratio
of engineering structures are fabricated by weldiGgnerally, welding techniquesar be
classified into fusion welding and pressure weldkgsion welding operatiorambracdocalised
melting andstrengthening which can Ipeocessedavith or without extra filler metalArc welding
is the topmost generallytilized technique among fusion welding processesontradiction to
fusion weldingoperationspressure weldingrocesseslo notembracemelted materia{(\Weman,

2003)

Main factors impacting on fatigue strength of welds @mesence oWeld imperfections,
residual streesand stress concentrati@h weld toeetc. which have strong negative influences

on the fatigue life of the welded joints.

14



Welded joints pose much lower fatigue strength thanwelded componentsigurel0
demonstrates comparativelye endurance limit of a smooth plate, a plate with a hole and a fillet

welded joint, respectivelfMaddox, 2002; Kirkhope et al., 1999a)

Log (S)

Stress

Log (N)
Cycles to Failure

FigurelO: Endurance limitomparison of three different types of componeftarati, 2015)

2.8) Weld Imperfections

Various weld imperfetions emerge at different zones of the weld segments which these
defects perform as local stress raisarspot from wherafatigue crack majorm. Unfortunately,
the weld imperfections are problematictectdue to their small sizes atrdublesoméocations
Figurell depicts schematically an overall perspectivemhe potentialveld defects at a welding

zone(AL-Emarani & Akesson, 2013)

i Centreline cracking
Spatter and arc strikes too high tensile stresses
surface defects that are on cooling
pf]l_e_mi_al fatigue Gas porosity /
initiation sites damp electrodes or
other contamination /

HAZ cracking
formation of (brittle)
martensite on cooling

% Loy S8
Slag intrapment —

ineffective deslagging A - of austenite
between weld runs & at
A TRy
- /7
( 3
L | /
Undercutting and 71 /
root concavity g
welding power . [_ —
too high / System pey, o
Ny
Lack of penetration / Y (HAz) Problematic micro-
welding power too low Overlap structure in HAZ
or welding speed to low welding speed too high grain growth, possible

or welding power to low martensite formation

Figurell: Schematic perspective ®dme potentialveld defectsat a welding zonéZerbst et al., 2014)
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In Figurell, some of the typical appearing weld imperfections with disasefiastson

thefatiguestrengthof a welding structure are demonstrated.

The crack initiation stage is the utmost essentalsp for smooth structures. The bulk of
the lifeis put on the initiation othe small cracksConversely, it isvidely acknowledged thahe
small imperfections already exist at the watdas Generally speaking, the crack initiation stage
is comparatively negligible. The bulk of the life is put on the propagation of the cracks in the
welded structureg¢Lassen &Recho, 2006)Nowadays, Commission XlII of thinternational
Institute of Welding (IIW) has been actively boosting extensive detailed research to advance weld
guality guidelineswvhich significantly correlates welacognitionprinciplesto the fatigue life of
the welds(Fricke, 2013) Thedevastatingmpacs of the weld imperfections othe fatigue life
havebeeninvestigated broadl{Seto et al., 2000; Jonsson et al., 2011; Schaumann & Collmann,
2013; Shirahata et al., 2014)hese studiesdve demonstrated thtte defects haveiminished
the fatigue strength of the welded structures

Figure12 displays graphicalljsome ofthe weld imperfectiongn a welded joint such as
root, transversetoe and underbed cracks. this study, toe cracksavebeen investigatedn a
nutshell, material imperfections act as crack initiation sites of paramount significance for fatigue

strengthassessments tiewelded structures.

Heat affected
zone (HAZ)

Transverse

Underbead
crack

Figurel2: Schematic sketch sbmediverse types of cracks in a welded jqiferbst et al., 2014
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2.9) Residual Stresss

Residualstresgsareknown as stress distributisthat exist within a bodyvithout any external
forces.In fatigue assessmemesidual stressasn be ategorized into two groupsndesirable [ ]

and desirable []. Undesirableresidual stresseare based on tensile stresses induced by
manufacturing procedures like the welding andenvice repailike replacing the components etc.
In fact, the welding operations induce higimountsof tensileresidualstressemside and near the
weldalong withcompressive ones further away from the centre of the platentially thewelded
connectios may experience premature fracty@harpe, 2008)On the other handjesirable
residual stresseme as a consequence of eliminating undesirasieual stressdsom the crack
initiation zone by PosiVeld Treatment (PWT) techniques likdtrasonic Impact Treatment(T)

to induce beneficial compressivesidual stressed)IT imparts beneficial compressivesidual

stresseito the welded attachments.

Figure 13 shows illustrativelypenalizing tensileresidual stressekeading to a risk of
premature failureOn the contraryFigure 14 presents compressivesidual stressegising

resilience to fatigue cracking.

|| /] —
_-

Figurel3: Schematic portrait of undesirahiesidual stresseleading to a risk opremature failurf EUROPE
TECHNOLOGIES SONATS, 2020)

) | ¢
) ( ¢

Figurel4: Schematic illustration of desirabiesidual stressesndurance of fatigue crackinGUROPE TECHNOLOGIES
SONATS, 2020)



During the welding processd®ating and cooling cycles occurs in the welded aBzase
of the devastating consequences tbis phenomena areneven heat distributiongplastic
deformationsresidual stress fieldndphase alternationstc. (Rossini et al., @12) In practice,
heataffected zong(HAZ) point todiverse compositions oésidual stressdarther to the welded

section.

Figurel5represents an instance of tiesiduals t r edsstil®itsoi within abutt weld As

shown in tlis figure, a butt joint is utilized for a better visualization of tesidual stresse®ncept

Tension

Compression

Figurel5: Common distributions of residual stresses in a butt joint for longitudinal and transverse directions
When the tensileesidual stressesdvance the yield strength of the base metal, fatigue
strength of the welded components deteriorates dramatidélgimpacts of thaensileresidual
stressesare similar that of comparable mean stres$dgure 16 depicts schematicallghe

ramifications of such principal effect in fracture mechanics.
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With Residual Stress

Without Residual Stress

/

Time

Stress

Figurel6: Impact of tensile RS on stress cycles.

In the figure, the mean stressimkreasedemarkably. For this reason, the structure is
excessively less fatigue resista@tephens et al., 2001; Lassen & Recho, 2006; Withers &

Bhadeshia, 2001a, 2001b; Webster & Ezeilo, 2001; James et al., 2007)

Figurel17 displays graphically the benefit of such techniques to capture the spirit of the

concept

Plain

B (v
- N; Ny

Figurel7: Advantage of PWT techniques in recovering crack initi@m@hpropagatiorife of a welded specimen
(Mosiello & Kostakakis, 2013)

From the figure) is crack initiation life and) is crack propagation life. As illustrated,

the PWT techniques can extensively restore cpsokagation life as well as crack initiation life
of a welded componerithe formation of undetected cracks in the slip bdedd tomarked rise

of stress concentration in the zqi$ehijve, 2008)
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The residual stresseare usually measuredondestructivelyby x-ray techniques or
mechanical ones. Thesidual stressesredetermined based asirainmeasurements whide
strains arecomputed through the strain iIme t a |l 0 scrydal latice (Paul, 1986) All
techniques of stress specification need evaluation of some inherent athras area and strain
or force accompanied by the computation of the correlated gtPass, 1986) Note that the
residual stresseare also nanteil s @lIlqfui | i b r i Unntonsaistricetsestensi@sidual
stressesthe beneficial compressivesidual stressesn enhance substantially fatigsteengthof
such components. Hence, a deep understanding mddiaieial stressas necessary for the precise
evaluation of fatigustrengthof the weldqStephens et al., 200Bigurel8 shows illustrativelya
portable system for #ab and infield servicedo correctly identify critical zones with the tensile

residual stresseendto accurately measure the compressasdual stressesc.

Figurel8 Schematic image ofraesidual stresanalysisdevice by-ray diffraction - Stresstech Xstress 3000 G2R
(EUROPE TECHNOLOGIES SONATS, 2020)

Thescientific approaclf such device ithe xray beam is collimated to the surface of the
part. After that,the evolution of thediffraction anglein reference to the variation of the incident
beam angle is gauges shown irFigure19 using the current conventional methods e (i
(Mishchenko et al., 2018; ASTM E2860, 2012; BS EN 15305, 20 agg6és L aw]
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Figurel9: Schematic sketch of anray diffraction measurement layo(EUROPEECHNOLOGIES SONATS, 2020)

In this thesis, residual stresses were employeiénth below weld toe,
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2.10) Ultrasonic Impact Treatment

Ultrasonic Impact Treatment (UIT) is a lately advancé®stWeld Treatment(PWT)
method by Statnikov et alniformer Soviet Uniorf2000) UIT has attracted increased attention
from researchers around the world in recent years due to its efficiency and ease of application.
Figure20 introduces some applications of Uslich as treatment of circumferential welding on
heavy plant front loaders, railway track repairs, peening of road infrastructures, strengthening

defence veigles and repair of marine structuess.from left to right in thepicture,respectively.

Figure20: Introduction of some applications of UHUROPE TECHNOLOGIES SONATS, 2020)

UIT operates at a highltrasonic frequency of approximately 18620000 Hz and treats
the welding surface with needles or hamililex rods.Figure2l represents schematic view of a
portableUIT system.In short, t is composed of a central utitat has an ultrasonic generator
inside it, a handheld peening head witn endpiece that can be changed depending on the
application.The handheld peening head is an acoustic set which piag@electricalconvertor,
a booster and a sonotrod&n electrical signal will be created by the generator, then will be
converted into a mechanical vibrationthye convertor. This mechanical eggwill be amplified
by the combination of the booster and the sonotrode. Thrmnghldle oarod, the wavesvill be
transmitted to the part for treatmexst shown irFigure21.
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Figure21: Schematic view of a portable UIT system accompanied with a breakdown of its component and its principal
¢ NOMAD(EUROPE TECHNOLOGIES SONATS, 2020)

UIT method seems to be so efficient and multiple studies reported that the advantageous
impression of these approaches is based on the high compressitkeal stresseahich are
induced in the treated region. In fact, the principal aim for the enhancement of fatigue strength is
UIT creates ultrasonic vibration to impact and plastically deform the weld toe, resultantly
introducing compressiveesidual stresseby eliminating tensileresidual stressefDeng &
Murakawa, 2006)Other determining features for the constructive influence of UIT are declining
of stress concentration in weld toe areas and enhancement of mechanical properties of the
superficial layerg{Roy, 2003; Roy & Fisher, 2005; Y. Kudryavtsev et al., 1998)er the past
several decades, numeroB®VT techniques, including traditional techniques such as hammer
peening, shot peening, grindirgnd TIG dressing showed that UIT is the most effective
enhancement treatment of weld joints in comparison to the previous méghdgisStatnikov et
al., 2002; Fisher et al., 2001; Yuri Kudryavtsev & Kleiman, 2013; Lotsberg et al.,. Z&-ainetry
enhancement methods such as TIG dressing and grinding concentrate on eradicating flaws and
declining stressoncentration of welded constituents. While residual stress modification methods
like hammer peening and shot peening tend to emphasize on introducing favorable compressive

residual stresses and adjusting residual sisadistributiors of welded joints(Marquis et al.,
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2013) Figure22 depicts schematicalthe significant influences of UIT process by modifying the

weld toe geometry and inducing compresse&dual stressess shown in the figure.

Tensile stresses Compressive stresses

Figure22: Schematic portrait of profound principal of HUROPE TECHNOLOGIES SQNATS,
Note that UIT is a cold mechanical treatment that engage hitting the weld &oeebylle
or arode. Figure23 displays graphically some applications of UIT such as weld toe peening, radius

peening and heat affected zone peeningietmatchfor different cracks andarious geometries.

Applications

Weld toe peening Radius peening Heat affected zone
peening

Figure23: Schematic illustration of some UIT applicati@nd its accessories for reaching difficult locations of welded
joints (EURPE TECHNOLOGIES SONATS, 2020)

Figure24 showsillustratively howanactual preventive treatment is done after the welding
Figure24 demonstrate visually how much UlTiisoreuserand environmentallfriendly than other
traditional methodsin summary UIT process is fully controlled and automated. It is a clean
process with low energy and material consumptiors.risk of damage to stomer parts, no
danger to operators and less risk of musculoskeletal disorders for operators are some remarkable

features of UlTtechniqueas well
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Figure24: Detecting of a fatigue crack initiation followed by preventive tmeent

Numerous studies have shown fatigue strength of diffenetérials foreither welded or

unrweldedcomponentsTo simply mention a few:

The authorgCui ¢ al., 2018)investigated the impact of UIT on fatigue resistance-of T
shape welded attachments by utilizing nominal stress, effective notch stress and peak stress
methods. lhas beembserved that fatigue cracks initiated at weld toe between flanhgusset
plates. Test specimens were symmetrical cruciform welded santpless shown that fatigue
resistance of the welded attachments raised by approximatelyrdue to reducingstress
concentratiorand weldresidual stressdsy utilizing UIT technique. Ihas beewompared to other

methods as well which proved that UIT is a robust technique.

The authors(Roy, 2003)studied the effect of UIT on fatigue crack initiation and
propagatiorof welded transverse stiffeners. UIT highlighted that fatigue performance of all treated
detailsincreased significantly. This increase was more profound at lower minimum stress and
lower stress rangtor the UIT conditionUIT enhancd weld toe geometry and diminished macro
discontinuitiesat weld toe region via surface erosion, plastic deformation and transformation in
micro-structure.Beneficialresidual stressesere induced by UITto he or der of t hat

yield stress at treated surface.

The authorgYuan & Sumi, 2015; Tang et al., 2020%3ed FEA to simulatdistribution of
residual stressem welded jointsbefore and after treatmerds well as fatigue resistance
assessmenend FCG behaviorsof a cruciform joint(Yuan & Sumi, 2@5), a butt joint and a-T

joint (Tang et al., 2020)respectively Yuan and Sumi(2015) employedcommercial codes
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SYSWELD and LEDYNA for the simulationsWhile Tang et al(2020)usedABAQUS software
for forecastingesidual stresseandutilized doubleellipsoidal heat source model described as a
function of a heat fluXGoldak et al., 1984along with using eighhode Hex (C3D8T) meshed
elements. Tang et af2020) also employedconceptions of SC andIfS accompanied by WF
already describethhroughChapter Zor both conditiongChattopadhyay et al., 2010he authors
(Yuan & Sumi, 2015; Tang et al., 2028¢monstratethatby comparing experimental outcomes
versusFinite Element EE) models and FEA simulations,still highlightedthat UIT is a highly
impressive methotbr improvingfatigue life of the welded joint3.he aithors(Tang et al., 2020)
also investigatedthe influence ofR- ratio on the Aw and the UIT conditions. It has been
demonstrated that the greatest improvement of fatigue life happenedratatie equal torg
which stress amplitude was abqub @t 0 dwhereas the lowest enieement of fatigue life took
place at the Ratio equivalent ta® which stress amplitude was approximately it 0 s well.
Further, it wagproventhrough the simulation outcom#ésat UIT retarded crack shape evolution

as well.

The affect of UIT in luminum alloys has beealso studial (CastilloMorales & Salas
Zamarripa, 2010¥%ince aluminum lioys are quite popular in aerospace industries. Apart from
introducing beneficiatesidual stressedescribed aboveJIT alsoshowed a significant raise in
roughness and hardness of the matesibich led to enhancing fatigue life of the material.
Specima was an uswelded component, UIT was used to treat surface of the material in order to
cover up porosity of the material. Due to fact that pores and cracks can collide at some point which
will increase the cracks leng(Hellan, 1984; Ritchie, 1999; Vaidya, 1985)

Forecasting of UIT treatment benefit has been limited to assessment using either nominal
stress’Y 0 curvaturegMarquis et al., 2013)r local stress method§&hahremani, 2015)ust
insufficient investigations have used fracture mechanics modelsdessa the fatigue life
enhancement due to UIT treatment either alone or in two stage models (initiation and propagation)
(K. Ghahremani, 2015; Tehrani Yekta et al., 2013; Lihavainen, 2006; Josi & Grondin, 2010)

The aforementioned literatures have demonstrated that UIT can also be efficient in
improving tre fatigue life ofthe weldedconstructions which had experienced a period of service.
Figure25 demonstratesomparativelyhow UIT can improve théatiguelife by eliminating the

appearance of the cracks. Inashell, UIT acts on weld imperfections to delay crack initiation as
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well asto slow down crack propagati@sshown in the figureCrack initiation phase experienced
a substantial delay because of inversing the inteesadlual stresseshich led to modifying the

fatigue life of the welded componen@rack propagation phasencountered a considerable
retardation because ofducing compressiveesidual stresseend plastically deforming the weld

toe.In the endschematic perspective fatigue life improvement is vividly presentedRigure25.

Crack Growth Crack Growth
With No Peening With Peening
Crack
Lenght Initiation Propagation Initiation Propagation

/ Fatigue Life Improvement

A J

Time

Figure25: Schematic perspective of lifetime of a component after UIT
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2.11) Stress Concentration

StressConcentratiorFactor(SCF) plays aprofoundrole in fatiguefailure of the welded
structuresHowever, the significance of various factors which control the fastreagthof these
structures is not well knowdue to its complexity when thedfect of SCFcombines with different
contributedfactors(Maddox, 2002)The ST is one of th&key factors that has a strong influence
onthefatigue failure of such structures.

After the welding, he impact oftress concentratisfi due tovariations in the geometry
at the weld toemergedwith increased local mean stresgdsecause of the undesirabsidual
stressesrequires a better understanding of such phenontewards better fatigue design
standards and safer structures of the wetdedponentsOn top of that, when the influence of the
stress concentrations added to theensile residual stressedts contrilution is extremely
destructiveThe relationship of locatress concentratioasd local yield strength asdsostudied
here(FarajianSohi et al., 2010)Figure26 represents schematically prone locations ofstiness

concentrationand its conceph short

Weld Root

T~

Weld Toe

Figure26: Schematic sketch of stress concentration sites at weléia weld root

As already stated, the weld toe is the most expected crack initiation areas where potential
existence of crackke defects causes the weld toe a crucial site for cragidinghope et al.,
1999a, 1999b)Sites with the largstress concentratioase prone to fatigue cracksricke, 2013)
In general, the main geometrical aspects that govern the féifeyaee the weld toe radius and the
angle. To enhance the fatigsteength thestress concentratioman be decreased by raising either
the weld toe radius or the andl@accese et al., 2006; Niu & Glinka, 1987; Martinsferreira &
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Mourabranco, 1989; Pang, 1993; Teng et al., 2002; Lee et al., 2009; Williams et al., 1970; Radhi
& Barrans, 2010; Barsoum & Jonsson, 2011)

Weldingoperations creates stress flow discontinuity inside the welded rag@mnesult of
that local high stress peaks are generatedescribed ifDuirr, 200¢) and also due to changes in
cross section of the welded structures like different joint types suchoast,Tcruciformjoint and
longitudinal jointetc.In summary,he SCF, 0 hin unitlessform is ratio betweetocal peakstress
Y , at the wel@éd area and nominal stres§ a remote load’Y, at the uniform segment of the

specimen:

.Y (2.9)
) -
Y
One of the practical approaches to determine thieiS@rough equatio@. 9). Figure27
presents visually stress distributions through the thickness as well the weld toe line and statically

linearized equivalent strepsofiles (Chattopadhyay et al., 2011)

a) o, lv

W\

Figure27: Schematic picture of stress fields in an unwelded plate versus stress fields in a plate so#dnzarrying
onesided attachment with fillet weld&hattopadhyay et al., 2011)

Niu and Glinka(1987)introducedanotherrobust apprachtowards determining the $C
In brief, equation(2. 10) was proposetbr the SE, 0 , at a weld toe derived from the weld profile

as shown irFigure27:
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" is weld toe radiugi ), %ois flank angle for a fillet weld\Yis plate thicknesg) and—is weld toe
angle which is equal tp  1m% respectively.Note thatto calculate various parameters of
equation(2. 10), it is necessary to have high tech sophisticated laboratory equipAfesrt.
implementing the geometry measuremeoystaking high quality pictures at micro scale, the
necessary info needs @ extracted from the images by using either AutoCAD or Imag&t
example fit an ellipse by extracting the dimensions of it via the digital image of the final crack

shapeNote that he cracks are at micro scatethis thesissince there armicro-cracks.

In anotherinvestigationsweld toe fields were modeled using Finite Element Analysis
(FEA) toestablishthe elasticstress distribution and the S@r fillet weldedattachment$Niu &
Glinka, 1987; Pang, 1993Figure28 depicts schematicallthe stress distributions througine

thickness as wetheweld toe line and statically linearized equivalent stress profiles.

Figure28: Actual stress distributions through thickness as well weld toe line and statically linearized equivalent stress
profiles(Chattopadhyay et al., 2011)

Pang(1993)stated that increasing weld toe radisn 1 to 2.54 & will carry out roughly
14% decline in the SE Alam et al.(2010)indicated that the weld toe radius is not constantly the
main aspect in fatigue crack initiation. Weld ripples cause local micro geommgagtscan be
noteworthy as welby correlating the geometrical aspects todiness concentrationshe authors
(Niu & Glinka, 1987; Chattopadhyay et al., 20dBtermined that through the thickness stress
distributions and weight functioiechniquecan be employed for simulating tR€G as wellas

computngthe SG andstress intensityactoretc.
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Figure29 displays graphically the dependency of fatigue limit on component type as stated
by (P. J. Haagensen, 2011)

300
1 8 —_— Fatigue limit = 0.3f,
§ 100 | T . Fatigue limit= 0.37,/K,
(]
g2 Fatigue limit =
S 40 - 80 MPa
o P
= TS Independent of f,
& .
10
104 108 108 107 108

Cycles to failure

Figure29: Association of fatigue limit on component type as statedmyl. Haagensen, 2011)

There is a proven fact for the traditiofidl 0 techniquehat the authof(P. J. Haagensen,
2011) demonstratedhe SG is independent of ultimate tensile strengtfi, for the welded
componerg due to some unknown phenomena at micro scale suchigls local stress

concentrationsiccompanied by high local mean stresses in the welded region.

Figure30 shows illustratively theotal lifespan of a welded component exposed to cycling
loading.It can be interpreted that the first state indic#tesadequateumber of cycles requires
for a specimeropesunder the applied loading. It can be also spectfiatithe first state illustrates
the sufficient number of cycles expettsvardsthe formaion of a fatigue crackPeeker(1997)
demonstrated that the local stresgreextremely greater than the nominal stresses in neighboring
regimes.Schijve (2001) also stated thathe stress concentratiorere comparativelyimmense
engenderingmicro-cracks surrounding notches under cyclic loadiNgmerous studies have
shown such phenomemamaterialscience like the fundamental concepts of dislocations and slip
band plastic deformations etc. as well asfiacturemechanicgAl-Emrani & Akesson, 2013;
NDT Eduation Resource Center, 2014; Bhat & Patibandla, 2011; Fong & J., 1979)

31



( Total Life — Nf J

( Crack initiation state— N; W + { Crack propagation state — N, J
‘ Stress Concentration Factor — K, ‘ \ Stress Intensity Factor — K ‘
Stress-life technique [S — N] ‘ | Strain-life approach [¢ — N] | Fracture mechanics theory [% — AK]

Figure30: Schematic image of different states of fatigue life and relevant factors

To express the extremity of fatigue loading of the crack initiation state, the SCF is
employed. The first state is based on the numbeyding loading demanded to active a fatigue

crack in this regimas shown irFigure30.
2.12) Linear Elastic Fracture Mechanics Approach

In a nutshell, traditional strengtif-materials methods are not accurate enoughhier
crack propagation state as showiigure30. The prediction and the diagnosis of such failure due
to existence a crack or an imperfection leading to magnifying the stress in the proximity of that

crack within a welded component is utilized by fracture mechanics theory.

The traditionamethodsapply strengthof-materials concepts to the design and the analysis
of such parts. Applied loading creates the stresses within the welded regime. Failure is established

to happen when the applied stress suhlmpPaosses t|

the ultimate strength bounds by the principal fat thilure.

Stress Intensity Factor (SIF) is a handy concept for describing the stress field near the crack
tip. Hence, the SIF is another key parameter in fracture mechanics crack gg@hitwa irFigure
30. Stress density changing around the crack tip is meant as an assessment of finding fatigue crack

propagation rate.

The SIFis computed as a function of applied stress, crack size and component geometry.
Fracture takes place when t he $d.Antheswsituatiends t he

the crack willadvancen an acceleratedndinstablemannettill failure.
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In brief, stress distribution around the crack tip determines the crack behaviour and how

fast crack grow in that directiofihe SIF is given in equatiq@. 11) as the simplest formulation

O YU @b (2.11)
Whereu is stress intensity factory is nominal stressf a remote loadis cracklengthandis
geometry factomwhich is function of geometry itself and loading of the deféile SCF is
dimensionlesssince it simply describes the geometry of the specimen, while the SIF hasfunits
0 0 a4 . Equation(2. 11) was also evolved from the stress field near a sharp wotdh regard

to a concept of elasticity solutidBroek, 1986)

Figure31 represents schematically a typical fracture mechdaiitgiecrack initiationand

propagation behavioult is plotted under logog scales and consists of three different regions:

1 Region lis called as Threshold regianCrackThresholdStage
1 Region Il is named as Paris Law reg®nCrack Propagation Stage

1 Region lll is entitled a&racture regio®, CrackFailure Stage

da
Ig
~dN Fracture
Region I Region II Region III

m

S

AK

Afl{th 1

rQ

Figure31: Schematic sketch of typical fracture mechanics fatigue crack initiation and propagation behaviour

Figure 32 demonstrates comparatively three different modes of failure in fracture
mechanicsMODE | is treated as opening mode which is interpreted as opening of the crack due
to the tensile loading. MDE Il is considered as sliding mode which is understood as
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displacements perpendicular to the crack tip edge froplaime shear stresses. MODE Il is
acknowledged as tearing mode which is deciphered as displacements paralletaokttie edge

from outof-plane shear stress®&wote that MODE | is generally the most critical case among them.

f

MODE | MODE I MODE Il

Opening Sliding Tearing

Figure32: Different modes of failure in fracture mechanics

Region | and Il are described in the followingxtsections while Region Il is explained
in Chapter 3To explicitthe extremity of fatigue loading of the crack propagation stateptieept
of theSIF isutilized. The second state is basecdtlo@ propgation of the fatigue crachs cycling
loadingdurationas shown irFigure31 (AL -Emarani& Akesson, 2013)

A material can withstand the applied stresserityup to acritical amount above which
the crack will develop in a rapid and unstable manmét fracture happensin other words,
Fracture Toughness (FT) amaterial is the critical stress severyd it is denoted by . The FT
of the material is relying on lots of different aspects including environmental temperature,
environmental composition such @s, saltwateyfresh wateetc., material thickness and loading

rate simply to mention a few.

As already mentionedrdcture is expected to happen whemvertakes the critical SIF,
0 , which is revolved around the material and specimen geometrwill reach a minimum
amount named the plain strain critical SIF, oriFfhe specimen is massive enough that a state of
plain strain exist§Broek, 1986) The FT belongs to REGION IIl dhe FCGcurve adllustrated
in Figure31. REGION Il depicts rapid unstable crack growtHracture mechanic3 he factory
is proposed to specify the FT of different materials in REGION Il as showigime31. This
parameter considers three distinct modes as shdigune32. To show the extremity of fatigue

loading of the cack propagation state, the FT is used.
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Threshold stress intensitgictor (THSIF)is a stress intensity below which cracks will not
progressand is denoted by . In traditional fatigueanalysesthis iscomparable to the fatigue
strength The cracks will not expand unless the initial crack size and the stress range are immense
enough texceedhe THSIFE Note thatthe THSIFstaysrelatively constant as a function of stress

sinceY0 reduceswith raisingthe Rratio or vise versa

The THSIF belongs to REGION | othe FCGcurve agresentedn Figure31. REGION |
depicts slow crack growth in fracture mechanias show the extremity of fatigue loading of the

crack initiation state, the THiFis applied.

Fracture fatigue is @ime-consuming proceswhich materializes under cyclic fatigue
loading in the welded structures. The load spectrum includinga@due loadings indicated in
Figure33. The final fatigue load is typically lower than unpredictable design and analysis load.
Hence, the destructive impression of such loading should be considered during the design process

of suchstructures that arietendedto resistthe applied cyclic fatigue loadinéshcroft, 2011)

In Figure33, CA load is known as the frequent stress cycle that does not fluctuate in time.
Further, CAloadis thegreatest popular sort of applied loading to conduct laboratory tests. As
illustrated inFigure33, the structures exposed to the tensile cyclic loading encounter the maximum
andtheminimum stresses. Still, the amounts of theses stressgaotbe the sam for these peaks
(Al-Emrani & Akesson, 2013)

CA cyclic fatigue loadingis in schemeof sine waveto expressa smooth repetitive
oscillationof the fatigue load. The conversion of thaved load spectrum into an equivalent CA
stress histogram is usually acquired through cyclic counting methods as stat@d-tereani &
Akesson, 2013)

It is worth noting that there are other components of loads as well like shear loading which
is perpendicular tthe tensile loading. In this thesis, tensile loading is the dominant force and is

perpendicular to the crack. In other words, it is the deriving fatigue force.
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Figure33: Typical Constant Amplitude Cyclic Fatigue Loaditiya Rratio equal to 0.1

To investigate the impact of loading spectrum in the fatigue anal@#gesyclic fatigue
loading with a Rratio equivalent to 0.1 wasppliedfor the whole materials this thesisobtained
and derived from the literature.
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CHAPTER 3: RESEARCH METHODOLOGY

3.1) Fatigue Analyses

Several cracgrowthsmodels have been evolvamlexplainthe relationship amornfgtigue
crack growth—, andstress intensity rang®)p , within the three mentioneegiors as shown in

Figure31. Two modelsemployed extensivelin this thesis are Walker and Forman crack growth
models to predict fracture mechanics fatigue crack propagabiehaviour of nine distinct

materials.

The crack propagation period of the fatigue life of the welded structures is often regarded
to represent théulk of total fatigue life since the fatigue crack initiation period in welded
structures is considered to be significantly shorter in comparison to the crack propagation period
(Fricke, 2003) Thereforethe crack propagation period playdecisive roldor accurate fatigue
life assessment of the welded joints ufdéguecyclic loading.Due to the prexisting crack, the

crack propagation can be generally computed depending on the simple powsifidiaws:

3.2) Paris Crack Growth Model

In LEFM, the crack gywth is concerned with the local stress intengyiffith, 1921;
Irwin, 1948, 1957)Paris and Erdogafi963)estimated the intermediate crackgtb region with
a power law relationship recognized nowadays as Paris eq(@tignwherewis crack size, is
loading cyclesyU is stress intensity rangbtaired byY0 0 0 ,6 anda are fitting

constants of Paris modaépending othe material

Given initial crack sizey and failure crack sizé , the life of the component can be

forecaseédthrough equatioli3. 1):

Qw , ., (3.1)
a) 0 Yu
By integratingequation(3. 1) with the appropriate SIF, the cycles needed to grow a crack
from its initial size to final sizean be computeds followsdepending on the applied criteria and

the engineering assumptions thatused
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Note thatd  is served as zero because the tensile loading performs the main interaction
with the crack growth while the compressresidual stressdessen the crack growth. In case of

the compressive stresses, is zero.

Equation(3. 1) displays mathematically Region(the central regiondf the crack growth
ratecurve as shown iRigure31. To calculate the development of the crack size and the analogous
life cycles, Paris equation can be applied to Regidorlkpecific amountsf the R-ratio. This
equationis formed to desche first order estimation of life behavior when particulansufficient

data are available.

In brief, Paris equation indicates that the fatigue life ofalre leans directly on the stress
range that the component is exposed to. The stress range illustrates the amplitude among the lowest
andthe highest stresses influencing the material. In other words, the shorter the fatigue life is the
wider the stress range

3.3) Walker Crack Growth Model

To account for theesidual stresses, the mean stressthad-ratio effecs on theFCG,
Walker and Forman models in equati¢®@s3) and(3. 4) are employedwalker(1970)examined
the impacts ofhe R-ratio onthe crack propagation for aluminum alloys, achieving that rigthg
ratio caused in an increase growth rate as expressed in eg{Batyn

Qo 6 YO
Q0 p Y

Whered h andf are fitting constantsvhich are empirically determined from experimental

(3.3)

data.

Paris and Walker equations operate well in region lihefcrack growthrate curveas
illustrated inFigure31; however, do not address the asymptotic behavior in the unstable region. To

tackle this behaviof-orman equation was applied next to address such behaviour.
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3.4) Forman Crack Growth Model

Forman, Kearney and Engl&#967)suggested equatidB. 4), which is broadly employed
to account fothe asymptotic behavior at the end of crack propagaitsowell as the Ratio and
the mean stress effesitmilar to Walker equatian

Qo 6 YU

Q6 p YO 0 (3.4)
Equation(3. 4) can be simplified as:
Qo 6 YU
(3.5)

Q0 p YO O
Note thatdé andd& are material constants which are empiricalhecifiedfrom experimental
data.

Wheno reached ,the asymptotic behavior increases in the unstable region as shown
in Figure31 which simply means— turns tavardsinfinity . This model is capable of depicting both

Region | and Region Il of the crack growth rate curve as presentefignre31. Note thatY0 is
characterized as the equivalent stress intensity ranyfe at in this researchior Walker and

Forman models
3.5) Weight Function Approach

Toreveal stress intensity factors fhecracks in the welded structures, the weight function
technique is use(Bueckner, 1970; Glinka & Shen, 199The weight function (WF) method is
used to calculatéhe SIF,0, influenced by the straightforward load configuration as shown in
Chapter 4i experimental fatigue dat@Chattopadhyay et al., 2011yhe SIF,0, canalso be
calculatedon the basis of the WF methodeguation(3. 5). The knowledge of stress distribution
andthe WFis necessary taomputethe stress intensity factor K by means of integrating the
product of the stress distribution @, andthe WF, & aftd, in the perspective crack plane in
equation(3. 5):
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The overall concept is for the stress distributiarweld toe radius iassumedand it is
already estimated within the local stress analysis.

The stress distribution is obtained to calculate the SIF. As for an applied tension loading,
“Yas shownn Chapter 4the througkthickness stress distribution is calculated by accouriiag
local applied stress arttie residual stress induced by the welding and UIT processesach

material
3.6) Road Map of Numerical Models

To indicate the fatigue enhancement induced by UIT, fatigue analysis program FALPR
(V6.9) is employedto perform FCG analgsfor Walker and Forman modelmder the AW and
the UIT conditions.Several distinctkkey concepts anglenty various fatigue parameters are
generallyengaged during the FCG analysBs easily grasp the core concegisl the fundameal
parametersaccompanying graph gives a roadmap of numerical implemengatighis research
done through FALPR (V6.9Figure34 displays a schematic perspective of the FCG analyses in
this study Analysis options and input parameters in terms of comppoeraick geometry, loadings

residual stresandmaterial datatc for FALPR (V6.9) areshown inFigure34.

ROAD MAP
W v |ur
1 2 5
Analysis Options Residual Stresses Crack Geometry
Units: S| AW Qip = Mmm
Target: Crack Growth uItT af > mm
Fatigue Models: Walker and Forman a .
Loading: Constant Amplitude g c — unitless
Loading Option: Cyclic Loading Component Geometry
Crack Growth: da Increment W — mm 6
Residual Stress: Accounted t - mm Material Fatigue Data
Mean Stress: Accounted m/cycle
Stress Ratio: Accounted ) - MPaym
Analysis Type: Deterministic Loading Spectrum m — Unitless
Component: Welded Joints S, = MPa R = Dimensionless
Crack Shape: Semi-Elliptical S — MPa Kep = MPaym
K. — MPaym

Figure34: Schematic perspective of fatigue crack growth analyses of AW and UIT conditions

40



In this thesis, the fundamental assumption is that the crack alreatty axgeld toe and
the crack is toe crack should be emphasized that the crack size is lesg#and which simply
means in microscopic scalote that the crack shape is sesfliptical and also the crack is 2D
which simply means in depth and on surface dimensions. It should be indicated that the fatigue
fracture of the welded joint occurs at the weld toe. The final crack size is considbeebalh of

the thickness. The fracture happens when the crack is reached its critical size.

Figure35 depicts schematically geometry of a crack at weld toe whérendicatescrack

length andd demonstratesrack depth.

2c
B B
A

Figure35: Schematic portrait of geometry of a sediliptical crack at weld toe

Hence, this research mairdgpeswith the crack propagation phaségure36 demonstrate
comparatively Walker versus Forman models for in depth and on surface dimensiobslothe

equations aremployedfor atwo-dimensionatrack case as follows:

Walker Model Forman Model

Figure36: Schematic illustration of Walker and Forman models for in depth and on surface dimensions

41



Figure37 represents schematic image of FALPR (V6.9) which is a fracture mechanics

based fatigue analysis program.

FALPR

Copyright (C) 2000-2009 by

HJ & SaFFD

Figure37: Schematic image of FALE#®.9)

Accordingly, FALPR (V6.9) is utilized to obtain FCG predictions for Walker and Forman
models. The numerical results obtained from FALPR (V6.9) are sogtied,examined and
imported into EXCELfor the further verifications and expanssonn the end, MATLAB and

EXCEL ae used to plot the numerical results.
3.7) Numerical Execution of Local Stress

On average, 10 stresangelevels are defined for each material foe AW as well aghe
UIT conditionsdepending on the experimental data from the literafloe&omputetie maximum

and the minimum nominal stresseguationg2. 1), (2. 2), (2.3) and(2. 4) are used

Y'Y (3.6)
p
) Y 8Y (3.7)
Y —
p Y
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To calculate the nominal stress amplitudes thiedhominaimean stresse§. 1), (2.2), (2.3) and

(2.4) areutilized toextractthe following ones

Y p Y (3.8)
Y v

Y p Y (3.9)
Y _—

To determine the local nominal stress amplitud¥s , andthe localmean stresseSY

equationg2. 2), (2.3), (2.9), (3.8) and(3.9) are employed tacquire the following ones:

Yo 0 8Y (3.10)
Yo 0 8Y (3.11)
The welding tensileesidual stressemd thestress concentrationsie to the local geometry
tend to make joints the weakest location in terms of fatigue failure. Accordingly, the core concept

of notch stress method explains this important matter by introducing théFaCke, 2012)

Figure38 displays numericallyhe concept of the local stress ampléaatd thdocal mean

stress at the weld tasilizing the stress concentratiom®nception

Stress Ratio (R) 0.1

Figure38: Schematic illustration of computing local stress amplitude and local mean stress using stress concentration
conception for AW and UIT conditidios each stress lev@Vaterial: Aluminum]

After obtaining the necessary load dafahe materialfor both conditiondy using the
stress concentrationthe local stress amplitudend the locainean stress conceptions following
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the same procedure dsscribedabove the datasetsareindividually used asheinput parameter

values of loading spectrufor thatmaterialin the models.
3.8) Analytical Performance of Fatigue Strength

FCG results obtained from Walker and Forman modelsitidized to generaténe™ 0
curvesfor these modelwhich these curves represent crack growth life of the welded .jBiptse
39showsnumerically the concept of calculating fatigue stremgtioth conditiongor both models
using the derivedfatigue parameterfrom the literaturethe estimatedactorsbased on the

recommendations criterend or the common engineering assumpteins

g
g

Figure39: Schematic perspective of calculating fatigue strength of AW and UIT conditiceesch stress levely
Walker and Forman models using fatigue parameters [Material: Aluminum]

Toplot™Y 0 curvesof fatigue strengtof both conditionsand both mode]shecalculated
number of cycles) , versus the stress rasg¥"Y can be depicteon a loglog scale for the FCG

analysis. In the end, the curves can be validated by the derived experimental data from the literature
as shown irFigure40.
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Figure40: Schematic aspect of fatigue strength of a welded joint subjected to CA fatigue loadings using Walker and
Formanmodels for AW and UIT conditions [Material: Aluminum]

Figure40 depicts graphicallyatigue strength of avelded jointfor the AW andthe UIT
conditionsfor both modelslt is anticipatedhat UIT enhancgthe fatigue lifeof the welded joint

asdemonstrateth Figure40.

3.9) Numerical Implementation of Fatigue Crack Growth

To further establish the crack propagatias well as the final fracturgatesof the FCG,
the extracted crack growttatafrom the modelganbe numericallyeducedhrough interpolation

of the datavia the crack depth, the crack surface and the aspect+asie well as by itating "Q
the following formué and usinghe calculated ratom interpolation of the data

- )
I (3.12

-

)
Whereis crack surfacandois crack depth

Eventually,o 0 curvescan beoutlinedwhicharethe crack depthversus the number of
cyclesalso® U curvescan be laid out whichrethe crack surfaceversus the number of cycles.
Figure41 and Figure42 show graphically schematiketchef & 0 andow 0 curves under

X T 0 datigue cyclic loadingising the extracted data through interpolaperception
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Figure4l: Schematic sketch ofld curves of a welded joint under 70 MPa CA fatigue cyclic loading using extracted
data through interpolation for AW and UIT conditions for Forman model [Material: Aluminum]

In Figure 41, it is predictedthat UIT can dramatically improve thefatigue life by
significantly delaying crack initiation state as alreadharkedin Figure25 as well It is also
anticipatedo slow down crack propagation phaselepthdirectionwhich will lead to enhancing
the fatigue lifeas alreadyllustratedin Figure25.
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Figure42: Schematic sketch ofd curves of a welded joinnhder 70 MPa CA fatigue cyclic loading using extracted
data through interpolation for AW and UIT conditions for Forman model [Material: Aluminum]
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In Figure42, it isexpectedthat UIT can considerably enlarge the fatigue lifesigyificantly
delaying crack initiatiorstate as already revealed figure25 as well.It is forecastedhat UIT
holds backcrack propagation phasa surface direction which will result in enhancing the fatigue
life as well.lt is worth noting thaUIT can slightly clos¢he surface of the crack

3.10) Analytical Accomplishmentof Crack ShapeEvolution

Since the crack is semiliptical and 2D the concepbdf the ellipse can be utilized to
determine crack shamwolution The shapesvolutionof that crackcan be forecasted as:
— = P (3.13
W
It can bealsosimplified asfollows:

ol ¥ W
w o0 p = (3.14)

Eventually, the crack surfagedicates Xdirection and also the crack depth implieslivection as

exhibited inFigure43. Then, it can be rewritten in following way:

O W w 3.15

P35 (3.15
Given crack depthd &, initial crack surfaceg, and initial crack depthg, the crack shape
evolutioncan bepredicated

To plot®  ccurves of the crack for both conditions and both models, the computed crack
surfaces and the determined crack deptidereach fatigue cyclic loading can be graphasgfor

exampleFigure43.
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a-c (UIT vs AW -110 MPa Forman)

a-depth (mm)

c-surface (mm)

Figure43: Schematic picture of crack shagelutionof a weld joint under 110 MPa CA fatigue cyclic loading using
both derived andtomputeddata from Forman modkfor AW and UIT conditiofslaterial: Aluminum]

In Figure43, it is anticipated t@eehow effective UIT can close the surface of the crack
further retardingcrack propagation phas®n top of that, the crack behaviour and how fast the

crack grovein depth and on surface can be propedynprehended.
3.11) Recap

Following the similar manneras expressedabove for each stress level rarfge nine
different materials considerirtge key concepts arile different derived fatigue parameters from
the literature, the estimated factors based on the recommendations criteria and or the common
engineering assumptions etthe outcomes of the numerical implementations are prominently

representeth Chapters.
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CHAPTER 4: EXPERIMENTAL FATIGUE DATA

Loading spectrum has been set up as CA cyclic fatigue loading. -TagoRhas been set
to @ for all materials, and the abort criterion is burst fracture. In this thesis, aluminum is

abbreviated to AL and steel is simplified in S or ST which areeelaiéxd into the materials names.

The type of veld specimeg) schematic geometry adhe examined specimanchemical
composition of thematerias, the type of initial crackss wellas the shape of final crackse

presented under each material section in this chapter.

Theresidual stressdsllowed by their distribution across the plate thickness are required
to be determined in order to perform accurate fatigue life predictions on the basis of the crack
propagation methodologies. The conception ofrdmdual stresseas already expressed in Chapter
2. From literaturemeasurements of depth stresses were performed usiag diffraction (XRD)
methodike onPhilips Pro XRD or mechanical ones liksingholedrilling method (HDM)which

their resultsaarerepresented under each material secinotinis chapter.

To validate fatigue strength predictions of the models, fatigue life experimental data of the
materials are shown under each material section in this chapget.fromthe plots the outcomes
of the fatigue tests are also summarized in Appendix TA)le10, Tablell, Table12, Tablel3,
Tablel4, Tablel5, Tablel6, Tablel7 andTable18 which are for HO83H321 AL, CSA 350W ST,
A514 ST, S355, S460, S690, S960, 5683L AL and 20241351 AL, respectively.
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4.1) HO083-H321 Aluminum Alloy

The welded specimen ahis materialwas cruciformjoint and was madap from
w® & & ofY othick aluminum plate (HO881321 AL). The aforesaid specimen was welded to
the plateat room temperaturandthe welded plate has been examined to meet the quality of the
welds and no weld quality problems were deteciée. iffener welds were carried out by Metal
Inter Gas (MIG) welding. The welds were executed in a single pigsse44 depicts schematically
geometry of the investigated specimen for the abeationed materia{fKasra Ghahremani,
Ranjan, et al., 2015; Ranjan et al., 2016)

Figure44: Schematic portrait of the specimér HO83H321 AL material cruciforjoint (Kasra Ghahremani, Ranjan,
et al., 2015; Ranjan et al., 2016)

5083H321 AL is a popular alloy for structural sheet usagyes its chemical designation
is(0p 0 "@&0 &n&). The abbreviation of H321 demonstrates its temper wiighns itbecame
strainrhardened and pdy annealed during its forming proced$éominally, it consiséd of 1
18U ® 0 Qm8tv @ W 6, andm@ pU ¢ 0 € (Kasra Ghahremani, Ranjan, et al.,
2015; Ranjan et al., 2016lo determinghefinal crack shape, it was photographed in advance of
fracture.The crackshape was similao that of ellipseas shown irFigure44 and the crackype

wastoe crackKasra Ghahremani, Ranjan, et al., 2015; Ranjan et al., 2016)
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Figure 45 shows Illustrativelyits residual stressemeasurements for the AW and the UIT
conditions.
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Figure45: Residual stress measurement resoit§083H321 AL cruciforgoint specimen under AW and UIT
conditions(Tehrani Yekta et al., 2013; Kasra Ghahremani, Ranjan, et al., 2015; Ranjan et al., 2016)

Figure46 presentsts fatigue life experimental datar bothconditions.
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Figure46: Fatigue life experimental dafar 5083H321 AL cruciforfoint specimen under AW and UIT conditions
(Tehrani Yekta et al., 2013; Kasra Ghahremani, Ranjan, et al., 2015; Ranjan et al., 2016)
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4.2) CSA 350W Steeklloy

The weldedspecimen of this material was crucifefoint and was fabricated from
w® & & ofP omild steel plate (CSA 350W STYheforenamedspecimen was welded to the
plate at room temperature and the welded glatebeen inspected tcomply withthe quality of
the welds and no weld quality problems webserved Thetransverse stiffeners were performed
by flux-cored arc (FCAW) weldingFigure 47 displays graphicallygeometry of thestudied

specimen for the mentioned matefigéhrani Yekta et al., 2013)

Figure47: Schematidllustration of the specimeifior CSA 350V8 Tmaterial cruciformjoint (Tehrani Yekta et al., 2013)

CSA 350W STis a mild, weldable strutcural steel grade.contaired 6 1& o P
DEM p®d P, 0 mTRY mtubk'YQ mM b and other alloying elements or
impurities 1@ P (Tehrani Yekta et al., 2013)

It was pressumed that the initial defect was cildek in order to implement fracture
mechanics analysesh@& Alternating Current Potential Drop (ACDP) approach wabzed to
obtain the necessary info related to the crack dimens&msthe critical crack depth a®® & &
was noticedThe crack shape was toe crgdlehrani Yekta et al., 2013Then, the crack shape
was considered to be similar to that of ellipsedepicted irigure47 (Kasra Ghahrenm, Ranjan,
et al., 2015; Ranjan et al., 2016)
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Figure48 demonstrates comparativetg residual stresseseasurement®r the AW and the UIT
conditions.
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Figure48: Residual stress measurement resof€SA 350W SFuciformyjoint specimen under AW and UIT conditions
(Tehrani Yekta et al., 2013; Kasra Ghahremani, Ranjan, et al., 2015; Ranjan ét&l., 20

Figure49 representgs fatigue life experimental data fboth conditions.
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Figure49: Fatigue life experimental datar CSA50W STruciformjoint specimen under AW and UIT conditions
(Tehrani Yekta et al., 2013; Kasra Ghahremani, Ranjan, et al., 2015; Ranjan et al., 2016)
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4.3) ASTM A514 SteelAlloy

The welded specimen of this material was crucifgsmt and was manufactured from
w® & & ofP ohigh strength steel plate (ASTM A514 ST). Ttheesaidspecimen was welded to
the plate at room temperature and the welded plate hasbeeked outo satsfy the quality of
the welds and no weld quality problems wdistinguished The stiffener welds werdoneby
Metal Inter Gas (MIG) welding. The welds were executed in a single pagse50 shows
illustratively geometry of theresearchedspecimen for the abowaentioned materia(Kasra
Ghahremani, Ranjan, et al., 2015; Ranjan et al., 2016)

Figure50: Schematisketchof the specimeifior A514 STnaterial cruciformjoint (Kasra Ghahremani, Ranjan, et al.,
2015; Ranjan et al., 2016)

A514 ST is a weldable, higyield strength, quenched and tempered alloy stéel.
compromisd of T YW & 6, pgU G 0 ¢ Mrpot e 0, Mrna & Y 1@ W & "YQ
MY EPOAP QPO PO Eandn8t @ ¢ 0 &Kasra Ghahremani, Ranjan, et al.,
2015; Ranjan et al., 2016)

To verify the final crack shape, it wahotoedn advance of fracture. The crack shape was
similar to that of ellipseas displayed irFigure50 and the crack type was tamack (Kasra

Ghahremani, Ranjan, et al., 2015; Ranjan et al., 2016)
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Figure 51 shows Iillustrativelyits residual stressemeasurements for the AW and the UIT
conditions.

50

1=
o
[2*]
o
=
o
o]
o
0o
=
[
[2*]
[
=

-50

-100

-150

-200

Residual Stress (MPa)

-250

-300 ——A514 ST - UIT

-350 ——A514 ST - AW

-400
Depth Below Surface (mm)

Figure51: Residual stress measurement resolté.514 STruciformyjoint specimen under AW and UIT conditions
(Kasra Ghahremani, Ranjan, et al., 2015; Tehrani Yekta et al., 2013; Ranjan et al., 2016)

Figure52 displaysits fatigue life experimental data for both conditions.
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Figure52: Fatigue life experimental datar A514 STruciformjoint specimen under AW and UIT conditi§hshrani
Yekta et al., 2013; Kasra Ghahremani, Ranjan, et al., 2015; Ranjan et al., 2016)
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4.4) S355SteelAlloy

The welded specimen of this material was crucifppmt and was madap from
p @ a p ¥o ¢ anild steel plate (S355). The aforesaid specimen was welded to the plate at room
temperature and the welded plate has been examined to meet the quality oflshenaeio weld
guality problems were detected. The stiffener welds were carried daagWetal ArqMAG)
welding. Figure53 depicts schematically geometry of the istigated specimen for the abeve
mentioned materigUIrike Kuhlmann et al., 2005; U. Kuhlmann et al., 2006)

Figure53: Schematic portrait of the specimérr S355 Siaterial cruciformjoint (Kasra Ghahremani, Ranjan, et al.,
2015; Ranjan et al., 2016)

It consisted of T cwlk 6, TM NI & YQpPd @ ¢ 0 & mWipyd 0,
T8t T pOTd» "YandT@8t 1 0 ¢ O O There is no information about the crack shdpéthe crack
type was toe cracfUlrike Kuhlmann et al., 2005; U. Kuhlmann et al., 2006has been reported
by several studies that the fatigue crack in the weld joint areas were observed to-&léxeral
in shapgKasra Ghahremani, Ranjan, et al., 2015; Leitner et al., 2015; Ranjan et al.,RRy16)

this material, the crack was considered to be similar to that of edifosketched iRigure53.
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Figure 54 shows Iillustratively itsresidual stressemeasurements for the AW and the UIT

conditions.
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Figure54: Residual stress measurement resolt$355cruciformjoint specimen under AW and UIT conditifdiike
Kuhlmann et al., 2005; U. Kuhlmann et al., 2006)

Figure55 presents its fatigue life experimental data for both conditions.
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Figure55: Fatigue life experimental datar S355cruciformjoint specimen under AW and UIT conditi@dbike
Kuhlmann et al., 2005; U. Kuhlmann et al., 2006)
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4.5) S460SteelAlloy

The welded specimen of this material was crucifgsmt and was fabricated from
p @ a p "o ¢ digh strength steel plate (S460).The forenamed specimen was welded to the
plate at room temperature and the welded plate has been inspected to comply gqutiithef
the welds and no weld quality problems were obserVkd. stiffener weldsvere performedy
Gas Metal Arc (MAG) weldingFigure56 displays graphically geometry of the studied specimen
for the mentioned materifll. Kuhimann et al., 2006; Ulrike Kuhlmann et al., 2005)

Figure56: Schematidllustration of the specimeiffior S460 Staterial cruciforrjoint (Ulrike Kuhlmann et al., 2005; U.
Kuhlmann et al., 2006)

It containedrn8t o & 6, & ¢ B> "Y,QP® 10 & O & 18 1T d P O, 78T T pOTH Y
and Moy o) MY 6, Mot 0 Q Mg ¢ TEICHN P,
MIngpde omipd & "YAST 0 O candndt T OVl U . There is no informatioabout
the crack shape, but the crack type wasctaek(Ulrike Kuhlmann et al., 2005; U. Kuhlmann et
al., 2006) It has been stated by numerongestigationghat the fatigue crack in the weld joint
areas werseento be semelliptical in shapgKasra Ghahremani, Ranjan, et al., 2015; Leitner et
al., 2015; Ranjan et al., 201@he crack wasssumedo be similar to that of ellipsas illustrated

in Figure56 for this materiablsa
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Figure57 demonstrates comparatively residual stresseseasurements for thH&W and the UIT

conditions.
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Figure57: Residual stress measurement resolt$460cruciformjoint specimen under AW and UIT conditifdkike
Kuhlmann et al., 2005; U. Kuhlmann &f 2006)

Figure58 represents its fatigue life experimental data for both conditions.
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Figure58: Fatigue life experimental datar S460cruciformjoint specimen under AW and UIT conditi@dbike
Kuhlmann et al., 2005; U. Kuhlmann et al., 2006)
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4.6) S690SteelAlloy

The welded specimen of this material was crucifgsmt and was fabricated from
p @ a p do ¢ digh strength steel plate (S460je foresaid specimen was welded to the plate
at room temperature and the welded plate has been checked out to satisfy the quality of the welds
and no weld quality problems were distinguished. The stiffener welds were done by Gas Metal
Arc (MAG) welding. Figure59 shows illustratively geometry of the researched specimen for the

abovementioned materiglJ. Kuhlmann et al., 2006; Ulrike Kuhlmann et al., 2005)

Figure59: Schematisketchof the specimeifior S690material cruciformjoint (Ulrike Kuhlmann et al., 2005; U.
Kuhlmann et al., 2006)

It compromised of Tt X & & 6, T® o YTl Y QpH @ & 0 & TEIp I O,
MInEomP Y and ™BTocPP O TME O P O, MWqomd V' Q M udd €
WICcPO &, MBrvod o MBTnod YO8 p g ¢ O wand 8t T 10w O and other
alloying elementsThereis no information about the crack shapatthe crack type was toe crack
(Ulrike Kuhlmann et al., 2005; U. Kuhlmann et al., 2006has been incidated byumber of
researchethat the fatigue crack in the weld joint areas were observed to beligtical in shape
(Kasra Ghahremani, Ranjan, et al., 2015; Leitner et al., 2015; Ranjan et al.,T2@16)ack was
deemeé to be similar to that of ellips&s indicated ifFigure59.
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Figure 60 shows illustratively itsresidual stressemeasurements for the AW and the UIT

conditions.
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Figure60: Residual stress measurement resolt$690cruciformjoint specimen under AW and UIT conditifdbike
Kuhlmann et al., 2005; U. Kuhlmann et al., 2006)

Figure61 displaysits fatigue life experimental data for both conditions.
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Figure61l: Fatigue life experimental dafar S690cruciformjoint specimen under AW and UIT conditifdbkike
Kuhlmann et al., 2005; U. Kuhlmann et al., 2006)
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4.7) S960SteelAlloy

The welded specimen of this material wasgitudinal stiffener joint and was madep
fromua & p @p 1 dMighstrength steel plate (S96ahe aforesaid specimen was welded to the
plate at room temperature and the welded plate has been examinedtteergeatity of the welds
and no weld quality problems were detectédwever, previous studies higlighted that because of
an optimized calibration of the welding procélgschael Stoschka et al., 2012; M. Stoschka et al.,
2013) a bare minimum angular distortion in the span of-tamth degrees was eventually seen.
The stiffener welds were carried out IBas Metal Arc (MAG)welding. Figure 62 depicts
schematically geometry of the investigated specimen for the abhewgoned materiglLeitner et
al., 2017)

Figure62: Schematic portrait of the speciméar S960materiallongitudinal stiffenejoint (Leitner ¢ al., 2017)

There are no information about its composition and the crack shape. The crack type was
toe crack(Leitner et al., 2017)it has beereclaredoy many studies that the fatigue crack in the
weld joint areas were discovered to be sefiptical in shapgKasra Ghahremani, Ranjan, et al.,
2015; Leitner et al., 2015; Ranjan et al., 20E®)r this material, th crack was presumed to be
similar to that of ellipsas highlighted irFigure62.
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Figure 63 shows illustratively itsresidual stressemeasurements for the AW and the UIT

conditions.
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Figure63: Residual stress measurement resoft$960ongitudinal stiffenefjoint specimen under AW and UIT
conditions(Leitner et al., 2017)

Figure64 presents its fatigue life experimental data for both conditions.
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Figure64: Fatigue life experimental datar S960ongitudinal stiffenejoint specimen under AW and UIT conditions
(Leitner et al., 2017)
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4.8) 5083H11 Aluminum Alloy

The welded specimen of this material wdasjoint and was fabricated from
p T a ¢ dp 1t @uminum plate (5088111 AL). The forenamed specimen was welded to the
plate at room temperature and the welded plate has been inspected to comply with the quality of
the welds and no weld quality problems were observed. The transverse stiffeners were performed
by Metal Intert Gas (MIG)welding. Figure 65 displays graphically geomgtrof the studied

specimen for the mentioned mate(i@dhom et al., 2005)

B 5 —_—
/ ofy Y Al

Figure65: Schematidlustration of the specimefior CS/A083H11 AlLT-joint (Sidhom et al., 2005)
5083H11 AL is a popular alloy for structural shegiplicationsThe abbreviation of H321
demonstrates its temper which means it became work hardpffed@ i ‘nd annealed at
ouvl® for ¢ Qlt contained T W & YOr@ W ¢ OQ Mo & ¢ ™ @ & O &
RV EPIQQMAEOL QU 0QMmBTY & we TMTQ ¢ "Y,Qpg8 L & i and
10 & 0 ¢§Sidhom et al., 2005)

There is no information about the crack shape. The surface accuracy was investigated
employing a scanning electronic microscope (SBMJ the crack was toe cra¢kidhom et al.,
2005) According to the mentioned researches, for this material likewise the crack was determined

to be similar that of ellipsas demonstrated Figure65.
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Figure 66 shows illustratively itsresidual stressemeasurements for the AW and thHdT
conditions.

100

50

-50

-100

Residual Stress (MPa)

-150

== 5083-H11 AL - AW

-200

—@—5083-H11 AL-UIT

-250
Depth Below Surface (mm)

Figure66: Residual stress measurement resot$083H11 ALT- joint specimen under AW and UIT conditions
(Sidhom et al., 2005)

Figure67 presents its fatigue life experimental data for both conditions.
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Figure67: Fatigue life experimental datar 5083H11 ALT- joint specimen under AW and USidhom et al., 2005)
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4.9) 202471351 Aluminum Alloy

The specimen of this material wpkate and was manufactured from® & & p @ 1 0
aluminum plate (2024351 AL). The foresaid specimen wasaminedat room temperature and
the plate has been checked out to satisfy the qualttyeafesearchnd no quality problems were
distinguishedFigure68 shows illustratively geometry of the researched specimen for the-above

mentioned materigdKasra Ghahremani, Ranjan, et al., 2015; Ranjan et al., 2016)

Figure68: Schematidgllustrationof the specimeifior 2024 T351material plate (Rodopoulos et al., 2007)

There is no information about the crack shape. However, the propagation of the crack was
taken using an optical microscope and a dedicated Hregterring card with the help of a high
end computer. It should be note that the crack was surface(&iatiom et al., 2005Based on
the abovementionedstudies, the crack was also considered to bdagirthiat of ellipse for this
material tocaspresentedn Figure68.
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Figure 69 shows Iillustratively itsresidual stressemeasurements for the AW and the UIT
conditions.
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Figure69: Residual stress measurement resoit024T351 Alplate specimen under AW and UIT conditions
(Rodopoulos et al., 2007)

Figure70 displays its fatigue life experimental data for both conditions.
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Figure70: Fatigue life experimental dafar 2024 T351 Alplate specimen under AW and URodopoulos et al., 2007)
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Tablel givesa summerizedhformation about the yield strengthnd the ultimatéensile
strengtls as well as corresponding geometry typeall materialsFrom the literature hevalues
are eitheobtainedthroughthe tables oderviedfrom the stresstraindiagrams

Tablel: Table of propertieand corresponding geometry typs all materials(Sidhom et al., 2005; U. Kuhlmann et
al., 2006; Rodopoulos et al., 2007; Tehrani Yekta et al., 2013; Ranjan et al., 20E8;dteitn 2017)

Properties
Material _”‘ _”<> Geometry Type
HO83-H321 AL CT&O 0 O o Q& 0 O Cruciform-Joint
CSA 350W ST o wapd 0 O L X&O 0 O Cruciform-Joint
ASTM A514 ST X &0 0 & wndd U O Cruciform-Joint
S355 o wapd 0 & v oD 0 ® Cruciform-Joint
S460 v @0 0 B L L&D 0 O Cruciform-Joint
S690 Pp&0 0 ® W X& 0 & Cruciform-Joint
S960 WQHO © p T & | LongitudinalStiffener Joint
5083H11 AL PT IO ® opi0® T-Joint
20247351 AL oT&O 0 O v TIERO 0 B Plate

Relatedsupplementarynformation abouthe welding procedures of the materials are in
the corresponding cited literaturehe perceptiorof the welding processes is arleady described in
Chapter 2.
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4.10) Residual Stresses Measurement

FromFigure45, Figure48 andFigure51, by evaluating theesidual stressegsults 05083
H321 AL, CSA 350W ST and A514 ST fbothconditions respectivelyit can be understood that
even or multilinear residual stress distributions were used for UIT based on a trial and error
process(Ranjan et ki, 2016) Further, uniform stress distributions closed to zero were assumed for
the AW specimens for theentionedmaterials(K. Ghahremani, 2015Actually, it was explored
that theresidual stressesere very low, with similar scatten average arountt0 0 ¢fRanjan et
al., 2016)

However,The authorgKasra Ghahremani, Ranjan, et al., 2015; Ranjan et al., 2€¢it6}%
thatUIT imparts a compressive residual stress neighboringriseof thetreated weld toe in the
span ofy U ¢ Tt 0 chor 5083H311 AL andort 1 @ Tt O dbor A514 ST specimengue to
some scatter in thesidual stresseb fact, measuredesidual stressesitcomes are very sensitive
to the exact position of the site, so obtaining measurements are really problematic for the exact
same site fodistinct specimengsiven the substantial fatigue life enhancement that was witnessed
in the test outcomes, it was speculated thatréselual stressesbnormalityhappensover tiny
gaps throughout the weld. Eventuakyen if a crack commences in a regime of low compressive
residual stresseg is caught in the neighbourimggimes wer¢heresidual stressesagnitude are
higher.This assumption was proposed (§asra Ghahremani, Ranjan, et al., 2015; Ranjan et al.,

2016)andfurther evaluations would be required.

Comparing the outcomes, it can be note tharésedual stresseder A514 ST are at the
upper extremity of the liththat of CSA 350W STIt was expected to be larger, but CSA 350W
ST was treated in a completely different time / setting / operator / togReticjan et al., 2016t
is noteworthy that the maximum values of the desiredBalual stresseme at a depth of almost

@ a a for the said materials.

Thedesirableesidual stressegereimparteddeepby the UIT methodnto 5083H311 AL
and CSA 350W STiest specimenisiside and near the welnlver a depth of up to roughp@ a .
On the contrary, the undesirabiksidual stressesere induced by the welding operatimside

and near the weldver a depth of up to approximatet@a &.
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The beneficial compressivesidual stressagerepropagatedieepby the UIT method into
A514 ST test specimewithin and close the weldver a depth of up to roughly@ & &. In
contrast the tensilgesidual stressesere induced by the welding operatiithin and close the

weld over a depth of up to roughly less thag & &.

From Figure54, Figure57 andFigure60, by assessing theesidual stressagsults ofS355,
S460 and S690 for both conditions, respectivielian be comprehended thiae desirableesidual
stressesvere impartedieepby the UIT method int&355, S460 and S638st specimenmside
and near the weldver a depth of up to roughjy® & &. By contrast the undesirableesidual
stressesvere induced by the welding operatisithin andclosethe weldover a depth of up to
almostp® & & as well It should be noted that the maximum values of the desirasidual
stressesire at a depth afpproximatelyr@® & & to @ a & for the materials except S690 seems

to be a little belovthe surface.

FromFigure63, theresidual stressassults of S960 for both conditionsshould be pointed
out that the compressive benefigiesidual stressegere propagated deep by the UIT method into
S960 test specimen inside and near the weld over a depth of up to rp&glilya. Conversely,
thetensileresidual stressegere induced by the welding operatmithin andclosethe weldover

a depth of up tooughlyp& uwx & as well.

In the firstr® & &, the postwelded treatment accomplishes a desirable residual stress of
aboutv v dt§ TtV das shown irFigure63. Moving forward, the impact of UIT treatment is
distinguishable up to a depth alfmostp & 4. In the firstr® & &, the residual stress ftne AW
condition does not reflect properly thedrvalues for some unknown reasons like measurement

errors etc.

From Figure 66, the residual stressesffects of 5083H11 AL for both conditions, ¥
comparison to the initighortion of the graphFigure66 demonstrates that there is no significant
relaxation of thaundesirablaesidual stressag to a depth ofaughly 8t x @ &. The desirable
residual stressesere imparted deep by the UIT method iB@B3H11 AL test specimemside
and near the weldver a depth of up tapproximatelyr@d &. On the contrary, the undesirable
residual stressegere induced by the welding operatwithin andclosethe weldover a depth of

up toroughly & & a.
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Figure69 represert illustratively theresidual stresseseasurementef 2024T351 AL
which isplateprovided by Airbus UK and fabricated by AlcfRodopoulos et al., 20079r both
conditions. UIT dominates the regime amamyandp® & & and UIT exposes penetration depth
of almostp& & & considering some errors during the UIT mss as wellWhereashe tensile
residual stressesere induced by the welding operatimside and near the wetier a depth of

up toapproximately a 4.

Recent modeling and experimental works have also indicated that Ul resigihificant
effects on residual stresses of the weld jo{iftang et al., 2018; Zheng et al., 2018)T is
particularly more effective on steels with high strength considering the yield strength of the
materials.In a nutshell,tiis vital to bring down the tensilesidualstressest or just below the
surface to a depth about approximate#® & & in order to increase fatigue strength of the
material§Radaj, 1995)In this research, the derived datiiom the cited literature of the plotted
graphs are employed in the models.
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CHAPTER 5: RESULTS AND DISCUSSION

5.1) Input Fatigue and GeometryParameters

The entire applied and thiesidual stressdsllowed by their distribution across the plate
thickness are required to be determined in order to perform accurate fatigue life predictions on the
basis of the crack propagation methodologies as already dtetede, the effect of theesidual
stressesondition must be considered to calculate the fatigue life more precisehefaw and
theUIT conditionsfor each materialAs already clarified, thevelding tensileesidual stressemd
the stress concentratiordue to the local geometry tend to make joints the weddestion in
terms of fatigue failureAccordingly, the core concept of notch stress method explains this
important matter by introducing@CF (Fricke, 2012) From Chapter 3, equatioi§3. 10) and(3.

11) havealready described such phenomepathatlocal stress loadan be calculated for each

stress level

Through measuring the geometry feafuire can be obtained which is swmitical for
fracture analges Table2, Table3 andTable4 provide thestress concentrationslues for botiAW

and UIT conditions.

Table2: Stressoncentration for the first three materials

Paramete n =F [ - #F [ - 1F
L [ Q3 q G
v YOvY o] ot) of)

a(Estimated assumed)

Table3: Stressoncentration for the second three materials

Parameter 1 a 1l a ] a
L @ T ®p & T
v YOy P p 8T X P& @

2(U. Kuhlmann et al., 2006)

Table4: Stressoncentration for the third three materials

Parameter ] a 5 =4 . — b

VA ) P ] PP p
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v Yo'y P&y p8o P&
a (Estimated assumed)
b(Rodopoulos et al., 2007)

When the local yield strength of the material is smaller than the locally applied stress
Y Y ), the constancy of these stresses is extrensdgndial, and relaxation takes
place (Sonsino, 2009; Farajian, NitschRagel, et al., 2012; Yildirim & Marquis, 2013)s a
matter of factthecompressiveesidual stresses to adepth gb® ¢ & & have beegenerated

as:

YO 0YY Y 4.1)

"Y is applied stress) is stress concentratiofY is nominal stress and is residual stress.

These differences are related to the load of the fatigue tests. Comparable circumstances
have been found in the following studi@&eich et al., 2009; Farajian, Barsouet al., 2012;
Yildirim & Marquis, 2012, 2013; Khurshid et al., 2014)

Another dominant element that restricts the reachable degree of fatigue enhancement meant
for impact treated welds is the possibility of alternative modes of failure other théitoedailure

(Kasra Ghahremani, Walbridge, et al., 20B5)other significant factor is that for the crack shape,

the aspect ratie must be considered in a proper rai@eHobbacher, 2012)

The quantity of depends on the-Ratio in equatior(3. 3) for Walker model. It illustrates
how strongly the Ratio influence the crack growth rate in that matetiak important tdbear in
mind that Walker model is a generalization of Paris model to deem the impression efitie R
on crack growth rate as already mentioned in Chapter 3. SincerditeRqual torep does not
establish such high liability on fatigue crack growth analyses unlike {ta¢idrhigher tham®.
Thus,/ was considered based on probabilistic fracture mechanics. It was set to the default value
of approximatelyr® 71 by considering severaimilar various material databases. As stated

by (Dowling, 2013) ™® is a typical amount for many materials

There are two failure criteria. One is the maximum SIF should be compared to the critical
SIF from the material databasés determined failure. Other is checking yielding across the
uncrack section is usual. In this matter, theximum applied stress is usually compared to the

follow stress which is the average of the yield strength and the ultimate strength.
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The fatigue crack propagation and crack increments resulted from subsequent cyclic

loadings are calculated by Walker amafifian models witlhe fatigueparameters given imable

5, Table6 andTable7. The input parameters aobtainedfrom therecent publications, estimated
from the engine@ng assumptions and or assumed basetherecommendationpredicated on
average valuegPearson, 1966; Harrison, 1970; Tada et al., 1973; Frost et al., 1974; Ulrike
Kuhlmann et al., 2005; U. Kuhlmann et al., 2006; Wallbrink et al., 2006; A. Hobbacher, 2012;
Kasra Ghahremani, Ranjan, et al., 2015; Ranjan e2@l6; A. F. Hobbacher, 2016; Marquis &
Barsoum, 2016; Richard & Sander, 2016; Leitner et al., 2016; Hadley,. 20e parameters

are summarized ithe below tabls

Table5: Input fatigue and geometry parameters employedracture mechanics analys&s the first three materials

Parameter 5083H311 AL CSA 350W ST A514 ST
0 &d? 30 30 30
o0 &d? 9.5 9.5 9.5
0 00 & 71.4 201.5 209.9
'Ya 0.1 0.1 0.1
6 o QQi
00 g =8 ®cgp o8 T LS Y
6 TOéi a i
0 0 &g e L8 ¢ X® o PP v
a2 3.96 3 2.64
30 00 a2 0.796 2.529 3.604
O & 2 0.2 0.15 0.15
W ad& 9 4.75 4.75 4.75
- Baa- 0.47 0.4 0.29
- MO 0.71 0.6 0.15

a (Kasra Ghahremani, Ranjan, et al., 2015; Ranjan et al., 2016)

b (A. F. Hobbacher, 2016; Marquis & Barsoum, 2016; Richard & Sander, 2016; Hadley, 2018)
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¢ (Estimated / Assumed(1) - Derived from similar that of the material dack growth data and Walker based

on (Joshua, 2014)average value considering the recommendation&) )
d (Half of the thickness & -)
It should be underlinetthatd is computed in accordance with( 6 values heréRanjan

et al., 2016andit is alsoconverted frontt & to & as well as follows:

Cpwcy (4.2)
Vp Tt
Y0 was also converted frotn & to & . Note that the initial defect deptth, was assumed 0.2
for 5083H321 AL. The aspect rativas consideredrn@ and r@ for the AW and the UIT

conditions respectivelyffor CSA 350W ST

The logical assumed range of aspect ratidtietAW condition is genelly within 1@

- i@ whereas the good presumed range of aspect rattbdaHT condition is usually into

the interior of T® - i@ proportional to quality of the weld, joint type, geometry of the

weld attachment etdt is generally expected that the aspect ratio of a crack will contribute to
converge on an i de airespeetigewi theiinbial valw@vallbriokeenatl,i t i o n
2006) The initial aspect ratias well as the initial crack depttereopting in compliance with
comparisons to thecorrespondingexperimerdl results, considering the abowaentioned
descriptionand based on the common engineering assungpfidre aspect ratiestimaed also

based on the chosen initial crack siestated byP. ShamdHakimi, 2017; Poja Sharrdakimi

et al., 2018)

Table6: Input fatigue and geometry parameteappliedin fracturemechanics analyses for the second three materials

Parameter S355 S460 S690
O Ga? 160 160 160
oaa? 12 12 12
0 00 & 207.4 206.5 2125
Ya 0.1 0.1 0.1

0o s b, cl
LD o 3] X X R o
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O Ol ade

00 g vzb Ld W pg v P8 X
g bel 3.5 2.88 2.88
a0 00 &ng @ 0.61 0.61 0.61
O & ct 0.2 0.25 0.1

GO aaae 6 6 6

- . G a cl 0.4 0.3 0.4
- .)"6( G ct 0.65 0.65 0.7

a(U. Kuhlmann et al., 2006)

b (A. F. Hobbacher2016; Marquis & Barsoum, 2016; Richard & Sander, 2016; Hadley, 2018)

¢ (Estimated / Assumed(1) - Derived from similar that of the material crack growth data and Walker basec
on (Joshua, 2014)average value considering the recommendation&) )

d (A. Hobbacher, 2012; Leitner et al., 2016)

e (Half of the thickness @ -)
For the Rratio equal ta® which is within the following range 'Y 1@, Y0 can be
approximatedor steelas follows(A. Hobbacher, 2012; Leitner et al., 2016)

YO vg O & Y (4.3)

It is important to note that Walker model igeneralizatiorof Paris model to consider the
impact of the Ratio on crack growth rate as already mentioned in Chapter 3. Sincerti® R
equivalent tor does not impose such great burden on fatigue crack growth analyses unlike the
R-ratio higher tham®. Hence, crackwith depth of less thap & & can be treated in this manner

as both models are quite identiedlen the Rratio valueis close to zero

The initial crack deptivasassumed®®, & Y1 for S355, S460 and S690, respectively.
The aspect ratizvas consideredd, @ and@ for AW condition respectivelyfor S355, S460
and S690 while thaspect ratiavas presumed® y1@ uvandtex for UIT condition, respectively
for S355, S460 and S690.
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Table7: Input fatigue and geometry parameters applied in fracture mechanics analyses for the third three materials

Parameter S960 5083H11 AL 202471351 AL
0 Ga? 50 60 5.5
0Oaa? 5 10 4.5
0 00 & 200 72 70
'Ya 0.1 0.1 0.1
6 woaQQi
L L P& U pd @ & Y
0 ©Oei ame
0 0 &g cvzb oo U o U g y
G bt 3 3.96 3.2
30 00 tma @ 0.61 0.205 0.205
W aac 0.1 0.2 0.2
W aa?e 2.5 5 2.25
- -, adq ¢t 0.4 0.45 0.46
- .)"zs( g °t 0.7 0.61 0.66

a(Sidhomet al., 2005; Rodopoulos et al., 2007; Leitner et al., 2017)

b (A. F. Hobbacher, 2016; Marquis & Barsoum, 2016; Richard & Sander, 2016; Hadley, 2018)

¢ (Estimated / Assumed(1) - Derived from similar that of the material dack growth data and Walker based
on (Joshua, 2014)average value considering the recommendation@) )

d (A. Hobbacher, 2012; Hadley, 2018)

e (Half of the thickness @& -)
It should be emphasi zedOisthpaaly avvongprddd o mo d u |
¢ p @O @t room temperature. When the exact value is not presented, the current practice is to

presume it to be abogt 110 @epending of course dhegrade of steel and thickness etc.

The initial crack depthlwas considered®, &, @& for S960, 5083H11 AL and 2024
T351 AL, respectively. The aspect ratio was presum@dn@ vand @ ¢for AW condition,
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respectively for S960, 508311 AL and 20241351 AL whereas the aspect ratio was assumed
X, T pandTt@ @or UIT condition, respectively for S960, 50881 AL and 2024T351 AL.

For the Rratio equivalent taw which is in the following ranger 'Y 1@, Y0 can
be approximateébr aluminumas follbws (A. Hobbacher, 2012; Leitner et al., 2016)
YO PO && Y (4.4)
The recommended crack growth constants for steels could be employed to other materials with

Youngdés modul us E by (Reardon, ¥966nHarrigom &97C; erdstiebalyi n g
1974; Tada et al., 197:3)

. 0O (4.5)
0 ug p o
Similarly, the THSIF can be derived as follo(iZearson, 1966; Harrison, 1970; Frost et al., 1974;

Tada et al., 1973)

o )

. . O (4.6)
Yu Yu F

Equations(4. 4), (4. 5) and (4. 6) were applied to H5088111 to determin® as well a3
Further, equation§t. 4) and(4.6) were used for 2022351 AL to compute-0
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5.2) Fatigue Strength Analysis

The fatigue life on the basis of fatigue crack propagation of the edgtuints underthe
AW andthe UIT conditions arecomputedoy Walker and Forman crack growth modfgs nine
different materialsTo evaluatethe effects of UIT on the fatigugerformance of the wedd
attachmentsthe stress concentratiorsndthe residual stressesdjustments wereonsideredor
the prediction ofhefatigue life under the CAyclic fatigueloading withthe R-ratio equivalent to
0.1asexplainedn the previous section¥he overall aim of this section is to clarify which model
not only prediatdthe life better but also depextthe fatigue strength of that matenwith more
reliability and accuracjor both conditions.

Figure71, Figure72, Figure73, Figure74, Figure75, Figure76, Figure77, Figure78 andFigure
79 demonstrate comparatively the fracture mechanics rasultsler toevaluatefatigue strength
of 5083H311 AL, CSA 350W ST, A514 ST, S355, S460, S69960, 5083111 AL and 2024
T351 AL, respectively.

The figures show illustratively the nominal strdifs, "Y 0 curves, of the weld joints
underthe AW and the UIT treated conditions. In these charts, the AW specimens are shown with
red symbols and the UIT tremtspecimens are shown in blue ones. In all cases, the blue symbols
are shifted to the right, representing that a risth@fatigue life has led to thesuccessfulIT

treatment.

As a general rule, the fatigue life risefurther conspicuous fohe mild steel andhehigh-
strength steel specimens rather than the aluminum weld specaseas example with an
observation of the first threeaterials 5083H311 AL, CSA 350W ST and A514 ST, respectively
Figure71, Figure72 and Figure73 display graphically such description for both conditions and

models.

The aim of the CA cyclic fatigue loading tests was to study the impact of the UIT treatment
subjected to a loading history that is acknowledged to be surprisingly harsh fot-tnepéed
welds(Ranjan et al., 2016} ooking at the first three materials, it is clear that substantial fatigue
life raises still occurred because of the UIT treatment, subjected to this loading history. In more
general terms, the fatigue efficiency development because of the UIT treptoldatates as the

nominal stress range diminishes, because of the sophomaoric slope of the UIT curves.
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Figure71 shows that both models overpredicted the life artate for the UIT condition
betweerp p Ticyclestoo p 1cycles. On the contrary, after p 1tcyclesthe estimated life
demonstrates a good agreement with the test results inretfién Note that Forman model
appears to be more reliable in comparison @k&r model for the UIT posweld treatment. In

addition, the AW condition looks fine for both models. Still, Forman model performed an iota
better prediction over Walker model for this material.
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Figure71: Fracture mechanics analysis results for 568821 AL subjected to CA cyclic fatigue loading withtiB
equal to 0.1 for AW and UIT conditions for Walker and Forman m@¢itsa Ghahremani, Ranjan, et al., 201&pj&n et al.,
2016)

According toFigure72, the experimental data are positioned in the high cycle region for
the UIT condition, both models estimated the life still quite well. Due to lack of the experimental
data beforgp p 1 cycles,it seems difficult to evaluate the models in that domBiespite the

fact that the AW condition seems to illustrate an acceptable compliance with the experimental
results for both models.
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Figure72: Fracture mechanics analysis results for CSA 350W ST subjected to CA cyclic fatigue loadmgjavitl
equal to 0.1 for AW and UIT conditions for Walker and Forman m@¢tsa Ghahremani, Ranjan, et al., 2015;jRaet al.,
2016)

Further Figure73indicates that both models predicted the life gsatiesfactoryfor the AW
condition.Figure73 alsorepresents that both models assessed the life threled T conditionin a

good promise. Its worth noting that Forman model estimated the life better ¢élvan\Walker
model for the UlTconditionbefore¢ p Ttcycles.
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Figure73: Fracture mechanics analysis results A514 ST subjected to CA cyclic fatigue loadirrgtwaitadral to
0.1 for AW and UIT conditions for Walker and Forman mgHlelsra Ghahremani, Ranjan, et al., 2015; Ranja. £2016)

Figure74, Figure75 andFigure76 depict diagrammaticallthe impact of UIT on the fatigue
proficiencyof S355, S460 and S690, respectivelyderboth conditionsas well asnodels.
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As reflected irFigure74, both models forecasted the life quite agreeable for both conditions.
However, Walker and Forman models overestimated the life slightly for the UIT condgion

shown inFigure75 beforec p 1 cycles It should be noted that both models are still fairly
satisfactory for that condition.

100

4 EXP- AW - Digitized Data

NominalStress Range, 4S (MPa)

4 EXP-UIT - Digitized Data
- = 5355-AW - Walker

= + =5355-UIT- Walker

$355- AW - Forman

==+ 5355-UIT - Forman

10
1.E+04 LE+05 LE+06 LE+07
Number of Cycles, N_f

Figure74: Fracture mechanics analysis results S355 subjected to CA cyclic fatigue loadingatigtieual to 0.1
for AW and UIT conditions for Walker and Forman models
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Nominal Stress Range, AS (MPa)

A EXP- AW - Digitized Data

¢ EXP-UIT - Digitized Data
= = 5460- AW - Walker
— + =5460- UIT - Walker
= 5460- AW - Forman

------ $460 - UIT - Forman

10

1.00E+05 1.00E+06 1.00E+07

Number of Cycles, N_f

Figure75: Fracture mechanics analysesults S460 subjected to CA cyclic fatigue loading wittii®kequal to 0.1
for AW and UIT conditions for Walker and Forman models

As illustrated inFigure 76, Walker and Forman modeperformedcompletely good
predictions forthe life underthe AW condition. It should be pointed out that Fornmaodel

estimated the life superior to Walker Moét&i both conditionsThe experimental data amdjacent
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to each other fothe AW andtheUIT conditions which isroundo p mcyclesto@ p Ttcycles.

It is apparent that Walker model still is not as good as Forman model in this material for the UIT
conditionas shown in the figure

1000

Nominal Stress Range, AS (MPa)
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= -+ =5690- UIT - Walker
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------ S690 - UIT - Forman

10
1.00E+05 1.00E+06 1.00E+07

Number of Cycles, N_f

Figure76: Fracture mechanics analysis results S690 subjected to CA cyclic fatigue loadingatidtiegual to 0.1
for AW and UIT conditions for Walker and Forman models

As can be seen froffigure77, the HCF strength of the AW condition illustrates a hike by
approximatelyo w Bn comparison to the mild steel performance. The autthichael Stoschka
et al., 2012; M. Stoschka et al., 205Rted that these experimental discoveries demonstrate that
through employing optimized wetiperatiorparametergt can be accomplished. It can be inferred
that an enhancement of the weld toapping residual stress and hardness statusage of high
strength steels can be useful also without any subsequen{\Hael Stoschka et al., 2012; M.
Stoschka et al., 20130 the event of the UIT treated conditidhe assessed results disclose an
improvement by roughlo 1 Fof the highstrength steel compared to the mid steel as base
material. The advantage of the PWT including UIT can be proved by comparing the AW and the
UIT conditions for higkstrength steel. An enhancement by a factor of roughly three in HCF region
is the proof.As indicated inFigure77, The prediction of the calculated life through Walker and

Forman models is done entirely wetiderboth conditions.
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Figure77: Fracture mechanics analysis results S960 subjected to CA cyclic fatigue loadingatidtiedual to 0.1
for AW and UIT conditions for Walker and Forman models

Percentage of decreasing of fatigue strength as compared to the base materiabiwabout

to v Y Hor the AW condition whereas percentage of enhancing of fatigue strength to the weld
joint is abouip o v (Sidhom et al., 20055083 H11 AL behaviour was assumed to be isotropic

and linearly elasti¢Sidhom et al., 2005Figure78 depicts comparativelthe evaluated fatigue
strength of 5083411 AL underboth conditions.
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Figure78: Fracture mechanics analysis results 5683 AL subjected toAyclic fatigue loading with-Rtio equal
to 0.1 for AW and UIT conditions for Walker and Forman models
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Both models estimated the life quite fine for both condititins.important to mention that
Forman modestill performed better prediction versus Walker model for the UIT condifiera
matter of principle, comparing the aluminum against the mild steel and thstregigth steel, it
can be concluded that the faie life increase of thsteelsis better tharthe fatigue life ofthe
aluminums as indicated iRigure 78 and Figure79 which simply means the impact of UIT is

glaringly apparent.

Figure79 displays the assessed fatigue rggte of 20247351 AL for both conditions. It
should be note that BR stands for bare matédnalpite of the fact that 202A351 AL was a plate,
then it should be recognized in its fracture mechanics analysis results as deigdackEn®.

450 oy

'\ A EXP-BR- Digitized Data
N A EXP-UIT- Digitized Data

. ° B EXP-BR - Digitized Data

400 A v B EXP-UIT - Digitized Data
- = = 2024-T351AL-BR- Walker
N = . =2024-T351 AL - UIT - Walker
X X 2024-T351 AL - BR - Forman

------ 2024-T351 AL - UIT - Forman

(MPa)

350 A, E

300

Maximum Stress, S_Max

200

150
1.E+05 1.E+06 1.E+07
Number of Cycles, N_f

Figure79: Fracture mechanics analysis results 20351 AL subjected to CA cyclic fatigue loading wititiB
equal to 0.1 for AW and Utbnditions for Walker and Forman models

In Figure79, the computed life through the models for 88 and UIT conditions are
represented. It is crucial tnentionthatthe maximum stress versus the number of cycles is not in
log scale so that a better comparison and a good understanding versus the so(Roelbpoellos
et al., 2007ould be done. Walker and Forman models proved that the calculated life under the

UIT conditionseento be in a really goodorrelationalong withthe experimental results.

On the other sidehe estimated life for thBR conditionslook to be somehowtie in a
conservative point of view. However, it is imperatieenotethat the test specimen waplate,
and the crackwas a surface craqlRodopoulos et al., 2007As already clarifiedyarious weld

imperfections emerge at different zones of the weld segments which these defects perform as local
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stress raisers, a spot from where a fatigue crack may form as shéigargll. Unfortunately,

these weldmperfections have disastrous significance on the fatigue strength of the welded joints
which this material is not the case because it is a plate not a weldedBgsides, the author
(Rodopoulos et al., 2008}ated that the SIF has not been utilized. In fact, it has been avisided
addition to that the fitting constants of Forman model as welleaarntesirableesidual stresses
result for theBR condition could be also other contributing causes on the prediction of the fatigue

strength for théR condition for Forman model.

Based on the results, nonlinear fracture mechanics models, Walker and Forman highlighted
that both are valuable engineering tools. The output results lead to a good agedentenith
the experimental tests data. Ultimately, it can be concluded théatigee life improvement
resulted from UIT treatment was observed to rise with higher material strength. For example, S960
versus S355 can easily prove it as the real growth relies on level of the stress. The most suitable
model for predicting the life uter the mentioned conditions appears to be Forman model.
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After UIT, the fatigue strength enhancement of welded joint generally improvesiby
to¢ mmdtg p meycles(Wright, 196; E.Sh. Statnikov, 1997b; P. Haagensen et al., 1998; Roy
& Fisher, 2005) However, it can be less or even more than the mentioned proportion depending

on numerous factors like environmental impacts etc.

Table8 gives an insight of how much fatigue life improvedall materialgor the specified
stress levedin HCF regionfor both modelsFurther, t provides the perception tiie determined
fatigue life are approximatelyin the same bulk range for both mode&¥gh respect to the

experimental dat&y'et, Forman demonstratedbitbetter correlation wittheexperimental datmm

general.
Table8: Fatigue Life Improvement faato

Material Experimental Data | HCF - Walker | HCF - Forman | Stress Level

(MPa)
VTP dQo pp O T 5 v X T

0 YO uam Y'Y v o v CULUT
ov p Y'Y v T T C WT
"G UL v o v CT T
XY om o o o QT T
Yo T o o ¢ XTt
Yoo T o T v ocgu
VTTYSPp @ 0 o o o PT T
Cme¢TYLUPO o o o CUT
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5.3) Fatigue Crack Growth Analysis

It can be demonstrated through 0 and® O curveshow UIT can improve the fatigue
life by eliminating the appearance of the cracks. In a nutshell, UIT acts on weld imperfections to
delay crack initiation state as shownFigure25. Crack initiation phase expected to experience a
substantial delay because of inversing the intemsilual stresseshich led to modifying the
fatigue life of the weld jointdt is expected that UIT can also considerably enlarge theuatifg
by significantlyslowing crack propagation state either in depth or on surface depending on various
stated concepts as already revealed throughout chapter 2 and 3 @kevgdineral purpose of this
section is to analyze which modahticipatel betterthe fatigue crack growth in depth and on

surface of that material for both conditions under each fatigue cyclic loading.

Further it can beunderstoochow much thecrack propagateftom its initial size up to its
final sizefor that nunier of specified cycledt should be emphasized thateomaterial is selected
to be presented in this section out of nine materials. For the rest materials, the restiits and

conclusions are described in Appen(B).
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5.3.1)A514 ST

Figure80 andFigure81 depict graphically fatigue crack growth analysis resofli&514 ST
under the AW and the UIT conditions for Walker and Forman models. Crack depth and crack
surface versus the number of cycles are displayedse figures.

Both models predicted crack propagation state quite well as it can be observiba that
fatigue life has been shifted to the right and the surface of the crack has been either slightly or
significantly diminished which means it has led to the successful UIT treatment.

As reflected irFigure81, Forman performed a bettimrecastingpf fatigue crack growth of
the material in depth as well as on surface for the AW condition. From approxirgately 0 ¢
tot OO Btress leveldValker could not properlgepictthe fatiguecrackgrowth on the surface

of the crack unlike Forman model.

As illustrated inFigure81, Forman anticipated the fatigue crack growth of the material in
depth as well as on surface quite satisfactory in comparison to Walker oratbrl the UIT
conditiondue to the fact that the dace of the crack is substantiatlgcreasethroughout the life
as indicated ifFigure81.
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Figure80: Fatigue craclgrowth analysis results of A514 ST under AW condition for Walker vs Forman, crack depth and
crack surface against the number of cycles for the whole stress level ranges
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Figure81: Fatigue crack growth analysissults of A514 ST under UIT condition for Walker vs Forman, crack depth and
crack surface against the number of cycles for the whole stress level ranges
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5.4) Crack ShapeEvolution Analysis

It can be demonstrated through ccurves how effective UIT can closke surface of
the crack to further delay crack initiation state as well as retarding crack propagationQuhase.
top of that, the crack behaviour and how fast the crack grows in depth and on surface can be
properly comprehendetdhekey objectiveof this section is tinvestigatavhich modeforecasted
betterthe crack growthalong with the evolution of the crack shapelepth and on surface of that

material for both conditionsndereachfatigue cyclic loading

The fatigue crack growthnalysis requires to be conductedesemblethe evolution of
the crack shape throughout the life of the weld. Further, there were various parameters that were
engaged in this methodology including the initial crack size, the final crack size, therasipect

the stress distribution, the SIF etc.

Table9 shows the correspondirapbreviated termihatis used throughout this sectias well as
Appendix C). For the sake of simplifications, the abewentioned terms are used for a better

undersanding.

Table9: Related abbreviated terms for Walker and Forman models under AW and UIT conditions as well as AW versus
UIT for relevant stress levels

=F F = Walker model under the AW condition for X stress level
=5 3 = Forman model under the AW condition for X stress level
F el = Walker model under the UIT condition for X stress level
=k &£ Forman model under the UIT condition for X stress level

Comparison between the AW dtJIT conditions for Walker mode

Il
=l
o
<
-l
—
=
I+

for X stress level

=0 V= | £ | Comparison between the AW and UIT conditions for Walker m

for X stress level
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In the figuresthere may be a stress level that has more curves than its higher stress level
that is due to the number of writtém 0 data for that stress level. Byettingupper limit of
frequency incremerdf the number of cycle® anacceptable amount, the numbetof 0 results
could be less so that it became possible to embed all results in one text file for the sake of avoiding
misunderstandings. It is one of the difficulties of fracture mechanics analyses which is dealing
with tons of data

It should be mentioned that one materiath®serno berepresented in this section out of
nine materials. For the rest materials, the results and the conclusions are described in Appendix

(C).
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5.4.1)A514 ST

Figure 82, Figure83 and the figures inAppendix C.3) depict graphically crack shape
evolution analysis results &514 ST under the AW and the UIT conditions for Walker and
Forman models as well as their comparisons under both conditions for that model. Crack depth

versus crack surfage displayed in theskgures.

Fombé® ® poww O cu,w 'O poand’YO'YO o v which are
the figures in Appendix@.3), it should be pointed out that the last two curassthe way that
Walker and Forman models tried to determine the final crack size for thati@ond

For example, fromY'O"Y® o mandY'O'YO o mwhich are the figures in Appendix
(C.3), it should be noted that UIT incredibly retarded crack initiation phase as well as remarkably
slowed down crack propagation phase in depth and on surface so that the fatigue life was
noticeably improved .

For instance, comparing w0 i Y@Y omandd wv i YUY o 1 together, it
demonstrates that Forman mogebjectedthe crack growth and the crack shapeolution
completely satisfactoryt is quite fascinating to note that the crack was at first advancing quicker
into depth and on surface @ftreducing the stress it is a little bit slowed down for the AW
condition. However, it is noteworthy that after achieving a certain depth, it still commenced
expanding significantly for the AW condition. After impact treatment, the crack is extremely

slowed down which indicates that UIT considerably enlarge the fatigue life.

Fromd @0 i "Y'QOY o m,such phenomena canibeerpretedas howeffective UIT can
close the surface of the crack to further delay crack initiation state as well as retarding crack
propagation phasdédditionally, the crack behaviour and how fast the crack grows in depth and

on surface can be properly comprehended.

Even though Walker model is overall an effective method to assess fatigue life of the
welded structures for the AW aride UIT conditions when it comes t@redictingcrack shape
evolution andanticipatingfatigue crack growthits consistency and its relidiby is not perfecthat

rrrrr

of Forman modelFrom6 0 0 i Y'®'Y x mho v d1 ¢ v, 7t can be understood.
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Figure82: Crack shape evolution analysis results of A514 ST for AW vs UIT conditions for Walleeptineagainst
crack surface for covering stress level ranges
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