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Abstract

Welded joints are considered to be one of the most critical losatictructural componesfrom
afatigue perspective because of hajfess concentratiemear the weld toe regipthe presence of
tensile residual stress and defectfrom the welding procesblew welding techniques like friction
stir welding (FSW) and postweld treatment technolgs like high-frequency mechanicaimpact
(HEMI) treatment have strong potential to improve thatigue performance of weled joints
However, it is essential to carefully examine the effectiveness and limitatioresehéw welding
techniqus and treatment technolmgto ensure their redblefatigueperformance in servic@ften,
newtechnologyis notemployeduntil it has been proveto bereliable througtyears ofperformance
under realife service conditioa The design of welded joint§abricatedusingnew technologs
poses anotherchallenge forstructuralengineerswhich is how to desigh a componentor which
thereare nodesigncodes or codspecifiedquality control criterialn the absence afuchdesign
codes desigmrs often refer to non-compulsoryguidelines which may only be applicable to
components fabricated with older technoésg This can resulh overly conservativeesigrs. In
the absence o$pecific quality control criteria forcomponents fabricated withew welding
technologeslike FSW, existing design codes udlyarecommend qualitgontrol criteria basedn
Abest pr atbhan relatiegiefectsizetdfaigue performancedgainst this backgroundhis
thesis aims to studySW joints andHFMI treated jointsfrom afracture mechanicperspective
which will contributeto the developmenbf performancebaseddesignprovisionsand quality

control criteria fowelds employing these technologies

FSW joints have been found tmavebetterfatigue performancéhanarc welded jointsWhile the
tolerance window fothe FSW processs wide there is a possibilitgf having defects thesgoints,
which can severely affe¢he fatigue performancdn this sudy, a comprehensive testing program
was carried out to studiiefatigueperformance oFSW jointswith intenionally introduced defects
including angular misalignment, toe fladack of penetration ofkissing bond andwormhole
defects As fatigue testing becomdsne-consumingand expensivenumerical moddling and
simulation provide complementarywaysto asessthe effecs of parameter variations on fatigue
performanceWith this in mind a previouslydevelopedstrainbased fracture mechanics (SBFM)
modelisimproved and extended this thesigo studythefatiguebehavior ofFSW aluminumjoints.
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In its prevous form, the employed SBFM model was capable of performimgedimensional (D)

crack propagation analysis. For each crack size, the crack shape was allowed to evolve using a pre
defined crack shape evolution function. In the current work, ékisting1lD model was first
programmed in MATLABand then improvements in the existing model related to failure criteria
were madeSubsequently, the model was extended to perform 2D fracture mechanics analysis. This
improved2D SBFM modelis applied to assess tfaigue behaviar of HFMI treated A514 steel

and 5083 aluminum weld@velded using metal inert gas welding proceggtigue tests of as
welded and HFMI treated specimens were carried out to validate the prediction capability of the 2D
SBFM model A comprehensive material testing program was also carried out to esthmeateut
parameters required by the 2D model. With inputs obtained from material tests, the 2D model show
a reasonably good agreement between the fatigue life obtained from the madtel exgeriments.

A sensitivity analysiss performed with the 2D model tdentify themostimportant parameters,
which affect thebehaviour oHFMI treated welds.

Following the deterministic SBFM analysis of FSW and HFMI treated joim2® SBFMmodel
is extended to a probabilistic framework to obtain probabilistic skifessurves (i.e. curves
associated with a specific survival probabilitfo do this, statistical distributions of the input
parameters are first defin€theresultingprobabilisticstresslife curvesarethencompared witlihe

available design curvesd the differencearehighlighted.

The presented probabilistic analysis demonstratesthev2D SBFM modetan serve aa useful
analytical tool for developing quality control guigheds and reliabilitybased design curves for the
HFMI treatment technology, which is applicable to a broad range of mat@riglsrarious grades

of steel and aluminum)scales, and cyclic loading conditions, beyond what can be practically

investigated ira purelyexperimental program.
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Chapter 1

| ntroducti on

Welded joints(weldments)are considered to be onef the most critical locatianin
structural componesfrom afatigue perspective because of the presence of tensile resiésal str
high stress concentratipanddefects from the welding procesghe structural performance of
welded components strongly depends on weld quaitgineeringassessment of critical welded
structural components is important to provide support for maatselection, design and
fabrication, inservice assessment, and failure anali&isallbone 2008 New welding techniquse
and postweld treatment technologies haastrong potetial to improvethe fatigue performance
of welded joints. Howeveit is essential to carefully examine itheffectiveness and limitations

to ensure their reliable fatigue performance in service

1.1 Background and motivation

Several new welding techniques haveen developed ithelast few decades such as laser
beam weldingelectron beam welding, magnetic pulse weldargl friction stirwelding (FSW).
FSWis arelatively newsolid-state joining proces®ecause of the soligtate nature of FSW, it
overcomes everal issues associated with conventional arc weldir@h asweld distortion,
solidification-related porosities and solidificatiorlated crackingLohwasser and Chen 2009)
FSW has been fowl to produce a low concentration of defects and is very tolefasiriations
in welding procesparametergDialami et al. 2017) Neverthelessdefects have been foural
FSW joints, such aslack of penetrationkissing bongl, toe flash wormhole and geometric

misalignment

The effect ofthesewelding defecton fatigue performancef welded jointshas not been
guariified yetin terms of reduction in fatigue performandéere is a need to studye effect of
the presence ahisalignmentefects (of specific magnitudahd welding defect®f specific size
and location)on the fatigue performance dtSW joints to dewelop quality control criteria based
onf ati gue performance r at h einthetwbldingindustryAtthowgh b as i s

FSW has beerappliedin the shipbuilding,robotics,aerospaceand automotivendustries it has
1



not yet found widespred use for structural applicati®such & bridge and other metallic civil
infrastructure.For civil engineering applications, it ehallengingto implement a new welding
technology untilit has gone through years of testing and design code provisions been
developed and approved. Often, the lack of fatigue test data and design guwielkesa barrier

to implementingnew weldingtechnologesinto practice.

When a welded component is fabricated usangpnventionalwelding process such as
metal inert gaswelding process there ishigh tensile residual stressear the weldoe region
possibility of weld distortion, presence of welding defestdthe possibility ofweaker material
propertiege.g. in the case of aluminura) theweld toe whichis the common cause fdine poor
fatigue performance adrc welded jointsin the aswelded {.e. without application of posiveld
treatment) conditionThere are severpbstweldtreatment technologiesvailable, includindnigh-
frequency mechanical impacHEMI) treatment Postweld treatmentusing HFMI results in
compessive residual stress the weld toe, redudestress concentraticast weld toe because of
improvedweld toe geometryand enhancd material properés at the weld todecause of local
work hardenng. HFMI treatments known to improvehe fatigue performance of welded jost
that arealreadyin service as well asn new componeist However,the treatment effectiveness
has not beemrecisely quantifiedyet on a wide range of materialsindervariable amplitude
loadingconditions andon largecomponentgonsideringall of theuncertainties involveth the

treatment process

1.1.1Friction stir welding

FSW involves moving aapidly rotatingtool along a joint, which heats the material by
friction to the extent that the materials on each side of the joirdadtened andtirred, causing
fusion of the joint.A schematic of thd=SW process is shown ifigure 1.1. There are three
locatiors in FSW joints at whichsurfacedefects an be presentheweld root advancing side of
the weld and retreating side of the welthe advancing side of the weld is where the direction of
tool rotation isthe same as the welding direction and the retreating side is where the direction of
tool ratation is opposite to the welding direction as showRigurel.1. SinceFSW is arelatively

new welding techniqugrocessspecific fatiguadesign guidelingsand quality control criteaiare

2



currently not available. Recent ISQSO 25239 2011pnd AWS(AWS-D17.3/D17.3M:200X
2010)standards now include broad provisions for the quality control anguaidication ofFSW
joints. The technical committee for the Canadian q@#N/CSA W59.2 2018Jor welding of
aluminum structures has adopted similar provisions.

Downward force

Welding

h’ direction
"_:_;_\/ Joint

'Ionl_

F5Wed

region
\ ,

..f’
;r %
H:lrealmg \< \h\ * Shoulder

side
g Pin

N

Nuggel ;"
Adva:mmg
side

Figurel.1: Friction stir welding procesdle, Gu, and Ball 2014)

From the revaw of previous research &18Wjoints undertaken ifMiranda, Gerlich, and
Walbridge 2015)it is apparent that a number of gaps in the sihtbe-art in this area remain
unaddressedpecifically, the existing design codes North America particuldy i have taken
the very cautious approach of assumiingtthe fatigudife of the FSW jointis equalthat ofthe
geometrically similaconventionabrc welded joint. Secondly, the éoéince limits on the various
defect types do not seemlterelated tofatigueperformance butathero n A b e s tintlper act i ¢
weldingindustry, whichisconcerningT her e i s a need t o delwedeodod i mg
code provisions for the quality control QY and fatigue design d¥SW joints for emerging
aluminum structural applications such as bridge deCitser researchgaps include a lack of
fatiguetestdata undewariable amplitude\(A) loadingconditionin the longlife domain (> 16

cycles.

1.1.2Postweld treatment technology

Postweld treatment technologiegre mainly categared as either residual stresbased

methodsor weld geometry improvement method#=MI treatmenis generally categared asa
3



residualstressbasedmethod An HFMI tool along withseveraltypes ofindentes areshown in
Figurel.2 (a) andFigure1.2 (b). A typical weld toe profilan the aswelded condition and after
HFMI treatment is shown iigure 1.2 (c) andFigure 1.2 (d) respectivelyThe weld toe groove
createcby HFMI treatmentat the weld toean be seem Figurel.2 (d). This grooveeduces the
component thickness slightly the treated arealowever, tle negative effect of this thickness
reduction idessthanthebenefitfrom the corresponding reduction in the stress concentratiitan
the treatmenDepending on the yield strength of the material and siteeaidenter the optimum
groove depth vagisfrom 0.2 mm to 0.6 mnand the groove width varies between 3 smd6 mm

(Marquis and Barsoum 2016)

welded

Figurel.2: (a) HFMI tool; (b) HFMI indenter (c) Weld toeprofile in as-welded condition(d) Weld toe
profile afterHFMI treatmen{Pedersen et al. 2010; SINTEC 2019)

The beneficial compressive residual stress introdaiceshg HFMI treatmentprocesss
the primarymechanism through whictme HFMI treatment improveshe fatigue life of welded
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joints. The improvement in fatigue lifelue toimpact treatment has been found to be more
significant in the high cycleatigue(HCF) domain and at lovstress ratioRR (whereR = minimum
stress/ maximum stress)lt has been observed thabgtweld treatment technologigsuch as
hammer or nedle peeninyjare not suitable foloading conditionsvhen load ratiois more than

0.5 or maximum strestevel is more than 80% of the yield strengihthe material(Haagensen

and Maddox 2013)/A loading histories containing large compressive underload cycles have been
found to beparticularly detrimental for impact treated welds. Therefore, it is essential to carefully
examine the effectiveness and limitationshaf impactreatmenunder VA loading conditioni
different material types in order to ensure their reliddigueperformanceMost of thestudy on
HFMI treatment to datkas focussedn mild steel Relatively les$atiguetesthasbeen performed

to assesthe improvement ifiatigue life injoints made ohigh strength steelsr softer materia

like aluminum.

1.1.3Modelsfor fatigue life estimation

Testing and regular inspection of weldments can help in ensuring the aafefatigue
performanceof cyclically loaded structuresHowever, as testing and inspection beceme
increasingly expensive and tirgensuming, one oftemas to depend on mdtiag and simulation
for evaluating the structural performance of welded jo{Sisallbone 2008)While modeling
doesnot entirely replace the need for testifagigue life estimation models play an important role
in designing new components, as well as maintaining existing compoMarty fatigue life
estimation modelsuch as NASGROW, UNIGROW, FASTRABNdSBFMhave been developed
over the yearsgndvary widely in their complexity, ease of implementation, and relative strengths
The current study focuses on improving and extending one such model, that is;dliedsstrain
based fracture mechanics (SBFM) moaehich wasdeveloped previously at the Univeysibf
Waterloo(Ghahremani 2015; El Haddad, Topper, and Topper 1981; Khalil and Topper 2003; Lam,
Topper, and Conle 1998; Walbridge 2008)



The SBFMmodel is thought to be wedluited for investigating the fatiglehaviourof new
welding and postveld treatment technologies, studying the reliability of these technologies, and

performing studies to establish design guidelines for the following reasons:

1) It is selfcontained (i.e. does not require interfacing with finite elenserdlysis
software),and relatively efficient from a computational perspective, which makes it
well-suited for use in a probabilistic framewpwhere many repeated calculations are
required.

2) It does not require the defd mi thicoam ckf pa off
phase, as some comparable models do, since it was originally developed to model the
growth of small fatigue cracks of the order of the grain size of the material.

3) Itis well-suited formodellingnontlinear material effects, whiaten be significant for
certain welding and posteld treatment technologies (e.g. HFMI treatment) and for
soft materials such as aluminum, which may experience significadineammaterial

behaviar at the weld toe undeertainloadingconditiors.

Despte these advantages, several aspects girwgouslydeveloped SBFM model have

been identified as shortcomings or areas where fodoggdvementare warranted:

1) In previous implementatian the SBFM model only performs a 1D crack growth
analysis, withthe crack shape controlled by a crack shape function. This does not allow
proper investigation gbarameters that magfect the crack shape (such as the stress
level, VA loading history type, and presencelod nearsurface compressive residual
stresses)

2) The model has been shown previously to be systematically conservative in predicting
the fatigue performance of impact treated welader VA loading Ghahremani 2015)

3) Only superficial attempt$Raimbault 2016; Walbridge, Fernando, and Adey 2012)
have been e tedate to implement the model in a probabilistic framework. This is a
step that needs to be further investigated if the model is to be turned into a useful tool

for the development okliability-baseddesign code provisions.



1.2 Objectives

Against thg background, the objectives of this research are as follows:

1) To investigate opportunities for improving tegisting SBFM modelling framework
for application to notched or welded structural components, inclugimgovements
to the failure criterionandextension of the model to perform 2D crack growth analysis
on surface defects (in namiform stress fields)

2) To extend the use of SBFModelto new applications, including fatigue analysis of
HFMI treated aluminum and higétrength steel weldsnd alumnumFSWjoints.

3) To apply the SBFM model for studying the effeaf geometric andvelding defects
on the fatigue performance BEWjoints.

4) To extend the SBFNhodellingframework to enabla probabilisticanalysis oHFMI
treatedjoints for obtairing the probabilistic SN curves equivalent to the desigrNS

curves available imariousinternational design codes

Major components of the work involved in this research are showigume1.3.

Implementation of improvements to 1D SBFM model

Extension of SBFM model for 2D analysis, validation using
experimental results for different applications, and extension
of the model to enable a probabilistic analysis

Assessment of fatigue life improvement in HFMI treated
welds under VA loading conditions using probabilistic 2D
SBFM model

Assessment of design guidelines for HFMI treated joints

Figure1.3: Major components of the work



1.3 Scope of work

This research isainly focused onhe development o 2D SBFM modeby extending
and improving the existing 1D SBFM modet thefatigue studyof structural steel and alumim
welded jointsmostly used inheavy civil/structural applications, such as highway briddés
study waslimited to the analysis ofthe butt, lap and cruciform weldegoints under uniaxial
loadingconditions In this studyasingle crack waanalyzedat one timeignoring thepossibility
of multiple cracksthe coalescence of crackandthe interaction of cracks. A assumed initial
defect geometrand locatiorwereusedto begin the fracture mechanics analysisonly surface
defectsSubsurface defdéswere not investigatedith the developed mode\ crack closure model

was adapted from tHierature to consider loaithteraction effects.

1.4 Overview of the thesis

Thisthesiss divided intosix chapters including the current one. In Chapter 2, kag&ots
are introducedollowed by a description of thenethodology usedor the fracture mechanics
analysis In Chapter 3, a study on the fatigue analysiESWV butt and lap jointss presentedn
Chapter4, a study on the fatigugehaviourof HFMI treaed welds is presented. In Chapter 5, a
study on theprobabilisticanalysis oHFMI treated weldss presented. In Chapter &@summary,

conclusios, and recommendatiaror future workare presented



Chapter 2

Literature Review and Methodol ogy

Welded joints are usually designefibr fatigue using the s&c al | ed dAdet ai | C
approachbased on standard strdge (S-N) curves available in design coddseeFigure?2.1).
Each desigis-N curvecorresponds taspecific detail ceegory, A, B, C, D, etc., which represents
the severity of the stress concentration associated with the @etaiection geometry)The
designS-N curves are generally obtained baseda@tatistical analysisf experimentafatigue
test dataFatigue ést data is practicallpeverenough tocompletdy accommodate for scatter in
thetestdata, thereforeg statistical analysis is performed to obtain desigd &irves e.g.with a

97.7% survival probability¢ r @At wo st andar d d esedindbrihdmesica)b el o w
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Figure2.1: DesignS-N curves from CSA S6 design cod€anadian Staratds Association 2014)

New weldingtechnologeslike Friction Stir Welding (FSWareevolving continuously and

design codevritersare struggling t@stablisidesignS-N curvesat a rate that is sufficient to keep
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up with the latest technological develogmts It is challenging fothe code writerso considethe
wide range ofnetalalloys, connectiogeometriesandwelding process parametehat might be
used withthesenew welding process purely througha statistical analysis datiguetest data
Similarly, it is difficult to have unified S curvesin design codesvhich quantifies improvemesit
in fatigue life due topostweld treatments such as hiflequency mechanical impadtfEMlI)
treatmentor a wide range of materigdnd loading condition3 he magnitude aheimprovement
in fatigue lifeof welded jointsdue to HFMI treatmestdepends on several factorgludingthe
type of the HFMI indenterused the frequency of vibratiorat whichtheindenter vibratesluring
the treatment procegbe number oftreatmenpassestheangleat whichan indenters heldwhile
treatng andthe indent depthafter the treatmentn summary, tiis a challengingtaskto consider
all of the uncertainésassociated witmewweldingand postweld treatment technogiesduring

the development of desighN curves.

To solve theaforementionecchallengs, there is a need fauitablemechanistic mods|
which primarily employ inputs that can be either measured or estimated for a given welding or
postweld treatment gocess after the process is complete, including such thimgsidsial stress
distribution local hardness variati@n fatiguerelated material propertieandlocal component
geometry The estimated-8I curveproduced using theodel shoulde equivalento thestandard
SN curvesavalablein the design codes (i.e. they must correspond with a similar assumed survival
probability) There are several models availablehaexisting literatureincluding NASGROW
andUNIGROW, which have been commercializeaindarebeing used for practical purpos@se
current study entailsirther development ainothemodel(SBFM) with afocus onits application
to establistdesignprovisionsand quality control criteria for welded joints.

Thisso-calledstrainbased fraiire mechanicéSBFM) model performs crack propagation
analysisat two locations(the deepespoint and surface point of the cra¢kyhich representan
extension of a previousigeveloped 1I5BFM model described iWalbridge 2008)This model
wasprimarily developed to study fatigue in welded metal jointisich may beeitherin an fias-
wel dedo or fddrditoh In b previaus stud@Valbridge 2008with the 1D SBFM
model, variable amplitudeloading conditions were identified for which ignoring nonlinear
materialbehavioumay lead tanoverestimation of the posteld treatment benef{measured as

10



in increase in the fatigue lifef the weld. The key parameter of hSBFMmodel isthe local
inelastic strairhistory neathe crack tipcorresponding ta given nominal stressistory. In order
to describéheimplementation o6BFM model, a particular specimen geomesryused whichis
acruciform welded jointas shown irrigure2.2. The cruciform welded joint has fosimilarweld
toes which arethemost probable sisfor crack initiationbecause of stress concentrasandthe
presencef welding defets. Along with thecomponent geometry, a typical seefliptical crack
initiated from the weld toés alsoshownin Figure 2.2(right). Representativerack shapesare
shown wth crackdepthdenoed asa andfull crack widthdenoed as2c; where i is thecurrent

crack depth increment number.
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Figure2.2: Componengeometry (leftfandcrosssection with a typical seralliptical surface crack

(right) (all dimensiorsin mm)
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A descripion of the model implementatiancludethe following elements

1) Model assumptions, input parametensd output formadiefinition
2) Estimation of local inelastic strain

3) Estimation of crack opening strain

4) Estimation of effective stress intensity factor

5) Definition of acrackgrowth law

6) Integration ofacrack growth law

7) Definition of afailurecriterion

2.1 Model assumptions, input parametersand output format definition

In this section, key assumptions madethe implementation othe SBFM modelling

framework, hput parameters required for the SBFM analysisl output formatredescribed.

2.1.1Assumptions inthe SBFM model

Duringtheimplementation of the SBFM model, several assumptoesiade A number

of the key assumptions are listed the following paragraphs

T

A single initial defectwith a specificsize and location is assumed to be known, from
which acrack grows and the component fails eventually dftercrack reaches a critical
depth. However, under uniaxial loading, multiple craokay initiate simultaously
which cancoalesce and interact with each other. Hereinptissibilities ofinteraction
and coalescence of multiple crackgignored.

The crack initiation period for weldments is assumed to be zero and hetie=aigue

life is assumed todoconsumed in the crack propagation stage. This assumption is justified
because of the highrobability of defects being present in weldments. Also, this model
considers small crack grow#ifects,andhence thaleterministic or meamitial defect
size ca be as small as 0.1 mmhich is below the detectable limitstbenon-destructive
evaluation(NDE) methods commonlgmployedfor detecting weld defects.

Only a Mode 1(opening mode) fracture under uniaxial loadingoesisideredwith this
model. The ronuniform distribution of stressalong the crack patlbecause of the

presence o&notch has been considered in this mad#hgthe weight function methad
12



Transient effects on the ndimear materialbehaviourincluding cyclic hardening/
softening or cyclicreep are not explicitly considered. These effects can be handled in an
approximate sense by modifying the steathte material parameters.

The endurance limit and threshold stress intensity factor for a particular méagerial
assumed to be constant thghout the service life of the component. However, these
parameters may change due to corrosion or tempenaitiegion

The variation ofstress concentration factor (SC&#png the expected crack patha
components estimated froman elasticfinite element(FE) analysisof the uncracked
componentltis assumethat the obtained SCF distributiorusaffected by the presence
and growthof the crack. As the crack becomes large and the stresses in the vicinity of the
weld are redistributed as a resutistassumptions questionableHowever, in general

for the cases investigated in this thesis in particular, the vast majority of the fatigue life is
spent at small crack sizeshere this assumption is thought to be reasonable.

The cyclic RambergOsgood(R-O) material models used formodelling nonlinear
material behaviour The parameters of the material mod€ldand n 6have been
experimentally estimated bgtraincontrolled tesing of smooth specimens under
uniaxial cyclic loading for a range ofrain values of up © + 1 %. However, in real life
structural components complex local stress state exists, which is neplagre stress

nor plane strain andthe value of strain may be higher than 1% locally, especially for

thick components with comptenotchgeometies.

2.1.2Input parameters

For the sake o$ystematiadiscussion, input parameters for the SBFM model have been

categorzed as (a) material properties, (b) component geometry and residual stresses, (c)

informationrelated todefectgeometryandcrack shape evolution, and (d) loading history

2.1.2.1Material properties

Thematerial propertieselevant for the fracture mechanics analgsid the corresponding

sources arstedin Table2.1, alongwith thesymbok used intherelevant equation.
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Table2.1: SBFM model nput parametairelated to material properties

Materi al Prop| Sy mbd Source
El amaduwl us E Static s/haedgtels
St aticec lgimdt d engt Oy, S St aatnidc oy alein@/t |
hardness da
Ultisnategt h Uy Static s/hraendgtly
Pa fEird oograanc k g r 0\ C,m Crack gr owihst i
constants l iterature
Thr e sthrodhdlse nfas ¢ ttagir g oKin Crcak gr owt/lex irsatt
| iterature
Cyclic -Gagnmad gr i Ko nd Cyclic increme.l
par ameter s mat ehaadness
Cr act b shun #¢pgar a me t Mop Crack cl/exs wrte

|l iteratur e

Har dnespalanhge e x HV N Vi ckhar dreesses i st i

crack path l'iterature

To obtain the input parameters, material testing is required on coupfinsome cases)
these parametersan be related ttocal hardness datawhen specific materiatest datais not
availabk. Static tension tesbf dogboneshapedpecimeshavebeen performed fahe materials
investigated in the current stutty obtain elastic modulugield strength ultimate strengthand
static Rambergsgood material propertiegt h e -refed sv paceiot metal as well asetal in
t he fAheat af f ect e dFortbercarent StuyAAZ properfiesverbobtainee | d
with specimen that weréneattreatedsimulatingthe welding heat cycleCrack growth rate test
were performeas pef(ASTM E64713 2013)on compact tension (CT) specimen torestiethe
ParisErdogan crack growttaw constantsC andm. Threshold stress intensity factor rangi;n
was also estimated with ¢frcrack growth rate test or a suitable value®t, wasassumedhased

on the data available in the existing literatufdne CT specimesa were pre-cracked under
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compressie cyclic loadingandthen theest was performednder CA loadingatahigh load ratio
(R=0.8) to obtainclosure freecrack growthdata.

Incremental strain testwereperformed on smooth specimens withast range varying
from -1% to +1 % to estimate thwyclic RambergOsgood material model paramet&6  and .d
The value of therack closurebuild-up parameterpop, wasadaptedrom the existing literature.
Vickers microhardness testg was performedn the region othe expected crack path to capture
the spatial variability of material properties. The magnitude of hardness was relakedy, K6

andndusingfitted equatiors on two sets of hardness and material propedidata.

2.1.2.2Componengeometryandresidualstresses

The various input parameterelated to component geometry and residual sisesse

summarized iMable2.2.

Table2.2: SBFM model mputparameterselated to conponent geometry and residual stresses

Compomenmetry Symbo Source
Compo-therctk nes s t Measurem

Co mp o-wiedhtt h w Measur em

Wel d toe geomet - Silicon i

SCERI otnhgex pect ed cra| SCk¥Fsdep FERnal ys
Resigslu@abkeong the expe|l OQvsdiept|Fi tttoeedas ur ¢

Specimen width and thicknesgre measured usingernier calipes for each specimen
tested in this studyThe stress concentration fac{®@CF) along the expected crack patlas
estimatedby performinga linear elasticFE analysis in ABAQUS. Component thickneass
discretized into severahE ~300) levels to estimate the variationS€Fas a function of depth

along the crack path.

The residualstress distributiorior the aswelded and mpact treated cruciform welded
jointswasobtained bynanuallyfitting a curvethroughexperimental datavailable intheexisting

literature While fitting the curve it was made sure that the overall residual stress distribution is
15



selfequilibratingandthe fitted curve passes through most ofékperimentatiata pointsBased

on experimental datavailable in(Ghahremani 2015; Kuhlmann et al. 2005; Suzuki et al. 2014)
for asweldedmild steelcruciform joints,thedistribution of residual stress was fitted as shown in
Figure 2.3. In this figure,the normalized resglual stresss plotted onthe vertical axis andhe
normalized deptlis plotted along the horizontal axiShe normalized depth theratio of depth
below the weld toe and thickness of the compon@nsignificant amount of scatter can be
observed in thexperimental data. Most of the measurements were available fosdepying
from thesurface to 10% of thelatethickness. Peak valsef residual stressear the weld toe for
asweldedmild steel cruciform jointgan be observed to vary in betwe82&y, to +1.54&, where

0y is thenominalyield strengthHe r e ,-0 t diieg i ¢ o acomepegsivemtlire ofdtress
and fA+0 si gnatensdenatue offiresa.ds t o
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Figure2.3: Residual stresgstribution forasweldedmild steelcruciform joints

Similarly, based on experimental data availablheliteraturefor residual stress in HFMI
treated cruciform welded joint¢Gerster, Schéfers, and Leitner 2013haBGremani 2015;
Kuhlmann, Dirr, and Gunther 2017; Leitner et al. 2015; Suzuki et al. 2014; Tehrani Yekta,
Ghahremani, and Walbridge 2013; U. Kuhimann, J. Bergmann, A. Durr, R. Thumdger, H.
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Gunther 2005Jor different metal alloysa distribution of resiual stress was fitted as shown in
Figure2.4. Again, alargedegree ofscatter in the experimental data can be observed. The peak
value oftheresidual streseear the surface of the weld teas observed teary from -1.7A to -

0.3&y. For this study, residual stress measurements were obtajratelectropolishing ana-

ray diffractionfor each material typdepending on the measumesidual stresdatafor aspecific
material type (350W steel, A514 stged83 alumitim)for the current studythe fitted distribution

was scaled to estimatteeresidual stress distribution fdrespecimen and material typéinterest

2
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Current Study, 5083 Aluminum Current Study, A514 Steel
Ghahremani 2015, 350W Steel Suzuki et al. 2014, SM490 Steel
® Leitner et al. 2015, S355 Steel ® Leitner et al. 2015, S355 Steel, Surface
® VYektaetal 2013, 350W Steel, Under Treated ® Yektaetal 2013, 350W Steel, Over Treated
Yekta et al. 2013, 350W Steel, Properly Treated 1 Yekta et al. 2013, 350W Steel, Properly Treated :
O Yekta et al. 2013, 350W Steel, Properly Treated 3 Kuhlmann et al. 2017, S460 Steel 1
® Kuhlmann et al. 2017, S460 Steel 2 A Kuhlmann et al. 2005, S355 Steel 1
® Kuhlmann et al. 2005, S355 Steel 2 ® Kuhlmann et al. 2005, S690 Steel 1
® Kuhlmann et al. 2005, S690 Steel 2 Kuhlmann et al. 2005, A572 Steel
® Gerster etal. 2013, S960, T joint = = =« Fjtted Distribution

Figure2.4: Residual stress distribution fnpact treatearuciform welded joints
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2.1.2.3Information related to defect geometry and crack shape evolution

The input parametemeededor the SBFM model réated todefect geometry and crack
shape evolutiomre summarized inTable 2.3, whichinclude defect (initial crack) depth, defect
(initial crack) aspect ratiand possible crack shape evolution
Table2.3: Initial defect geometry and possible crack shape evolution

Def Gebmey Symbol Source

De f decptt h a NDE tfersatct/ure sur
Defaspect (&/C)initial NDE tfersatct/ure sur
Crack shap|Sewrdruagrdlelri Fracturé¢ @asisiuand

Thedefect geometry can mserved using nedestructive evaluation (NDE) techniques
such ax-ray tesing, or by destructive techniques such as sectioning and polishing similar untested
samples The defect geometrydefect €rack initiatior) location, and crack shape evolution can
also be observed from the fracture surfatehe fatigue tested specimeria the absence of
experimentabata,theinitial defect depttwas assumed to be 0.1 mm to 0.15 nmmost cases
which is below thedetectable limits ofgenerally usedNDE equipnent and consistent with
measurements and initial defect depth assumptions reportatidrg(Lotsberg, Sigurdsson, and
Wold 2002; Righiniotis and Chryssanthopoulos 2G08}%tructural weldsThe nitial aspect ratio
of the cracklike defectis generdly assumedo be 0.5 based on measuremeiisd modelling
assumptionsmade previously by others (Brickner and Munz 1983; Righiniotis and
Chryssanthopoulos 20Q3Jo model a linar defect likea wormhole or long kissing bondefect
runningalong theentirelength of the weldaninitial aspect ratiof 0.1is assumedThis number
is established based on the limit on the aspecteatocrackior usingweight function egations
and coefficientavailable in(Glinka and $en 1991; Zheng, Glinka, and Dubey 1996)0 types
of crack shapesiamely semt or quarterelliptical are considered fothe 2Dcrack propagation
analysisin a rectangular component (main platettoé cruciform joint) as shownn Figure 2.5.

The three crack depths shownFkigure 2.5 are representative. In general, the thickness of the
component is discretized intnany (~300 for this studyjepth levels and crack growth analysis

is performedht that depthdvels.
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Figure2.5: Semielliptical (left) andquarterelliptical (right) crack shape evolution

2.1.2.4Loading history

Four loading historiesvere used forfatigue testingand SBFM analysisof cruciform
welded joiris,namely constant amplitude (Chyadingwith load ratio R) of 0.1,CA loadingwith
underload (CA-UL), variable amplitudehistory #1(VAl) and variable amplitudéistory #2
(VA2). The load historiesonsistof alternate peaknd valleypoints correspaing to maximum
and minimurmominalstress respectively. Fagivenloading histoy, a cycle is defined as going
from one peak stress level tize next valley stress level and then coming bacthenext peak
stress levelwhich makes a closed hysterdsisp on stresstrain plot A representativ€A and
CA-UL loading histoliesareshown inFigure2.6. Forthe CA-UL loading historywith 1000 cycles
of load there vere50 cycleq101 peaks)with aload ratioof 0.1and 950 cyclewvith aload ratio
of 0.5.
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Figure2.6: CA loadinghistorywith R= 0.1 (eft) andCA-UL loading history (ight)
19



(a) 300 (b) 300 -
= s
s =
& 200 &y 200
g 7z
w Qo
= 5
7] 7]
E 100 E 100
£ E
[=] (=]
Z Z
0 T T T T 1 0 T T T 1
0 50 100 150 200 0 50 100 150 200
Peak Number Peak Number
() 60% (d) 60%
2 mVA1 = mVAl
S = VA2 2
= 40% Z mVA2
2.5 .S 40%
(=)
e wm wa
S 2 20% b
3 2 3 &
=B =8 200
E 0% x
) 1o oo oo oo ols ols oo =)
RS E S VAT A 2

0%
Peak range value (% of the maximum peak 0.1 0.2 03 0'4_ 0.5 0.6 0.7 0.8 0.9
range value in load history) R (Smin/Smax)

Figure2.7: VA loading histories: (a) midpan moment of a 40 hong girder (VA1); (b) support reaction
of a 15 mlonggirder (VA2); (c) VA loading histograms; (tHad ratio R) histogramgadapted from
(Ghahremani, Walbridge, and Topper 2015)

A representative VA1 and VAbading histoles are shown irfrigure 2.7, which were
generatedbased on axle spacing and load survey data collected by the Ministry of Transportation
of Ontario in1995, which included data for 10198 trucks discussed if{Ghahremani and
Walbridge 2Q1), the VAL loading history was generated by passing 10198 trucks successively
over the influence line for midpan moment of a 40 m long simply supported bridge girder. The
VA2 loading history was generated by passing 6470 trucks (after removing asttiesominal
stress range lower than etterd of the constant amplitude fatigue limit) successively over the
influence line for support reaction of a 15 m long simply supported bridge girder. The generated
VA loading histories were scaled to obtammiral stresdistories corresponding to different CA
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equivalent stress ranges. Rainflow analysis results for the VA loading historyGiwsthremani,
Walbridge, et al. 2015reshown inFigure2.7(c) andFigure2.7(d). It can be observed Figure

2.7(c) andFigure2.7(d) that the VA2 history consists sfresscycles withlower stresganges but
generallyhigherR valuesthan the VAL historyThe relatively larger number of cycles with hegh

load ratice makes the VA2 historymore detrimentalrom a fatigue perspectivaompared tdhe

VAL history. The first cyclefor the VA loading histoles is set to be the one starting with the
highest stress peawhich corresponds to the maximum stress range value of the loading.history
Equivalent stress rangégtq), for the VA loadng histories were calculated using method of
Miner sum

aNn .
=g DS" 2.1)
DS -38:1N

J1aD: O: 0: O: Gl

OB B @

Here,qgs is the nominal stress range for each cycle of |bed,the total number of cycd@andmbé
is theassumedslope ofthe S-N curve. For the present researalhen calculatg gqf&q using
Equation(2.1), m6= 3 isused forasweldedsteel specimesandmd= 5isused for HFMI treated
steel specimes) considering the theoretical Palmgiéiner damage sum of@, and not including

mean stresand load mteractioneffects.

2.1.30utput format

The resultgenerated by the SBFkhodelare presented as nominal stress ra(ggvs.
fatigue life (N) as shown inFigure 2.8. Onthe S-N plot, a logarithmic valueof fatigue life, N
(numberof cycles)is plottedalongthe X-axis andalogarithmic value o5 (nominal stress range
is plottedalongthe Y -axis. Herethe nominal stress range means #ppliedload rangedivided
by the nominal crosssectional areaf the componentThe nominal crossectional area is
perpendicular to the directianf the applied load The fatigue life is expressed tarms ofthe
number of cycle®f load needed to caudbe failure of a componentwhen a crack propagais
from an initial crackdepthto a critical crack depthn addition to the SN curve, the 2D SBFM

model alsoprovides crack shape evolution curves, which are shovigmre 2.9. The starting
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point of the crack shape evolution curve is located aftaf about 0.015 and adc of 0.5, which
shows that the assumed defect depth (initatk depth) was 0.01and assumes that the aspect

ratio of the defectinitial crack)was 0.5.
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Figure2.8: Typical output from the SBFM modgl the form ofanS-N curve
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Figure2.9: Typical crack shape evolution curves as predibietthe 2D SBFM model
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The general pattern of the crack shape evolution curve is such that it starts afittofin
0.5 (assumed), then tlaéc increases with crack depth, appraage/c = 1 (semicircular crack).
It may then decrease followed by another increase at higher crack depths depending on the nature
of loading history. The sudden drop at the normalized crack depth of Bigure2.9 indicates

that failure happened or failure was assumed to happen at that valtie of

2.2 Estimation of local inelastic strain

The localinelastic straia corresponding to eagieak and valley point of theyclic loadng
historyis estimatechearthe deepest and surfapeint oftheassumed semor quarterelliptical
crack which work as inp@for the calculation ofthe stress intensity factoK{. In the SBFM
model, theséocal inelasticstrainsdepend orihe appliedloading historythe material properties,
thecomporent geometrytheresidual stress distributipandthecrack shape at each crack depth
Steps to estimatecal inelastic strainearthe deepesindsurface poirgof a crackaredescribed

in this section
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Figure2.10: Component crossection and noaniform appliedelastic and residual stress distribution

Figure2.10showsacrosssection ofacruciform welded jointvith a semielliptical surface
crack. Herethetop and bottonedgesof the crosssectionrepresenthe two symmetric weld toes
of a cruciform welded joinfrom wherea crack is expected to initiatdhe squiggly lines at the
top and bottom edges are used to represent the weld toe line and roughness at the wedd toe. T

left and right edgeepresent the machined edges of the pldte ron-uniformlocal elasticstress
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distributions liapp(X) due to the applied load (including stress concentratémathe noruniform
residual stress distributisnli-(x) due to weldingpr postweld treatmentre shownon the right
side ofFigure2.10.

Because of the presence tfe stressconcentration,lapp(X) is nonuniform. This
distribution isdeterminedy multiplying theSCHX) at each deptfx), with thenominal stressg),
as shown irEquation(2.2). In this equationS is the known nominal stress corresponding &0
given load P) historyas calculated fronkquation(2.3). InEquation(2.3), w is the width of the
main plateandt is the thickness of thmain plate of the cruciform welded joifithe noruniform
residual stress distributio;(x), is knownin this studyand modelledusing afitted distribution

based omesidual stressieasurement data.

S.p(X=SCH 3 @
(2.2
=P
“wa 2.3)

The stresetensity factor is a key parametéatcharacterizes thstress state near the tip
of a crack or notch caused by a remote load and/or residual istressacked componenthe
classicakequation for estimatintpestress intensity factokjat each cad aick sle@wilm i
Equation(2.4). In this equation,Y(a) isacombined correction factéo account for the crack shape
(if it is not a througkcrack) the free surface on one sidethe crack, the finite thickness of the
cracked plateand the presence afnonuniform stress distribution along the anticipatgeck
path In Equation(2.4), there is no scope to consider material -hoearity directly, and this

equation does not consider small crack growghaviour

K(@=Y(a ©J P a (2.4)

In the SBFM modelK, which is also known as the stradased stress intensity facts
estimated at eachaxk depth followingequation(2.5), adaptedrom (El Haddad, Topper, and
Smith 1979)In Equation(2.5), acis amaterialconstant, whichs added tahe crack depthd) for
considering small crack growtkehaviour It can be calculated usiri€quation(2.6), whereqKin

is threshold stress intensity factor range quig(a 0 . (5 i& the fatigue limit at the load ratiB,=
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-1. The term{a) in Equation(2.5) is the local inelastic strain near the crack tip, which is calculated

considering notlinear materiabehaviourand the presence ahon-uniform stress distribution.

L . . 25

K(@=Y(3 @e@  Da &H (23)
_4DK,, 64

% gaeD—se 2 7 (2.6)

The correction factolr(a) in the SBFM modelis cdculated usinghe weight function
method according t&quation(2.7) rather than using empirical analyticalequationsavailable
in theexisting literaturdAlbrecht, Yamada 1977)n Equation(2.7), the terrm(x,t) is theweight
function coefficient, which is a function of crack shape (selfiptical or quarteselliptical), crack
depth,crack width and the component thickneBse correction factol(a) in Equation(2.5) is
calculated fromEquation(2.7) andit is usedto account for the crack shape, the free surface on
one side of the craclandthe finite thickness of the cracked plaigt not the presence afnon

uniform stress distribution along the antidgxhcrack path.

%.C'Dn(x t)dx

The nonuniform stress distribution inodeled by modifying thelocal elastic applied

2.7)

stress distributionliapp(X) and the residual stress distributiaR(x), using the weight function
methodaccording teequatiors (2.8) and(2.9) respectively.

2 y q
s- (a) _ !;Fapp(x)or( X t) X (28)
(% Hdx
a . q
s;(a):gfr(X)OdXt) X 29)
(% Hdx
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The modification is performed to obta@uniform stress distributiothat isequivalent to
theactual,non-uniform stress distributigrso thatk can be estimated froEquation(2.5) without
using a separate correction fadmiconsider th@resence ohonuniform stress distributiormhe
equivalencef the stress distributioncalculated from Equation2.8) and(2.9) is in terms ofthe
K, which means that th€ calculatedat a specific crack deptisingtheactual noruniform stress
distribution andusingthe equivalent uniform stress distribution wile equain magnitudeThe
numeratoron the right-hand side oEquation(2.8) isthe stress intensity factoK) based orthe
nonuniform elasticstress distributionflapg(X), which does not include the effeaft material non
linearity.

The weight function method is generally used to estildatederanoru ni f or m fnel as
stress distributionHowever in the SBFM modelthe weight function methods used for two
different purposes: 1) to modify the namiform stress distributionflapp(X), 0r(X)) to obtain
equivalent uniform stress distribut®@%p«(x), 0%(x)) accordingto Equationg2.8) and (2.9)and
2) to obtairthecorrection factoiY(a) according tdequation(2.7).Since theK obtainedoy directly
usingthe weight function method doe®t consider the effect of material ndinearity, this K
(such aswumerator in Buation(2.8)) is notused directly tgerformcrack growthanalysis. The
strength otheweight function method ithat it allows the computation & under a noruniform
stress distribution for any shape of seom quarterelliptical crack witlout usingan FE analysis
after each crack depth incremeRtr calculation of weight function coefficients for a specific
component geometry, FE analysis results are needed for only two reference stress distribution.
This strength has beenilized in the SBFM model to modify the namiform stress distribution
to obtainan equivalentuniform stress distribution and to computes correction factor for each
crack geometry durinthe propagation of crack. The obtained parametef@:p(X), 0%(x)) are
further used to estimate the local inelastic sttih  at e ac h aoc,r awhki cdhe pitrhc |fiu d
effect of applied stresfhepresence oéresidual stresgndmaterial nodinearity. The obtained
({a) andY(a) is used to obtaiiK at the deepest and surface point of a crack accordiBguation
(2.5), which isthenused fora crack growth analysisThe process to estimalifx) at the deepest
and surface points of a crack after each crack depth incream@nésented in théllowing

subsectioa
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2.2.1Estimation of combinedlocal elastic stres{Sc) at the deepest point

Figure2.11 showssemt and quarteelliptical craclks with the deepest poinfiAo, surface
pointfiBo, crack deptliiad, crack widthfi2co for asemtelliptical crack,andcrack widthficofor a
quarterelliptical crackin a rectangular componemtf finite thicknessfito. Weight function
coefficients are available in the existing literature to estirelstic stress bas&lF (Ke) for the
crack shapeshown inFigure2.11under a nofuniform stress distributiofGlinka and Shen 1991)
provide weight function coefficients to estimdte at the deepesindsurface poirg of a sem
elliptical surface crack und@on-uniform appliedstresdistribution (Zheng et al. 199§)rovide
weight function coefficients to estimafg at the deepest and surface psufta quarteselliptical
crack. Weight function for thesurface point can be considered only as an average quantity
associated at the boundary | ayer nearr®t he
singularity of the near crack tip stress field, which vanishes at the intersection of three fres surfac
such as point fABo.

S s o e

Figure2.11: Semi and quarter elliptical crack in a compor(&tieng et al. 1996)
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Using these weightuhction coefficientsthe equivalent uniform stresan becalculated
at each crack deptising Equation(2.8) for a non-uniform applied stress distribution and using
Equation(2.9) for anon-uniform residal stress distributio{fAnderson and Glinka 200@yovide
aclosedform numerical method for integratirige weight functiongnvolved in Equations (2.8)
and (2.9) The pecewise linear mthod mentioned ifAnderson and Glinka 200&)as followed
to the perform numerical integration involved Eguations(2.8) and(2.9).

The combinedlocal elasticstress(&), including the effect of applied load, stress
concentration and the residual strassar the deepest point afcrackis calculatedfollowing

Equation(2.10) corresponding to each peak and eafpoint of thenominal stres§) history:
S(x=ay®) s,.(x Fy 0)=s5(x ay0) (2.10)

2.2.2Estimation of combinedlocal elastic stres{Sq) at the surface point

The local unifornelastic stres&%ps(x = a, y = ¢) at the surface poifiBois estimated using
Equation(2.11).

[P 20p(¥) ON( X Hd x

Sp(X=ay =9 &=

%n( % dx (2.11)

It should be notedhatin Equation(2.11) the weight functon coefficientm(x,t) is for
estimatingKe at the surface poinof a given semior quarterelliptical crack. Relevant weight
function coefficients were used correspondinthesurface poinii Bfollowing (Glinka and Shen
1991)for semielliptical cracls and(Zheng et al. 1996pr quarterelliptical cracls. Theresidual
stress distributioi{x = a, y = -¢) atthesurface point was alsgstimatedising arequation similar
to Equation(2.11). Thecombinedocal elastic stres&sy) atthe surface poinbf a crackwasthen

calculatedusingEquation(2.12) for each peak and vallgyoint of thenominal stres$S) history.

S (x=0,y =9 sz.(x 0,y 0= s(x+0, y =4 (2.12)

app
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2.2.3Calculation of local inelastic stain from combinedlocal elastic stress

To characterizehe nonlinear stressstrainbehaviourof a material the RambergOsgood
material model is useid the SBFM modelwhich requires the cyclic material model parameters:
K @Gandnd Given thecombinedlocal elastic stress histolfx), the localinelasticstressstrain
histoty is determined by simultaneously solvitftge Neuber andRambergOsgood equatis) as
indicatedin Figure2.12 andFigure2.13 for the case oA monotonic loading@ndfor the case oh
cyclic loading respectivelyThe Ramberg Osgood materrabdelis represented in these figures
by aredcurve andhe Neuber equatiors representetdy agreen curveln these figuresy is the
combinedlocal elasticstress calculated agarding to Equation(2.10) for the deepest point and
according td&equation(2.12) for the surface poirdf a crackcorresponding to each peak and valley
pointof the givemominal stress3) history. The terng is the combinedbcal elastic straifwhich
is related toS throughan elastic stresstrain relationship (Hdoe 6 s asl showr) witha blue
line in Figure2.12 andFigure2.13. Thesymbolsii andUrepresentocal inelastic stress and strain
which includes the effect ahe SCF, theapplied stress artieresidual sress. The local inelastic
stress and straiarecalculated at the deepest and surface poingéscodck corresponding to each
peak and valleypoint of the nominal stressistory. This step providethe key parameter§hax
Ghin, Omax andiiminto estimatehecrack growttrateat a particular crack depttiongthe depttand

width directionsof a crackfor a given loactycle

Sr_'f
Fy e!‘-'l{
E
._O ( o ]
E K'
b
) S, e, =0-¢
ec,, &

Figure2.12 RambergOsgood material model and Neuber rule under monotonic loading
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Figure2.13: RambergOsgood material model and Neuber rule under cyclic loading

After performing thesame process «folving the Neubr equation and FO equation
simultaneouslycorresponding to each nomainstress of a given loading histotgcal inelastic
stressstrainbehaviours estimaed at the weld toer notch rootf a component subjected am
arbitrary nominal stress history, andritsgmulated strain ranges of the closed hysteresis @ps
used to calculatehe crack growth rate at each crack depshpushdown list counting method
mentioned in(Conle, A., Oxland, T.R., and Topper 198&)s been used to count the number of
cycles under variable amplitude loading condition.nAdgorithm for implementing the push
down list counting rehodwas adapted frorfConle, A., Oxland, T.R., and Topper 198&hich
simulates the material memory eveni¥e material memory events were subdivided into two
types: 1) memory of a previously interrupted monotonic curve and 2) memory of a previously
interrupted hysteresis loop curvighe llowing general rules were hypothesized wiiledelling
memory events, asentioned inConle, A., Oxland, T.R., and Topper 1988)

1. In any deformatio history the maximum point of excursion on the monotonic or skeleton
curve will represent an absolute limit or bound which will exist on both sides of the strain or
stress axis, irrespective of whether the actual reversal occurred on the tension or ssiarpre
side.

2. All deformation between these absolute bounds will utilize the cyclic hysteresis loop shape.
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3. Whenever deformation exceeds these absolute bounds, the locus will again follow the

shape of the monotonic curve and, after another reversalsetin new absolute bound.

2.3 Estimation of crack opening strain

Fatigue crackin metals under cyclic loading remain closedil a high enough magnitude
of theload is applied to open the cradihe stress corresponding to the magnitude of tbad
opensthe crack is known athe crack opening stres#.is assumed thainly the portion ofthe
appliedloadcyclewhichis more than crack opening loadntributego driving the crack further.

It has been showloy experimen{Elber 2009)and analysigNewman 2009)hat this tendency can
be used to explain load interaction effects on craclWijroates. Most of the previous analytical
models foifinding crack opening stresSy) were based otthve Dugdale stripyield model(Dugdale
1960)but were modified to leave plasdilly-deformed material as a result of the advancing crack.
In the SBFM model, crack closuigmodelledu si ng Newmandés equations.
loading effect on crack closure, a crack closure buglcequations used from(Vormwald and
Seeger 1991)

2.3.1Estimation of crack opening stress underconstantamplitude (CA) loading

In the SBFM model, cack closure isnodelledthroughthe crack opening stress equation
proposed byNewman 1984)A general crack opening steesquations providedin equations
(2.13) and(2.14) as a function ofoadratio (R), stress levelSnay andplasticconstraintactor (),
which is applicable for middierack tension specimsander CA loadingFor norrnegative load
ratios, Equation(2.13) is used and for negative load ratiéquation(2.14) is used to calculate the

crackopening stress.
$=S.( A tAR AR AR (2.13)
$= Sl A tAR (214

The parameterso, A1, A, and As are a function of U, Snax and flow stress {io). These
parameterarecalculated fronEquationg2.15), (2.16), (2.17), and(2.18).
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> 3 - (2.15)
A=(0.825-03& 0.0 § cqgim o
& ¢ o -
A =(0.415 -0.07a ;Sm (2.16)
A=L-AA A 2.17)
A=2h A L (2.18)

Equatiors (2.13) and (2.14) provide steadystate crack opening stregaluesunder CA
loading for differentalues of load raticA steadystate condition of crack closure isoled when
the residual plastic deformations and crack closure along the crack surfaces are fully developed
and stabilized under CA loadingjhe equatioafor crack opening stresgevalid only when the
magnitudeof crack opening stress is higher than tiaimum stress level of the stress cydle
the crack opening stress equatidre éeffects of thredimensional constraint were simulated in a
two-dimensional closure mod@Newman 1984py usinga plastic constrainfactor Uon tensile
yielding. That is, the material yields whahe maximum stress reacheS&i. The materialis
assumed to yield in compressiwhenthestresgeacheslio. Here,lois flow stress which isaken
to bethe average aheyield and ultimate strettly of the material obtained fromstatic uniaxial
tension testA plasticconstraintfactor Uof 1.0 corresponds ta planestress condition arah Uof

3.0 corresponds ta planestrain condition.

The precise effect of thre#imensional constraint dhecrack opening stressm®tknown
for a given loading condition and component geometry. McC{Malung 1994 )performeda
finite element analysis toomputecomponent geometry effects on fatigue crack closure and
recommended that the tef®aax/ Uo in Equation(2.15) and(2.16) should be replaced with&nax
/ Qo to consider the component geometry effectscoack closure. Here, Y is the geometry
correction factgrwhich is thesame as the one use the calculation processf K in Equation
(2.5). In the SBFM modelwhile estimating crack opening stress, the McClung recommendation
has been applied at the deepest and surface point of the (8&olg, Rose, and Newman 2002)
modeled closure of planstrain cracks under large scale yielding conditions and recommended
thatt h e ma g n should Beestinwafel frdth Equation(2.19). In the SBFM model, the value
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o f is thlculated fromEquation(2.19) at the deepest poirdaf a semielliptical crackwherean
approximateplane srain condition existskFor the surface point of theemtelliptical crack and
surface and deepest paimtf the quarter ellipticalc r a ¢ k , t hisassuradd tode 102fto U

simulatean approximat@lane stress condition at the freafaceof the conponent.

a=1.78 -0.628 mx (2.19)
S
y

2.3.2Estimation of crack opening stress under variable amplitude (VA) loading

Vormwaldet al.(Vormwald and Seeger 199fjoposed a simplequation which relates
the change in the crack opening stress in a given cycle to the difference between the current crack
opening stress,y) and tte steadystate crack opening stresks:

DS, (S Sy (2.20
Her &pi s;e t he change in theooOcaesackclosupduldpn g st r
parameter, which is a material ctarst obtained through a series of damage tests. The step by step
calculationof crack opening stress in the SBFM modelder VA loadingis similar to that
described i{El-Zeghayar 2010and can be summarized as follows:
1. For the firststrescycle, the value ofpi s cal cul ated using Newman
2. For all stresscycles following the first, the crack opening streSg)(used in the crack

growth analysis is calculated based on the following assumptions:

a) If Su O Sypss then the crack opening stress level is assumeoketimstantaneously

decreased to the constant amplitude stestalte level for that cycle.

b) If Su < Spss then the crack opening stress level is assumed to follow the exponential

build-up according taEquadion (2.20) unless the range of stress in that cycle is below
the intrinsic stress range or the maximum stress in that cycle is below zero.

Once the crack opening stress is known, the corresponding crack opening strain is
calculatel using cyclic Ramber®sgood equationA sample of a stressstrain history
corresponding to a VA loading history is shownFigure 2.14. This history and the identified
stressstrain points in this figure have beegiculated using the assumptions and procedure defined

in the preceding paragraphs.
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Figure2.14: A samplestressstrain history under variable amplitu@¢A) loading

For each closed stressrain hysterds loop, the local inelastic maximum, minimuand
crack opening stresstrain pointsareshown inFigure2.14. It can be noted that for some cycles,
the minimum and crack opening stresgin points are one and the sadiso, thevalue ofUin
the figure is in between 5% to 12%, which is very high but it was intentionally obtainedrwith

arbitrary value of material model parameters to show large sthess loops.

2.4 Estimation of effective stress intensity factor range

The effective SIFange,gKes, considering crack closure, is determiasdfollows
DRt K XK o K (2.21)
whereKmaxandKnn are the SIFs due to the maximum and minimum loeahsticstrain levels
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(§ for a particularstresscycle andKop is the SIF corresponding to the crack opening strain level
for a given load cyclewhich is calculated according Emuation(2.5). This step providegKes at
each crack depth for the deepest anthse point of the crack corresponding to esithscycle

of givennominal stressistory.

2.5 Definition of crack growth law

The ParisErdogan crack growth lavg used to relate the crack growth rate vitie SIF,
which is commonlydonein linear elastic fracturemechanics It is modified to consider crack
closure effects and a threshetressintensityfa c t o r  Kin.8Givan@Ker fragm Equation(2.21)
andgKi from the materiat test, the crack growth rate at each crack depth is calculated following

Equation(2.22) corresponding to eadiresscycle of a givemominal stressistory.

@ _¢ca \ [)m 0
—=-c taxd kKO K , _
dN & et th (2:22)

Here,C andm arethe ParisErdogan crack growtlaw constants estimated froatlosure
free crack growth rate te¢e.g.,at a highload ratio,such askR = 0.8) on a compact tension
specimenThis step providethe crack growth rate at the deepest and surface poirite crack
when the crack is propagag from one crack depth to another.

2.6 Integration of crack growth law

Given the crack growth ragat the deepeégoint and at the surface point of a crack, the fatigue
life (number of cyclesijs calculatedfor successive specificrack depth increasdérom d(k,1) to
(k+1,1), until acritical crack depth is reachgaks shown irFigure2.15.

35



L 3

o e b o 5 (@, i, (2),]

Yes

d(k,1) < a,

No

No

dk+1,1) > ac

Figure2.15: Steps to estimate fatigue life in 2D SBFM model
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The symbold represents discrete depths at which fracture mechanics enaiyes
performed, which is a vector of sirex 1. The variablék takes values from 1 tm (~300). As
outlined inFigure2.15, it is first checked that the deptti(k,1) is in betweerthe initial andthe
critical crack depthlf this check is passed, tharcrack growthanalysis is performeatherwse,
the same check is performed tbe next higher depthAt each depth, first, theumber of cycles
(ogN) is calculatedor the deepest point of the crack corresponding to the change in crack depth
from d(k,1) tod(k+1, 1) witha knowncrack growth rate @dN at the depthd(k,1). Now, for the
calculated number of cyclesd{), crack depth incremerftr) is calculated along the surface
direction this step provides an updated crack width for further calculation at the next crack depth
Fromthe crack growth analysi®r depthranged(k,1) tod(k+1,1), the updated crack degtfand
half crack widthc is obtaned, which providean updated aspect rat{@/c) of the crack Thisis
usedsubsequentlyo calculatethe number of cycles correspondingth the nextcrack depth
incremenfromd(k+1,1) tod(k+2,1)and so onThesesteps are repeatedtil acritical crack depth

is reached.

2.7 Definition of failure criteri on

There are several conditiotizatcan be used as failure critedaring crack propagation
such as exceedancetbé material fracture toughness limit or, exceedance oh#terialyield or
ultimate stength. The existing ASTM standasd (ASTM E399, ASTM E1820yecommend
guidelines to perform fracture toughness test to estimate plane strain fracture toughness, which
providesa conservativeestimateof fracture toughnedsr reatlife components. Dependiran the
specific application (component size and notch geometry), a suitable fracture toughness test
(adequate thickness of test coupahpuld be devised to get fracture toughness déiiah
represent stress state of the specific component geometryiwhistally in between plane stress
and plane strain condition. For the current work, no fracture toughness test was performed
simulatingthe stress state in the tested speq, therefore, fracture toughness was not used while
defining the failure criteridn this study, hecritical crack deptinas beeralculated based on net
section failure depending dralf crackwidth ¢, component widtlw, component thicknedsthe

ultimate strength othe material(l, and maximum nominal applied str&ssm max Thefour cases
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of crack shapg considered fothe estimation of critical crack demlareshown inFigure2.16
andFigure2.17. The equations to estimate the critical crack depth for all foursassderived n

the next subsections.
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Figure2.16. Semielliptical crack shapes with dimensiof& 2 w (left) and 2& > w (right)
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Figure2.17: Quarter elliptical crack shapes with dimensioaw (left) andc > w (right)

Case 1: Semtlliptical crack shape with 2& < w (seeFigure 2.16 (left))

The formula for calculation othe areaof the semielliptical crack(Ase is presented in
Equation(2.23). In this equatiopa andc arethe ellipse dimensionas shown irFigure2.16 (left).
The ret aregAne) is calculated by subtracting the area of crack from the total-ssxt®nal area
(A) according taEquation(2.24). Then, the nestress is calculated by dding the peakload (of
the loading historyyvith the net crossectional area as shownHiguation(2.25). For failure,the
net strese the cracked componesihould be equal to or greater thtae ultimate strendt of the
material After equating the net stressthe ultimate strength dahe material, Equation(2.26) is
obtained After rearrangindghe Equation(2.26) and equating with acrit, theexpression focritical
crack depthdcrit) is obtaired which isshown inEquation(2.27).
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Case 2: Quatrter elliptical crack shape withc <w as shown inFigure 2.17 (left)

The processo calculatethe critical crack depttior this casas similar to Casel, except
thattheformulafor thearea of the crack, which should treehalf of the area ok semtelliptical
crack (for the case othe quarterelliptical crack as shown irEquation(2.28). The calculated
critical crack depth is shown iBquation(2.29), which is just double ithe magnitude of the

critical crack depth calculated farsemielliptical crack.

:pQ g (2.28)
¢ 4
4@\/ té Sno - (229)
acrit = A é =
pae 2

Case 3: Semeklliptical crack with 2¢c > w as shown inFigure 2.16 (right)

The aeaof thesemielliptical crack with 2c >w is calculatedrom Equation(2.30). The
net aregAnet) is calculated by subtracting the area of crack from the total-sexgonal areal)
according to equatio(2.31). Then, the net stress is calculated by dividimgmaximum loadoy
the nefcrosssectional area as shown in equaii@l2). For failure,thenet stress should be equal
to or greater thathe ultimate strength othe material,(,, which is described iEquation(2.33).
After rearrangingequation (2.33) and equatinga with acit, the critical crack depthagit) is

calculated ashown inEquation(2.34).
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Case 4: Quarter elliptical crack with c > w as shown inFigure 2.17 (right)

The process to calculate critical crack defoththis cases similar toCase3, excepthat
the formulausedfor the area of the crackyhich should befor the area ofquarterelliptical crack
front rather than the areaf the semtielliptical crack frontasdescribedn Equation (2.35). The

expression for critical crack depth is presenteBgoation(2.36).

L 2.35)
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The critical crack depth calculated based on abovementioned equations was limited to a
maximum value of 80 % of the thickness of the component Bedie weight function method

used in the SBFM model is not applicable wieer 0.8A At each crack depth during crack
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propagation stages, the critical crack depth is calculated based on failure at the net section. If the
calculated critical crack depth exceedsAQBen failure is assumed to be immanent or to have
occurred from a pidical standpointThe abovementioned equations to calculated critical crack

depth will not work for a very wide componemi¢ B) , whi ch means the cr.i
exceeding ultimate strength may not be applicable. In that case, the use oé flraggimess in

failure criteria may be a better choice. However, it is assumed herein that the effect of the failure
criterion choice will be relatively minor for the studied component geometry.

This completes the description thie SBFM model used for thisvo-dimensional fracture
mechanics analysis of welded joints.Ghapter3, the onedimensional version of the described
modelis applied to study the fatigueehaviourof FSW joints. In Chapter4, the described 2D
modelis applied to study the fatiguedi improvement in HFMI treated welds. @hapters, the
described 2D modés$ extended to enable probabilistic SBFM analysis.
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Chapter 3
Ef fsmdt Geometric Misalignmdrmiatingué&vel d

Performance of Friction Stir We |

In this chaptera study on the effects of geometric misalignment and welding defects on
the fatigue performance of FSW butt and lap joints is presented. FSW is -@tatdigoining
process, which hasapidly gained attention fora wide rangeof structural applicationsMost
experimental fatigue studies on FSW have focusethtigue tests undemiaxial tensile cyclic
loading, without considering the presence of a significant geometric misalignment or welding
defectsAlso, very few studies have beparformedo assesthe fatigugperformancef aluminum
FSWijoints under bending loalIn the current study, two separate projects were carried out. The
purpose of the first project was to study the effect of angular misalignment on the fatigue
performance of FSW butt joistunder a tension loading and to assess the relative fatigue
performance of the top side vs. the bottom side of the thetdigh fatigue study under bending
load The purpose of the second project was to study the effects of intentionally introduced weldin
defects on the fatigue performance of FSW joints with dimensions and loading conditions typical
for structural applications. Fahe second projectdefects including a wormhole, a lack of
penetration (kissing bond), and toe flash were investigatedimeygally as well asising the 1D
SBFM model.

In the next sectiamof this chaptem background of previous research in this subject area
is presented, followed by a description of the experimental plafatigde testesults for the first
project {(nvestigation othe angular misalignmeuffecty. An analysisof theweld crosssection
and comparison dhefatiguetest results witliatiguetest data available ithe existing literature
is thenpresentedrFollowing this, probabilistic survival probalhy curves are established using a
procedure recommended by the International Institute of Welding (IIW). The test results are then
compared with S\ curves derived usingD SBFM model. Based on this work, conclusions are
drawn and recommended areasftother study are identified. Following this, the experimental
program, SBFM analysis, conclusions and recommendations for the second pregstigation

of the effects of weliehg defect} are presented.
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3.1Background
Friction stir welding (FSW) was inveat in 199)Thomas 1991) Since then, this welding

technique has seen canibus improvement, resulting in welds with better fatigue performance in
comparison with fusion welds. Lomoliret al.(Lomadlino, Tovo, and Dos Santos 200&udied
the fatigue behaviour of aluminum FSW butt joints and concluded that a better fatigue performance
can be achieved for aluminum welded structwits FSW. Dalle Donnet al.(Dalle Donne et al.
2000)studiedthe fatigue and fracture performance2824 T3 FSWjoints and concluded that the
fatigue crack propagation behaviour and fracture toughness of TZ)E&W joints is comparable
or even superior to that of the basaterial. Given the better fatigperformance of components
joined by FSWits use fotthe fabrication of aluminum structurésrapidly increasingHowever,
there remains a lack of design guidelines and quality control criteria, which hinders the8¥¢ of
components in civil engineering applications.

New improvements to FSW techniques and processes have been occurring continuously,
since the invention of this welding technology. The paaegélopmentf designcode provisions
and quality control cteriafor FSW joints has laggecbnsiderablyand struggled to keep up with
these improvement€onsidering the lack of contemporary test datas a challengto develop
design provisionsand quality control critea based onthe few availablefatigue test results
obtained froma limitedrange ofspecimen sizeand geometes, tested under a restrictset of
cyclic loading conditionsDue to the lack of existing design provisipnsany designcodes and
standardsissune that the fatigue strength of FA5jointsis no better thanonventionahrc welded
joints, whichmay bea very conservative assumption.

The first editonofAme r i can Nat i peoifecdtion$ot factiod stirwelding BfS
aluminum alloys for aerospace applicatiofdWS-D17.3/D17.3M:200X 2010yas published in
2010. Subsequentlythe rapidly increasing use of FSW created the need for an International
Organiation for Standardization (ISO) standard, which was published in 2011 and included five
parts(ISO 25239 2011 Additionally, (AWS D1.2/D1.2M 2014has recently introduced amtire
section on FSW, wherein inspection acceptance criteria for FSW is broadly discliseed.
Canadian code for welded aluminum construciGAN/CSA W59.2 2018has also recently
added a chapter on FSW wherein inspection acceptance criteria for FSW is discussed. Generally
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absent in these welding standsirare details concerning fatigue design, specifically for FSW
joined components. The common practice is to use the available fusion weld design curves for
similar joint geometries (e.g. butt joints) in structural aluminum standards such as Eurocode 9, the
Aluminum Design Manual (ADM), and CAN/CSA S157.

Several studies have suggested that the approach of following fusion weld design curves
may actually be overly conservative due to the improved properties of FSW joints as compared to
fusion joints(Dickerson and Przydatek 2003; Miranda et al. 20F8y examplejt has been
reported that 5xxx and 6xX¥&SW samples thatontainedikissing bond defects up to 0.35 mm
cause no measurable degradation in mechanical performance compared térekefeetids
(Dickerson and Przydatek 2003) addition, samples with kissing bodéfectsup to 1 mmin
depthcould still meet théatiguerequiremens of the Eurocode Qesign curvgSvensson, LE.,
Karlsson, L., Larsson, H., Fazzini, M., & Karlsson 20@3sed on a statistical analysis of the test
data, the conservativism of the Eurocodd ADM design curves folusionwelded butt joints is
highlighted in a recent stud{Miranda et al. 2015)and a FAT62 design curve has been
recommended with a slope mb= 7.0 for the design-8l curve for aluminum FSW butt joints.

The fatigue life of FSW specimens can vary significantly depending on the welding process
parametergAydin et al. 2010¥studied thenfluence of weldingorocesgparameters on the fatigue
behaviouof 30030 aluminum alloySW joints. It was observed thae fatigue lives of the FSW
joints made with a welding speed of 40 mm/min were ab®8 #mes longer than those of joints
made with welding speeds dd 8nm/min and 112 mm/min, at different rotating speeds and under
a fixed stress amplitude and a stressr&&m, 1T 1. 0.

Few researchers have studied the effects of geometric and welding defects on the fatigue
performance of FSW aluminum joints. Fowletr al. (Fowler, Toumpis, and Galloway 2016)
studied thedtigue and bendingehaviouof friction stir welded DH36 stedfowler et al.observed
in his study that the bottom of a weld under direct tension load was subjected to secondary bending
stress of compressive nature, because of misalignment, which increased the fatigue life of the
tested specimen artificially. This secongd@ending stress was measured with the help of strain
gauges, and a correction was made to estimate the applied nominal stresiakgeson and

Przydatek 20033tudied the fatigue of FSW joints in aluminum alloys containing root fl#ws.

44



was foundthat flaws are often preseiit theweld root of FSV joints whenunsuitabé welding
parameterare used during fabricationh& vertical length of the flanstudied in(Dickerson and
Przydatek 2003)vas0.31 0.33 mm for thel mm thickFSW butt joints. The fatigue Wesof the
flawed weldswere found to b&3i 80 times shorter than that of flainee welds, and the fatigue
strength was found tecreas from 120.6 MPa for flaviree welds to 54.7 MPa for flawed welds
attwo million cyclesof fatigue life

Despite this recent progress, a number of gaps in the currervtheeknowledge appear
to remain unaddressed. In addition to the conservatiiguéperformance assumptions made in
the structural design codes, the tolerance lifoitshe various defect types in the welding codes
do not appear to have been related to fatigue performance, but seem to have been established based
on A b e s tinthe mdustryA lackeofafatiguetestdatdbaseunder variable amplitude loading

conditions simulating an igervice loadings also apparent.
Against this background, this study was undertaken with the following objectives:

Anqular misalignmenproject

1) to assess the fatigue performance of the top vs. the bottom side of FSW butt joints; and

2) toassess the effect of angular misalignment on the fatigue performance of FSW butt joints.

Weld defect project

1) to fabricate FSW joint specimens with differeveld defect types and degrees of severity
by varying the welding process parametargl to characterize the metallurgical properties
of the joints using various destructive and ful@structive evaluation (NDE) methods;
2) to perform fatigue testand an SBFM analysof the fabricated FSW specimens under a
range of loading conditions, includirggconstant amplitude (CA) loading aadvariable
amplitude (VA) loading simulating service conditions typical for vehicular bridge decks;
and
3) to relate the weld quality andatfgue performance with the goal of providing
recommendations for the fbasedodegual op menbD

criteria and improved fatigue design provisions for structural aluminum FSW joints.
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So far, this research has focused oo t@mmonaluminumalloys: 6061T651 and 5083
H321 and two joint geometries (butt joints and a lap joint detail) in ~10 mm thick plate. It has also
focused on a limited subset géometric and weldingedfects, includingangular misalignment,

kissing bondioe flash, and wormhole defects.

3.2 Angular misalignment project

In this section, experiment details aatiguetest results are first presented, followed by a
statistical analysis anda mmparisonof the fatigue test resultswith standarddesign curves
Fdlowing this, fracture mechanics analysis results are presented and compared with the

experimental SN data. Lastly, the results are summarized and conclusions are drawn.

3.2.1Experiment details

The weld specimengstedor this study were fabricated fro6®61-T651aluminum alloy
plates Two 175 x 420 x 9.5 mm plateswerejoined by FSW process along the long (420 mm)
edge The welded plates were subsequently cut into strips perpendicular to the welding direction
to fabricate the specimens (d&gure3.1) for fatigue test. fecimers with 30 mmand12.75 mm
width (w) werecutalong the 175 mnong edgeandthe specimen length was thesduced from
175 mm to 163 mm, so that the specimen isizempatible witlthefour-point bending tedrame
available at Waterlodl'he relation betweethe applied load and bending strdes the fourpoint

bending test frame is provided in Appendix A.

Back Face

)
163 mm

Figure3.1: Specimen geometry
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Theemployed FSWprocess parametgior fabrication of specimerareprovided inTable
3.1. The plate used for the specimen fabrication conforme{A®IM B209M 2014) The

equipment used for the specimen falima was a Jafo FWR40J milling machine with

displacement control via digital read@dcurateo within 0.005mm.

Table3.1: Friction stir welding process parameters

Variable type Variable Values
Shoulder and pin material H13 Tool steel
Shoulder diameter 15 mm
_ Pin diameter 5 mm with 10° conical shape
Tool design :
_ Pin length ~9.3mm
variables :
Thread pitch M6 thread
Three flats 10° conical M6
Feature geometry
threaded
Welding speedtraverse) 63 mm / minute
Machine Spindle speed (rotational) 1120 rpm
variables Plunge depth ~9.3 mm
Tool tilt angle 2.5°
Anvil material Hardened steel
Other variables Anvil size 380 x 420 mm
Work piece size 175 x 420 x 9.5 mm

The plan forthe experimental tdsg is summarized iffable3.2 and included tests on 37

specimens in totaln Table3.2, specimen orientatiQiiitTo p 0

specimen is placed in the fepoint bending test framin such an orientation that tension is

i mposed

on

the top side

of

nmigabunder bending load, the

the wel d, and

load, tension is imposed on the bottom or root side of the Wekting of specimens with width,

w = 30 mmwas perbrmed at the University oBrasilia Specimens with a narrower width,=

12.57 mm were tested on a feuuint bending test apparatus ($8gure3.2) at theUniversity of

a7

speci



Waterloo.The fatigue testing at Waterlewas performed undeo&d controht a testing frequency
of 3 Hz or underdisplacementontrol at a test frequency &0 Hz.The testing at Brasilia was
performed undeload controlat a test frequency cfO Hz.

Support Frame

Supporting Pins

Fixture

Figure3.2: Four-point bending test apparatusvsiiterloo(Top) and close view dhefixture (Bottom)

Table3.2: Test matrixfor fatigue test under bending and tension load

Loading Type Specimen Number of Specimen Test Location
Orientation Specinmen Width, w (mm)
Bending Top 5 12.57 Waterloo
Bending Top 9 30.00 Brasilia
Bending Bottom 14 12.57 Waterloo
Bending Bottom 2 30.00 Brasilia
Tension - 7 30.00 Waterloo
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After the fabrication process, the specimens were observethate an angular
misalignment defeawith an angled (seeFigure3.3) of approximately0.5° for all the specimens
as measured with a protractbatigue tests under a tension load were performed first followed by
fatigue tests uret a bending loadThe misalignmentwas suchthat whenthe specimen was
gripped in the axial load testing frame with no external load in the axial direttt@ogrippressure
producel tensle stress othefit 0 p 0 asmdiconfipessestresonthefi btod mo  softhef a c e
weld as shown irFigure3.3. It was observed that crack always initiated from the weld root during
fatigue test undenni-axial tensiorload even if there was presence of compressive stress at the
weld root. Therefore, the effective stress under whibke crack was propagatirgf the bottom of
the weldwas less than th&tress due to the applied axial load on its owrorder to confirm the
effect of the angular misalignment, strain gauges were placed on thi@dloeliseven specimens
tested under a uniaxial tension loading, and the strains were measured during the clamping
operation in the axial load testing frame at Brasilia. After gripping, stress magnitu®&s-6b,
and-25 MPa were obtained, based oragt measurements on the compression face (weld root)
with an average 038.3 MRa.

grip pressure

tension
vVVYVYVYVYYYYVYY v H' <:| :>

FSW\ L2
4 => <=

compression, S,
- L

Figure3.3: Nature of stress after gripping the@salignedspecimen in an axial tension test frame

The lIW(Hobbacher 2009)rovidesa factor to computthe magnitude of secondary stress
because of angulanisalignmentHowever, i is alsopossible to estimatfe misalignment s¢ss
level (&) usingthe followingsimple equation:

gEt (31)
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where g is the ante representing the extent of misalignments the elasticmodulus,t is the
thickness, and is thelength of the specimen betweerthe two gripped endsis shown ifrigure
3.3. Theequation(3.1) can be derived byonsideringhe specimen ascantileverbeam with span

L and fixed support near thefiigrip (with the specimen oriented horizontally, as it is in Figure
3.3), and the beam is subjected to a constaomhentat the free endright grip in Figure 3.3). It
can be notethattheinitial secondargtressecause of misalignment as calculatedfiEquation
(3.1) can have an effect on many of flagigue test results already published in the existing

literature, where, even a minor misalignment may have been present in the tested specimens.

3.2.2Fatiguetest results

After the fatigue tests under teosiloading, it was observed from the fracture surface that
the crack initiated from the weld root (WR), despite the presence of a compressive secondary stress
at the WR. The likely reason behind this cracking from the bottom of the weld is thought¢o be th
presence of a more severe initial defect at the bottom side of the weld as complafedttsize
atthe top side of the weld. l¢n a FSW joint withthe angulamisalignmentiscussed herils
from the bottom surfacehaving a secondary compressivees$ when fatigue testednder a
uniaxial tension loadhenthe observed number of cycles will provide rammservative estimates
for the fatigue life of a properly aligned specim&he observed number of cycles will correspond
to a lower effective nomial mean stress because of the compressive secondary stress generated as
a consequence of misalignment. If the same number of agcéssumed for the applied stress
range ignoring the presence of misalignment, then this would result in@nearvativdatigue
life estimate for a properly aligned specimenm&asurednisalignmentof approximately 0.5°
generates stress about-38.3MPa at the bottom of the weld, which can have a significant effect
on fatigue life.

The perimentalfatigue testresuls performed unde€A loading witha load ratio,R =
0.1areshown inFigure3.4. Raw fatigue test data is available in AppenBixX-atigue tests were
stopped if the specimen diat fail after 10 cycles of load and the corresporgli&N test data
point was marukedd awshia hiiriwn s hmarker andam artow. &8hef i gur

experimental SN datasetvassuperimposed on a cloud created ustily dataavailablein the
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existing literature for FSW specimetestedundera uniaxialtension loadingvith a load ratio of
0.1 for differentaluminumalloys and plate thicknesséSavaliere et al. 2@) 2009; Cavaliere,
Squillace, and Panella 2008; Das, Chakraborty, and Kumar Pal 2014; Ericsson, Jin, and Sandstrom
2007; Grujicic et al. 2011; HAGISAWA and OKURA 2009; Kainuma et al. 2008; Kobayashi et
al. 2007; Mahdavi Shahri, Hoglund, and Sandstrom 2Mifeira, de Figueiredo, and de Castro
2007; Okura et al. 2005; Uzun et al. 2005; Vidal, Infante, and Vilaca 2014; Vigh and Okura 2013;
Zhou, Yang, and Luan 2005, 2006b, 2006a)-igure3.4, the bending test resulise locatechear
the topregionof the cloud and the tension test resaits locatectloser to the bottomegion of
the cloud This result is what would typically be expected when comparing a set of otherwise
identical direct tension and bending tessuls, since here is a larger volume of material
experiencing the highest stress lewethe direct tension test aridas the crack propagatesa
more severe stress intensity factor associated with a uniform stress field in comparison with a stress
field due to bendtig.

300-
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«
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Figure3.4: Fatiguetest results under bending and tension load
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In Figure 3.4, the plotted stress range for the tension tests is the stress range with the
correctionfor the anglar misalignment, based on Equati@il), where the misalignment stress
and applied cyclic stresgeresummed(i.e. thecompressivenisalignmentstresswas subtracted
from the applied stressearthe weld roo). There was no efféof angular misalignment on the
fatigue life of specimens tested under bending |lbadausgafter placing the specimen in feur
point bending tesframe theload was made zero at the beginning of the test, which removed the
bending stress because of alignment.It can beobservedn Figure3.4 that the circular markers
areto the left otthe rectangular markeas the same stress lewehich indicates thahespecimes
tested in bending witlkensionon the root sideof the wet have a lower fatigue liféhan the
specimes subjected to tension at tge of the weld which shows that the weld root (WR) is
more critical from a fatigue perspective than the weldTdys is thought to be becausere isa
more severe defeett the WRrather tharon the topside of the weldin thesetested specimens
The nmaterial atthe top sideof the weld is relatively homogenqusecause ofhe high degree of
material stirring at the to®®n t he ot her hand, i ncompd ebend @i
defects are known to be commonly present at the M\M&n also be observed gure 3.4 that
the scatter in the teditais greaterf or BerldiegBdt t ®an®e t han f or t he
case, which indicates more w@mtainty at the WR, possibly because of a variation in defect
geometrylt can also be observed that the triangular markers are below the circular and rectangular
markers which indicates that fatigue strength undgclic tension load is lesthanundercyclic
bendingload

After the fatigugestunder bending loadhe specimens were cut into two pieces to observe
theweld crosssection undeamicroscopeFigure3.5 showsthecrosssectiors of FSW specimens
tested intwo differert orientations. Fothe specimens tested in bending wehsion athe bottom
of theweld, the crack initiated at the joint linseeFigure 3.5 (left)). The joint line in the weld
region is shown witta dashed line and weld stioae edgeis shown witha dottedline. For the
specimens tested in bending wigmsion athe topof theweld,thespecimesfailedat theinterface
of the stir zoneand the parent materiah the advancing side (AS) of the wégure3.5(right)).
Near the ASthere is a slight change in thickness, resulting in a small stress concentration (toe

flash), which is usually the crack initiation siteo r fi B e n d i corfigurbtmm lbcantbe s t
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noted fromFigure 3.5 that during bending tests, the specimensndicoreak into two pieces. For

the bending tests, failure was assun@dhappernwhen the visually observed final cradegh
reached around 35945% of the thickness of the specimen. Under tension loatiigre was
assumed when the specimen fractured into two pieces or the finaldelkeached more than

half of the specimethickness. Given the high crack growth rates at these crack depths, it is not
expected that these distinctionsfinal crackdepghsinfluenced the reported fatigue life by more

than a few cycles.

Figure3.5: Crosssection of welds after bending tests for specintested n fiBendi ng Bottom
configuration(leftyandi n fAB@e@nTWopo t esfight onfi gurati on

3.2.3Statistical analysis and omparison with standard design curves

In order to better understand the fatigue performancieftested=SW specimes, a
statistical analysis was performef)lowing a procedure recommended ltlye International
Institute of WeldinglHobbacher 2009)As perthis approach, the fatigue lift, is treated as the
dependent variable, which varies depegdonthe nominal stress ranggf. The SN curve is

defined as follows:
log(N)=log(C) -m'Idy( 9SI (3.2
whereCdandmdare constantavhich determinghe vertical position and slope of theNScurve

regectively
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Table3.3: SN curve parameters based on IIW statistical analysis (units: MPa)

Test configuration\ Parameter mo log(C i (?ft?().g?gvﬁ log(C &
Tension 7.46 20.3655 0.2970 19.4745
BendingTop 5.70 18.2532 0.2983 17.3583
BendingBottom 5.83 18.0891 0.4113 16.8552

Given the test results and the number of data poshige of the SN curve mg is
established, along with the intercept, I8§( for a given survival probabilitywhich is povidedin
Table3.3. In this table, the termes(mean curve) and (design curve) correspond to 50% and 95%
survival probability with a 75 % confidence level on the mean respectivklgh isin accor@nce
with thellW recommendatn (Hobbacher 2009Figure3.6 shows the mean and desfgiN curve
for thefiBendingT o p 0 BendidgB b t t testrconfigurations.
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Figure3.6: 1IW Probabilistic SN curves for specimens tested under bending load
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Figure3.7 shows the mean and desigiNSurves for specimenssted under axial tension
loading.It can be observed frofigure3.6 andFigure3.7 that there isa biggergapbetween the
meananddesign SN curves for thefiBendingBottombcasea s ¢ 0 mp BendindT ot pmad i
A T e n scaseshwhich indicates more scatter in the experimental test results for the Bending

Bottom case
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Figure3.7: IIW Probabilistic SN curves for specimen tested under tension load

Figure 3.8 shows a comparison of the obtained desigN 8Surves with the standard
Eurocode design curves applicable for conventional arc welded aluminum butt joints under a
tension lading. It can be observed from this figure that the fatigue strength of the FSW joints
under a tension loading is very close to that of a desidled, full penetration conventional arc

welded joint. The design curve for tested specimens has a flattertspthe ones for the single
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sided arc welded joints, with a much higher fatigue strength at longer fatigue lives. The
statisticallyderived SN curves based on the bending test data are on or above all of the Eurocode
curves folN> 53AytI€s.
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Figure3.8: Design stresife curves from EN 19949-3 and fromanalysis of fatigu¢est data

Figure3.9 shows a comparison of the obtained sttdecurves fortested specimens with
standard IIW curves applicable to conventional arc welded aluminum joints under tension loading.
It can be observed that the fatigue strength of the FSW joints is above the FAT 45 curve in the
high cycle fatigue (HCF) regime (> %6ycles). It can be noted that the slopg, of the IIW FAT
curves is 3.0, while the slopes ofNscurves for the tested FSW joints are around 7.0 {3.88),

which is also mentioned ihable3.3.
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Figure3.9: Design stres$ife curves fromlIW and fromanalysis of fatiguéest data

It must be acknowledged here that due to the very small size of the specimens, care should
be taken in drawing conclusions from skecomparisons with the design cur(@sgailable in the
various standargisWhile it would be concerning to see the test diallang below these curves,
smal | specimens tend to benefit from Ascale e
of large defects being present, as a result of their size. Thus, it would not be advisable to use this
fatigue testlata to adjust the design curves without careful further experimental study using larger

specimens.

3.2.4Fracture mechanics aalysis

For the fractue mechanics analysis of FSW joints, aviddsion ofSBFM model was used
wherea constantcrack aspect ratica(c) was assumed at all crack depths a simplificationlt
was observed frorthefracture surfaceof the fatigue tested FSW joints that fadsifrom cracls

initiating at theweld root always resulted in throughdth cracls, which could be easily simulated
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with a1D SBFM modelThe 1D SBFM model wathereforesufficient to estimate the fatigue test

results for smalkcale FSW joints where mogtthroughwidth cracls were observed.n this

subsection, the input parameters used for a 1D SBFM analysis and the corresponding analysis
results are describedTable 3.4 provides values for the input parameters uedhe SBFM
analysis.Several assumptions have been made while deciding on the input parameters for the
fracture mechanics analysis, which are explained or justified lhehmuld be noted thég, Gy, G,

K pandn a@vere estimated based on hardness measurements reported in prigGworkt al.

2019) and interpolatingpetween the measured properties for 6061 alloy T651 and O tempers from
(Coughlin and Walbridge 2012J he initial crack depths assumed in the analysis were: 0.05 mm

for the ABending Topodo case and 0.1 gasnTheor th
assumed initial crack depth is the same for t
for these two casete crack initiated at the weld root. This assumption was based on the belief

that the incomplete joint penetration (kissing bondg¢cks at the weld root will typically be bigger

than the defects at the tealeof the weld(Guo et al. 2019)During crackpropagation, a constant
crack aspect ratio of 0.1 was assumed for the
an essentially |I-wndah deftekd, owhiiltBraonghspect

for the ABendi ngrack shapé meaasueraents repprse@ido 2018) c

To estimateheParisErdogan crack growtlaw constantsC andm, crack growth rate test
were performed orfour compact tensioffCT) specimes as per(ASTM E647 2016)The CT
specimens were prepared from the same FSW fifatkiding weld)from which the pecimens
were fabricated for fatigue testing. During the preparation of CT specimens, polishing was done,
which caused removal of the top ~1 mm layer of material from both sides. This polishing might
have reduced the effect of residual stresses introdidwexg the FSW processhe teston CT
specimensvas performed athigh load ratioR= 0.8 to avoid crack closure effeciThe neasured
crack growth ratelata and fitted Paris laig shown inFigure3.10. The constantn was assui@d
to be4 and the value ahe constant.N(C) wasestimatedo be-30.6 (units of MPa and mnhy
manually (by varying the value of LN(C) till a good fit is observed visudiliifiag the data ora
Log-Log plot. Thevalue of thehreshold stress intensitya ¢ t o r Kirwasagsuwemed taoe 45
MPaéamm
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Table3.4: Input parameters usédr the SBFManalysis

depth (a/c)

Variable Value Source
1 Specimen thicknesg, 9.5 mm Measure
, (Coughlin and Walbridgé
2 Elastic modlus, E 705 GPa
2012)
3 Yield strength s, 134.1 MPa (Guo et al. 2019)
4 Ultimate strengths, 181.5 MPa (Guo et al. 2019)
5 Paris constan LN(C) -30.6 Figure3.10
Threshold stress intensity Assumed
6 45 MPaamm
factor range DK,
RambergOsgood cyclic Guo et al. 2019
7 _ §059 Y 304.5MPa ( )
material model parametek '
g RambergOsgood cyclic 0.13 (Guo et al. 2019)
material model parameten; '
0.1 mm at the weld roofor Initial crackdepth
Initial crack deptha , and Bending Bottom & | assumegdCrack initiation
9 S . Tensioncase, 0.05nm .
crack initiation location at the weld toffor location observed from
Bending Top case thefracture surface
10 Final crack depth a; 4.75mm Assumed
10| Crack closure parameterrf) 0.003 (Guo et al. 2019)
11 Parislaw constantm 4.0 Assumed
12 Specimen widthw 30 mm/12.57mm Measure
13| Initial crack aspect ratida/c)o 0.5 Assumed
0.1for Bending Bottom & Observed fronthe
14 Crack aspect ratiat all other Tension case 0.% for | fracture surface of the

Bending Top case

tested specimens
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Figure3.10: Crack growth rate test results and comparison with Eurocode curves

It can ke observed ifrigure3.10 that themanuallyfitted crack growth curve represents a
conservative upper bound of the measuestataat higher SIF rangeand best fit at lower stress
ranges For slower crack growth rat¢és10°), the fitted curve is below the lower bound of crack
growth rate for aluminum alloys available in the Euroc(idevelopment 200085ince, there was
only one parameter, LN(C), which was varied while fitting the curve and significant number of
experimental data was available, the fit was madeually to get the crack growth rate curve
which represestupper bound of test data at higher stress ranges and best fit at lower stress ranges
(where scatter is high).

There are two variants of the crack growth law, whdah beused in fracture mechanics

analysis as shown in Equation (3.3) and Hagua(3.4). For estimating the constatendm for
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this project, the Equation (3.4) was used. The same equation was used for the SBFM analysis as

well.
da C @& g KD K t)m 0
_— = axl , .
da p
—=-cC @axg KD K”f:) 0 24
dN eff th (34)

The secondary stress distribution because of misalignment along the crack path was
assumed to vary linearly with the magnitude of 38.3 MPa on the top surface of the va8d®Bto
MPa at tle bottom surface of the wefdr the specimens tested under tension .|dde applied
stress distribution along the crack path was
Top0 case, the applied str es sompressive atithe bottoen a't
face of the wel d. For the ABending Bottomo <ca
compressive at the weld top. Residual stresses induced by the FSW process have been found to be
low in magnitude due to the low vadihg temperature@Miranda et al. 2015)yand are thus ignored
for the present SBFM analysis.

Figure3.11 shows the results of the performed SBFM analyses for the case of specimens
tested under a uniaxial tensitwad. InFigure3.11, it can be observed that at two million cycles,
the fatigue strength of a specimen without misalignment is 71.04 MPa while the fatigue strength
of the specimen with misalignment is 97.91 MPa. Here, the increadength from 71.04 MPa
to 97.91 MPa occurred because of a beneficial compressive stress at the weld root due to the
angular misalignment. It should be clear frbrgure3.11that if the misalignment effect is ignored
then the SN curve for a properly aligned specimen (dashdd &irve) underestimates the test
results by a considerable margin. If such a model (with alignment effects ignored) were calibrated
to the tension loading test results and then used for prediction pufpasds predict the fatigue
life of welds under bending), then this could lead to unconservative predictions. It can be
understood from this figure that if test data obtained from specimens with favorable
misalignments, such as the ones tested in themustudy, are used to establish design curves,

then these curves will be unconservative for welds fabricated without misalignment.
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Figure3.11: Test data and-8l curvesfor specmers tested under a waixial tension load
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Figure3.12 Test data and-8l curvesfor specimens tested under bending load
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Figure 3.12 shows SN curves for tke case of bending tests under two specimen
orientations. It can be observed that the fatigue performance foaseeottension at the top of
the weld (Bending Top) is better than for ttese oftension at the weld root (Bending Bottom).
Here, the rarkerwith anarrow represestrun-out test data. At two million cycles fatigue life
the fatigue strength for the ABending Bottomo
itis 120.71 MPa.

Looking atFigure3.11 andFigure3.12, it can be seen that, with the assumed initial defect
geometries on the top and bottom sides of the weldgmdnsidering the presence of secondary
stress because aingular misalignment for the tension tests, the expetahésst results are
estimatedeasonably well using the 1D SBFM model. It is believed that these predictions might
have been better if the angular misalignment defect was measured more precisely prior to testing
for each specimen. However, given the hilglyree of scatter inthetestdath or t he A Bend
Bott omo t e stitdsbelievedghatrithiese cesultsdnave value in showing that the fatigue
performance of FSW joints can be predicted by the SBFM model and that the effect of angular
misalighment on the tension tests is significant.

3.2.5Summary and @nclusiors for the angular misalignment project

In this project, new fatiguess under fourpoint bendingand tensiohoad weregperformed
to investigatethe fatiguebehaviourof FSWaluminum butfoints. The st results weranalyzed
statistically using an approach recommended by the IIW. Also, the test resultestiarated
using1D SBFMwith areasonable accuracgn angularmisalignmentdefectdue to inadequate
clampingduringtheweldingproceswas seen to have a significant effect on the results of the tests
conducted under an axial (tensile) loading. The significance of the angular misalignment defect
observed in the specimens fabricated for the current study was assessed using a sirgle equat
and strain gauges and was confirmed by the fracture mechanics analysis.

The fatigue strengths of different specimen configurations tested in this study are
summarized inFigure 3.13. It can be observed that the favorable mggahent increased the
fatigue performance of specimens tested under tension loading from 71.0 MPa to 97.9 MPa. This

fatigue performance of misaligned specimens w

63



caselt was alsmbserved thainder ebendingoad, the fatigugperformance of the top side of the

weld is better than that of the bottom side of the waslévident fronfrigure3.13.
150

120.7
120

97.9
90 83.8
71.0
60
30
0

Tension Properly Tension Misaligned Bending Bottom Bending Top
Aligned

Fatigue Strength (MPa)

Loading and Specimen Orientation

Figure3.13: Fatigue Strength of differespecimen typgat two million cyclesf fatigue life

Most of thefatiguetest results available e literature do notonsiderthe possibility of
an angular misalignment defedt this project, the influence of such a defect on the fatigue
strength ofan FSW joint specimen was assessed and it was observed that even anglidgat
misalignment of the order of 0.5° can create secondary stresses of £+38 MPa or more. Ignoring
thesefavourablesecondary stresses can result in-nonservative estimates adtigue life for
properly welded specimens.

Based on this work, further research is recommended to investigate other kinds of
misalignment (e.g. linear misalignment) that can result from the FSW process and redaterihe
of misalignment defectvith fatigue performance. This work would contribute towards the
necessary future development of limits on the severity of these defect types that should be

respected in order to ensure a certain fatigue performance for design purposes.
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3.3Weld defect project

In this section, experimental details and fatigue test results for the project investigating the
effects of weld defects in FSW joints are presented first. Fracture mechanics analysis results are

then presented, along with a summanglconclusions.

3.3.1Fatigue teg description

The specimens tested in this study were fabricated from-%661 and 50831321
aluminum alloy plate with nominal thicknesses of 9.5 mm and 9.1 mm, respectively. The variation
in nominal plate thickness between the specimens fabricatedhegh two alloysvas the result
of local material availability. The alloy compositions were veritieded ofASTM E1097- 12
2017)and(ASTM E1479i 99 2011)oy an external laboratory (s&able3.5).

Table3.5: Compositions of base materials in weight percentage (wt%)

Alloy\Elements| Al Mn Mg Si Cr Cu Zn Fe
6061-T651 Balance| 0.08| 0.81| 0.53| 0.06, 0.18| 0.01| 0.19
5083H321 Balance| 0.79| 4.74| 0.05| 0.06| 0.07| 0.14| 0.21

To fabricate the specimens, ®f 175 mmby 420 mm plates were prepared and welded
along the long edge, which wasgented parallel to the rolling direction of the plate. The welding
edges were cleaned before welding to avoid contamination potentially leading to voids and
unexpected defects. The plates were held in place using clampsechouangbacking plate with
both vertical and horizontaéstraintgseeFigure3.14(A)). Each of the welded plates was then cut
i nt o f-bo nghdpedatigue specimens using a CNC machine. The specimens had a 90
mm width in theendregions (se&igure3.14(B)), a 70 mm minimum width in the narrow region
between thends and a curved transition with a radius of 85 nine tool used for the welding
process is shown iRigure3.14 (C). The empbyed FSW tool was made from H13 steel, quenched
and tempered to 448 HRC. The pin geometiyas 10° tapered and Mireaded with three flats.

The VA loading history used in the fatigue testing program is shoWwigime3.14 (D).
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Figure3.14: Specimen fabrication and loading details: (A) welding process setup, (B) specimen layout,
(C) FSW tool, and (D) VA loading history
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A typical profile of a properiwelded (PW) butjoint is shown inFigure 3.15 (A). A
specimen with significant toe flash (TF) can be sedfignre3.15 (B), which was intentionally
created in the butt joint through excessive penetration of a sliglattieshvelding toolln addition
to the butt joint specimens, special lap joint(LJ) detail shown inFigure 3.15C) was also
investigated, whichvas designed teimulate a lap joint between extrusions in a mextirusion
vehicularbridge deck panglfor example). The lap joint is a convenient way to provide {uilt
backing material for a orgided weld. On the other hand, it results in a ctikekgap, which runs
parallel to the loading directicais shown irFigure3.15(D). One of the objectives of testing this
detail was to assess tfatigue performance of this complex joint type. The lap joint specimens
were fabricated by nmdiT851 dlumigumplates@othalfofrtheifttickress) 6 0
at oneend with a filleted transition in the weld region.

Figure3.15: Specimen profiles: (A) 6061 proper weld profile, (B) 6061 toe flash weld profile, (C) lap joint
detail, and (D) lap joint weld profile

In total, ventypesof specimenwere fabricatedl) A 6 P Wpropdilywelded 66061
aluminumbutt joints,2) A6PO:fpolished 6 Alninumbutt joints,3) A6KB: 6061aluminum
butt joints witha kissing bond defecl) A6 TF: 6061aluminumbultt joints withatoeflash defect,
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5) A6LJ: 6061aluminumlap joints,6) ASPW:ii pr oqwe i Idyy daumbh@rdit joints and

7) ASWH: 5083 aluminumbutt joints witha wormhole defectPolished specimens are properly
welded specimens, which were polished at the weld to@touwe any stress concentration because

of a possible toe flasfihe idea of testing intentionally introduced defects in this maaséanilar

RTg ek, tastudythh effect lofdkissiig bdril 5 )
defects on théatigue behaviour of 7475 alloy FSW specimeasd conceptually similaptthe
approach used by (Tehrani Yekta, Ghahremani, and Walbridge 2013) to studyantever

to the oneemployed il Ka d 1| e c,

treatment in HFMI treated welds
Welding process parameters used during the fabrication of all specimen types are
summarized imMable3.6. For the 606&aluminumbutt joints, thetool plungedepth was set at 9.3
mm for the 9.5 mm thick aluminum plates. Similarly, for the 5888inumbutt joints, the punge
depth was set at 8.9 mm for the 9.1 mm thick aluminum plates. For the specintekssing
bond and toe flash defects, the pin length was reduced tar.4nd8.5 mmrespectively The
plunge depth was then varied as needed to create each defect typegéddepth of 10.7 mm
was used for the lap joint detail in order to ensuretti@tveld penetrated through the entire 9.5

mm plate thickness to create a horizontal initial cildak defect.

Table3.6: Welding procesparameters used ftiefabricationof specimens

_ _ Tool pin _ Rotation Travel Plunge
Specimen| Aluminum Plate Tilt
) length speed speed depth
type alloy thickness angle (°) _
(mm) (rpm) (mm/min) | (mm)
A6PW 9.3 9.3
A6PO 9.3 9.3
A6KB 6061 9.5 8.4 2.5 1120 63 8.4
A6TF 8.5 9.3
A6LJ 10.7 10.7
A5PW 63
5083 9.1 8.9 25 1120 8.9
ASWH 90
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71fatigue tests were performed in total for this stuihye raw datarbm theexperimental
fatiguetestis available in AppendixC. For each specimen type, at least four tests were completed
under tensiofonly constant amplitd e ( CA) | oading conditiSons at
(= Snax1 Smin), and at astress ratioR (= Swin/ Smay), Of 0.1. Tests that exceeded 3 million or so
applied cycles withouwnodtad . ulrt wimemrtedt thetbtlena t n 6 i e
frunrout 0 simply refers to ainestathastwéaersivbapp
fatigue life is necessarily expectdtbllowing the CA loading tests, specimens were tested under
a variable amplitude (VA) loading history, whichroesponds to the support reaction on a 15 m
long simplysupportedgirder subjected to measured highway traffic loading in the Province of
Ontario (sed-igure3.14(D)). This history was found to be relatively severe for aluminunusvel
in bridges(Coughlin and Walbridge 2012figure 3.16 shows typical weld root defect depths
measured for thA6KB, A6PW, andA6LJ specimen types.

Figure3.16: Weld rod defectsizemeasurements in (A6KB, (B) A6PW, and (CA6LJ specimens

For the A6KB specimens, the WR defect was on the order of 1 mm in depth and was

initially straight and perpendicular to the bottom edge of the spe@msinown ifFigure3.16(A).
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Within the thickness of the platthe kissing bondlefect turndowards the ASf the weldand
approaches an orientatigrarallel to thetransverse direction of the weld at its visible fifhe
minor WR defects observed in tA@PW specimens tended to appear as a straight fold aligned at
a shallow angle with respect to the specimen bottom aslgbown irFigure3.16(B). The crack

like defects observed in tR&6LJ specimens, were hoahapedis shown ifrigure3.16(C), which
resulted in failuregrom the weld roatin the lap joint, the defecttarted out in a horizontal
direction, parallel to the specimen bottom edge, and then turned upwards neagdbe zone
(NZ) edge, possibly due theupward flow of the plasticized material in this region.

Figure3.17 shows an example of the cresactional weld profile for one of the specimens
with atoe flash. While the toe flash generathdingfabrication of these spegoens was readily
apparent, it is the loss ofosssection and the sharp stress concentration resulting from the excess
tool penetration thais thought to be detrimental from a fatigue perspective. In general, the

thickness reduction for these specimesas on the order of 0.5 mm at tN&.

9.39 mm
8.93 mm

Figure3.17: Weld profile of A6TF specimes with a significantly largdoe flash defect

The fatigue tests were performea a 500 kN MTS structural testing frame dtexjuency
of 10-15 Hz. The formation of fatigue cracks was detected Wigual inspection and the use of
displacement limits, which stopped the test when theradisptacement beyond a predetermined
limit. When a visible crack was detected, the crackasarwas stained with dye penetrant, to
enable measurement of the crack size and shifégrespecimen fracture
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3.3.2Fatigue test results

In this section, fatigue test results are presented for all seven spagpasnThe fatigue
test results are comparedtiwvidesign SN curves from an aluminum design manual (ADM) for
conventional arc welded butt joints. DetailedN$lata including failure location and initial defect
size is available iAppendixC. Figure3.18shows féigue test results for the 6061 properly welded
specimens under CA and VA loading conditions. An equivalent stress range for the case of a VA
loading has been calculated using a Palmienn er 6 s s u Mg forTcalorlatisggBgp e ,
was taken as 4.84,hich is the slope of Cat. B desigANScurve for butt joints in the ADMThe
Aluminum Association 2015)In the ADM, the Cat. B detail represents a sirgjteed full
penetrationarc welded butt joint, while Cat. A represents dbublesided full penetrationra

welded butt joint which is as good as base m@&i).
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Figure3.18: Fatigue test results f&x6PW specimens and comparison with the ADM design curves

It can be observed irigure3.18that the fatigue performance of AGPW specimersoise

to that of adoublesided full penetration anwelded butt jointunless the failure is due to crack

71



propagation from the weld root (WRhder VA loading In the case of WR craakg, all of the

experimental S\ data pointsall above detail Cat. B. While, it was intended to fabricate\re\W

specimens without any defect, after fabrication, it was found that some of the PW specimens had

an unintentional kissing bond defect on theles of 204 pum as shown iRigure 3.16(B).

Practically, detecting/preventing a defect of this size is difficult. Therefore, these specimens are

stil |l categorized as
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Figure3.19: Fatigue test results fé&x6PO specimens and comparison witle ADM design curves
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Figure3.19shows the fatigue test results for the A6PO specimens. The fatigue performance

of the A6PO speciens is close to that of the base metal (Cat. A). Again, the poorest VA test result

was the result of a premature faildrem the WR due to an unintentional KB defect. Beyond 5

million cycles, VAtestresults falling below the ADM Cat. A design curve ipegted, as VA

design in this domain is done by extrapolating the sloped&rve beyond the (horizontal) fatigue

limit.
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The fatigue test results for specimens with kissing bond defects are shBignri@3.20.
It can be observeddm this figure that the fatigue performance of the A6KB specimens is worse
than the fatigue performance of simitanglesidedarc welded joints (ADM Cat. B).
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Figure3.20: Fatigue test results fé&x6KB specimens and comparison witie ADM design curves

Figure3.21 shows thexperimentab-N data for the A6LJ specimens along with the ADM
Cat.A, ADM Cat. BandADM Cat. D design curves. It can be observed fromfitise that the
fatigue performance of the LJ specimen is also lower than the ADM Cat. B design curve under
both loading conditions. Therefore, theNSlata for theA6LJ specimens is also compared to the
design SN curve for ADM Cat. D ifh= 3.73). It can b observed that the fatigue performance of
the LJ detail can be said to be as good as an ADM Cat. D detail. Another aspect, which can be
noted inFigure3.20 andFigure3.21, is that there is less scattertire SN data for the ABKB and
A6LJ specimens, which is because of the consistency in the failure mode (from the WR) and the
defect size for these specimens. Also, the CA and VA loading test results fall along a straight line

for these specimens.
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Figure3.21: Fatigue test results f&x6LJ specimenand comparison witthe ADM design curves

Figure3.22 showsexperimentab-N data for A6 TF specimens along with the ADMsidg
curves. Most of the -8l test data is above the ADM Cat. B curve except for two VA test results,
which correspond to cracking from the WR. Based on this observation, it can be said tbat the
flashdefect is not as detrimental as th&sing bondlefect ands nota big concern in FSW joints.

Figure 3.23 shows theexperimental testesults for the ASPW and ASWH specimens.
Fatigue tests for 5083 aluminum specimens were carried out only under CA loading with a loa
ratio, R, of 0.1. All ASPW test results but one fall above the ADM Cat. A design curve, which
showsthe superiorfatigue performance of the ASPW specimens ttertypical aluminum base
metal. The ASWH results are shown with a triangle symbblgare3.23. It can be observed that
these markers are below the circular ones, but are still above the ADM Cat. B design curve in all
cases but one. This shows that small wormhole defects of the observed geometry reauarmony

effect on the fatigue performance.

74



200

<
ol ()
> A L
o ~. -~ —
4 ~e_
g ® T ~.
© e -
nd ® .> B S (N I I
7
0 A &
©
£ /
CZED — - -ADM Cat. A ——ADM Cat. B
@ A6TFCA A ABTFVA @ = WRiailyre
20 '
1.E+04 1.E+05 1.E+06 1.E+07
Number of CyclesN

Figure3.22 Fatigue test results f&6TF specimenand comparison witthe ADM design curves
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Several attempts were made to create a wormhole defect in 6061 aluminum plate, but they
were unsuccessful. After several trials, the wormhole defect was created in thelG@88im
platewith a different welding toolgcircular end rather thathe usuatonical end). However, the
wormhole depth was not consistent along the length of the weld. This may be considered to be a
good thing: if it is so difficult to intentionally create the wdrohe defect by varying the welding
process parameters, then in practice, wormhole defects should rarely happen in the 5083 and 6061

aluminum FSW joints fabricated with a taalsimilar profile.

3.3.3Fracture mechanics analysis

Following the fatigue testingiracture surface observations andracture mechanics
analysiswereconducted to facilitate further understanding of the effectdl off the investigated
defect types and demonstrate that the experimental results could be predicted with a reasonable
accuecy using te 1D SBFM modelTable3.7 provides values for the input parameters used in

the fracture mechanics analysis for the two investigated aluminum .alloys

Table3.7: Input paramters usedor thefracture mechanics analysis

Parameter 6061 Auminum | 5083 Auminum Units
t 9.5 9.1 mm
E 64011 71389 MPa
Oy 134.1 243.33 MPa
Oy 181.5 365.5 MPa
LN(C) -30.6 -26.3 MPa, mm
m 4.0 3.2 MPa, mm
OKin 45.0 35 MPaladam
Ko 304.5 643 MPa
n o 0.13 0.1 -
Hop 0.003 0.003 -

Regarding these input parameters, the following comnpentsde more insight:

1 E, Oy, Gy, K pandn évere estimated based on the hardness measurements rap(@ad

et al. 2019pndby interpolating between the measd properties for 6061 alloy T651 and

O tempers fronfCoughlin and Walbridge 2012)
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1 LN(C),m, Kwgpandeopvalues were similar to the values use@Goughlin and Walbridge
2012; Miranda et al. 2015)vhich are inended to represent averages of measured data for

5xxx and 6xxx series alloys.

1 Tabulated material properties for 5083 aluminum alloy was obtained from base metal
coupons test results available(Ranjan et al. 2016)

In addition to these input parameters, implementation of the fracture mechanics model
requiresa knowledge othe local elastic stress distribution along the anticipated cracldpatto
the stress concerdtion The elastic stress distribution was assumed to be uniform fé6iRd/
andA6KB specimens. For the6TF andA6LJ specimens, the stress distributions waken from
(Guo et al. 2019)who obtained these distributions bgingFE analysis software ABAQUS. 2D
plane strain models were used to obtain stress concentration factors (SCFs) relating the nominal
stress in the plat® the local elastic stress along the crack path. The resulting SCF distributions

along the crack paths for these specimen types are shdviguire3.24.
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Figure3.24: SCF distribtions for (A) lap joint, and (B) toe flash specimens

During the SBFManalysis, a uniform, tensile residual stress of 8.45 MPa was assumed, as
recommended in prior worMiranda et al. 2015)Analyses were performed undeCA loading

as well asundera VA loading history (se&igure3.14(D)) used in the experimental studg.the
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next subsections, observations concerning the fracture surface of each specimen type are presented

first, followed by SN curves obtaied from a deterministic 1D SBFM analysis.

3.3.3.1Case 1: 6061 Aluminum, Properly Welded (PW) butt joints

Fracture surfaces of the A6PW specimens are presentédure 3.25. The specimen
name, nominal stress range, failure location (Bhjl final crack aspect ratia/¢) are stated above
each fracture surface. Nominal stress rang® (s stated for the case of CA loading and an
equivalent nominal stress rangg) is statedfor the case of a VA loading. The top edge of the
fracture suflace represents the weld top and the bottom edge represents the bottom of the weld or
weld root (WR). The A6PW specimens failed from four different crack initiation sitess metal
(BM), advancing sideAS) of theweld top,retreating sideRS) of theweld top, and WR. It can
be observed frorfrigure 3.25 that whenever the crack initiated fraime weld top (AS/RS), the

crack shape is round (0.38a#c < 0.58). However, when crack initiated from W&, the crack

shape is flat (a tlughwidth crack). Cracks initiating from the BM were modilyllet-shaped as

visible for specimen A6PWO01D.
A6PWO1C, AS = 106 MPa, FL=AS, a/c = 0.46 A6PWO3A , AS = 145 MPa, FL= WR , a/c = 0.41

Figure3.25: Fracture surfaces groperly weldedspecimens
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Figure 3.26 shows the SBFM analysis resulierag with experimental S\ data for the
A6PW specimens under a CA loading. TwidNSurves are presented: one wétle = 0.1, which
represents cracking from the weld root (i.e. a threwgltth crack, essentiaf), and other witta/c
= 0.55, which simulates a seslliptical crack propagating from the weld top (AS/R$he
observed defect depth under a microscope at the WR was about 0.8B8 AGFW specimens
therefore a defect depth of 0.3 mm at the WR was as@aputwhile performng SBFM analysis.
Defect geometry measurements were not available at theteyeltherefore, a defect depth of
0.15 mm was assumed while performing SBFM analjist&in be observed that with assumed
defect size of @ mm at wedl root(for failure scenario from weld roatihdan assumed defect size
of 0.15 mm at weld tofffor failure scenario from weld top)he obtained Bl curves from the
SBFM model provided a reasonable estimafarfatiguetest results.
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Figure3.26: SBFM analysis results for AGPW specimens under CA loading
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Figure3.27 presents SBFM analysis resudti®ong with experimental-8l datafor AGPW
specimens under a VA loading. Here, twdl Surves have been obtained from an SBFM analysis
with the same two sets @issumeddefect geometryas those used to analyker the A6PW
specimens undeCA loading. Here again, the chosen initial crack defects depths and shapes are

seen to result in a clopeediction of thdatiguetest results.

200 | |
@ A6PW VA

— - -SBFM, ai = 0.15 mm, a/c = 0.55

— -+ SBFM, ai =0.30 mm, a/c =0.10
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O = WRfailure
20
1.E+04 1.E405 1.E+06 1.E+07

Number of CyclesN

Figure3.27. SBFM analysis results for A6PW specimemsler VA loading

3.3.3.2Case 2: 6061 Aluminum, Polished butt joints

The fracture surfaces of A6PO specimens are showigure3.28. It can be observed that
A6PO specimens failed from all four possible crack initiation sites (AS/RS/BM/WR) but a
majority of the failures initiatesh the BM (away from the weld). This confirms that with polishing,
it is possible to achieve a fatigue performance in FSW joints equal to or better than that of the base

metal. It can be observed from the fracture surfaces that when failure happens from the top of the
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weld, the crack shape is round and the final crack asatatwas measured to vairy between
0.38and0.72. When the crack initiated from the BM, the crackhu#ietshapedwhich can be
seen for A6GPO03D specimen

AG6POOIA, AS = 136 MPa, FL=BM, a/c = 0.18 A6PO02D , AS,, = 60 MPa, FL=BM , a/c = 0.18

Figure3.28: Fracture surfacesf polishedspecimens

Figure3.29 shows SBFM analysis results for A6PO specimens under a CA loading. There

was only one A6PO specimen which failed from the WR location (under VA loading), while others

failed from the AS/RS of theveld or from the BM. Therefore, during the fracture mechanics

analysis, two cracking scenarios are simulated, cracking from AS/RS wdlc afi 0.55 and

cracking from the WR with aa/c of 0.10. Reasonably good agreement between test results and

SN curves can be seen foive test data points iRigure3.29. Figure3.30 shows SBFM analysis
results for A6GPO specimens under a VA loading. The $B&M-derivedS-N curves provide a
reasonably aceate estimation athe fatiguetest results under VA loadirgpndition
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Figure3.29: SBFM analysis results for A@Pspecimensinder CA loading
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Figure3.30: SBFM analysis results for A6PO specimens und&ioading
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3.3.3.3Case 3: 6061 Aluminum, Butt Joints with a kissing bond defect

Figure 3.31 shows the fracture surfaces of A6KB specimens. For all of the A6KB
specimens, cracks initiated frotmne WR, where the defect was intentionally introdudadng
fabrication of specimendhe defect size was measured under a microscope and it was found that
a kissing bond defect of about G.8.0 mm in depth was present in AGKB specimens. The crack
shapewas observed to be that of a througidth crack essentially, with a low crack aspect ratio
of about 0.1

A6KBO1A,AS = 108 MPa, FL=WR A6KB02D , AS= 35 MPa, FL=WR

Figure3.31 Fracture surfaceof the specimes with kissing bond defect

Figure 3.32 shows the SBFM analysis results as well as experimerald&ta for the
A6KB specimens under CA and VA loading conditions. Since the failure always happened from
the WR, only one cracking scenario was simulated, consistinghobaghwidth crack (witha/c
= 0.1) initiating from the WR. An initial defect depth of 0.8 mm was used to obtain-twougves
from the SBFM model for the two loading conditions. An excellent match betiedatigueest
results and 9 curves can be sa inFigure3.32 under both loading conditions.
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Figure3.32 SBFM analysis results for A@B specimens under Cand VAloading

3.3.3.4Case 4: 6061 Aluminum, butt joints with a significtoe flash

Fracture surfaces of the A6TF specimens are showigure3.33. It can clearly be seen
from the fracture surfaces that there were two cracking scenarios in which A6TF specimens failed,
one with a crack initiating from &AS of the weld and other with a crack initiating from the WR.
Because of the two cracking scenarios, a significant scatter in the experimé&ht@hts was
observed. For thiast specimen (A6TF02Djhere was a kissing bond defect in addition to a toe
flash defect, which causéallure from the weld rootThe kissing bond defect was big enough to

shift the crack initiation site from weld top to the weld root.
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A6TFO1A, AS = 147 MPa, FL=AS, a/c =0.04 AG6TFO1C ,AS = 88 MPa, FL=AS , a/c =0.11

AG6TFO1B , AS = 118 MPa, FL=AS , a/c=0.14 A6TF02D , AS, = 60 MPa, FL=WR , a/c =0
- . _ T w e

Figure3.33: Fracture surfaces of specimamish significant toe flash

Figure 3.34 shows SBFM analysis results for A6TF specimens under CA loading. Two
cracking scenarios were simulated using the SBFM model, one with a crack initiatingétdm
top (a/c = 0.55)and other with a crack initiating from the W&d = 0.1). Two crack depths were
assumed to model the defect geometry, one with a depth of 0.15 mm at the weld top and the other
with a depth of 0.6 mm at the WR. The defect depth at the weld/esatbout 06 mmas measured
from the fracture surface and cresection which istabulatedn AppendixC for each specimen
The SCF distribution (as shown kgure 3.24) along the crack path because of toe flash was
considered during the $B1 analysis. With the assumed defect depth and the estimated SCF
distribution, the predicted-N curves provide a reasonably good estimation offakigue test
results. SBFM analysis results for the A6TF specimens under VA loading are shé&igurie
3.35. With the same cracking scenarios and initial defect depths as cexddadCA loading the
two SBFM-derivedS-N curves provided a reasonably good estimatiotheffatiguetest results

under VA loadingconditionas well
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Figure 3.34: SBFM analysis results for A6~ specimens under CA loading
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Figure3.35: SBFM analysis results for AB- specimens undéarA loading
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3.3.3.5Case 5: 6061 Alumima, Lap Joints

Figure3.36 shows fracture surfaces of the A6LJ specimens. It can be observed that all of
the specimens failed from the WR. Vertical striations near the WR can be seen on the fracture

surface indicating hoekhaped crek, which is typical in lap joints.

AG6LJO1A, AS = 108 MPa, FL=WR, a/c =0 A6LJ02C, ASe,q= 30 MPa, FL=WR, a/c=0.11

=

,a/e=009  AG6LJ03A,AS, =35MPa, FL= WR, a/c=0

A6LJOIC ,AS =67.5 MPa, FL=WR

— 3 : 7 S, TS ——) E

A6LJOID , AS =54 MPa, FL=WR, a/c = 0.09 ASLJOBB . ASQ,Q =35 MPa, FL=

WR, a/c =0.06

e

Figure3.36: Fracture surfaces ¢dp joint specimens

Figure 3.37 shows SBFM analysis results for the A6LJ specimens under CA loading.
Defect defhs in the A6LJ specimens were measured under a microscope and found to vary in
between 0.26 mrand0.60 mm. Therefore, two defect depths of 0.3 mm and 0.6 mm were used to
obtain the two SN curvesrom the SBFM model It can be observed that thesdl8urves provide
a good estimation of thiatiguetest results. The SBFM analysis results for the A6LJ specimens
under VA loading are shown iRigure 3.38. With the same defect geometry as used under CA
loading, the predted SN curves under VA loading provide a reasonably good estimatador
fatigue test results.
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Figure3.37: SBFM analysis results for A8 specimens under CA loading
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Figure3.38: SBFM analysis results for AQ@ specimens undarA loading
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3.3.3.6Case 6: 5083 Aluminum, Properly welded butt joints

Fracture surfaces for ABPW specimens are showigure3.39. It can be observed in this
figure that the first specimen (ASPWO2A) failed from the BM with a bullet shape crack and the
other four specimens faildcom the WR with semielliptical cracksSince there is no significant
softened region prone to localized straining for this heat treatdldy (5083) at the weld top
(AS/RS) the crack did not initiate from weld top, which is different from the case of A6GPW
specimensOne difference between the fracture surfaces of the ASPW and A6PW specimens is
that rounder crack shapes were observethéncase of failure from the WR for the ASPW
specimensg/c ~ 0.45) compared to relatively flatter craclgc(~ 0.1) in the case of the AGPW
specimens.

ASPWO02A ,AS =113 MPa, FL=WR , a/c = 0.31 ASPWO3A ,AS = 141.3 MPa, FL=WR , a/c = 0.40

e = ved Vi
ASPWO02D ,

Figure3.39: Fracture surfaces gblishedspecimens

Figure 3.40 shows the SBFM analysis results and experimentdl data for the APW
specimens under CA loading. One cracking scenario was simulated during the SBFM #oralysis
A5PW specimens, which is crack initiating from the Wihwa/c of 0.45.The defect (JLR) depths
for ASPW specimens were found to vary in between 0.033 mm to 0.365 mm baseldl oross
section observation under a microscope. Therefore, the two defects depths of 0.05 mm and 0.40
mm were selected to perform SHFanalysis.The two SN curves inFigure3.40, corresponding
to two defect depths of a 0.05 mm and 0.40 mm, provide a reasonably goodi@stforahe

fatigue test results.
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Figure3.40: SBFM analysis results for3PW specimens under CA loading

3.3.3.7Case 7: 5083 Aluminum, Butt joints with wormhole defect

Figure3.41shows fracture surfaces of the ASWH specimens under CA loading. All ASWH
specimendailed from the bottom of the weld. It can clearly be observed that only one specimen
(A5WHO01D) had a consistent deptti WH defect The other specimens had partial WH defects
andit failed from that location. Because of the inconsistent WH depths, thlecfiack aspect ratio

varied significantly from almost zero for the last specimen to 0.39 for the first specimen.

ASWHOILA, AS =113 MPa, FL=WH, a/c =0.39 ASWHOILC , AS = 84.8 MPa, FL=WH , a/c = 0.09

== =

——

ASWHO01D , AS=70.6 MPa, FL=WH , a/c =0

Figure3.41 Fracture surfaces of specimens with wormhole defect

In AppendixC, WH depthis reportedfor each specimen, based on microscapages of
the fracture surface§he wormhole depths werobserved to vary from 0 to 3.18 mm. The last
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specimen (ASBWHO01D) had a consistent wormhole defect and failed after the application of just
2951 cycls.

3.3.4Summary and conclusions

In this project, the fatigue performance of FSW joint specimens with intentionally
introduced welding defects was studied. Welding defects including toe flash, wormhole, and
kissing bond defects were studied. It is shown thatdedlash defect in FSW butt joints is not a
big concern from a fatigue perspective compared to the wormhole and kissing bond defects. For
specimens with wormhole and kissing bond defects, it was found that the fatigue performance was
reduced to the levalf fatigue performance of an ADM Cat. D detail. Apart from the butt joint
specimens, a lap joint detail was also studied and it was found that the fatigue performance of this
detalil is as good as the fatigue performance of an ADM Cat. D detail. Theefaggiormances

for all seven types of the specimen are summarizédlihe3.8.

Table3.8: Fatigue performance of various types of specimens under CA and VA loading

Specimen Type Fatigue performance Fatigue performance under VA
under CA loading (ADM) loading (ADM)
AGPW, (a; < 0.3 mm) > Cat. A ~Cat. B
A6PQO, (ai < 0.15 mm) ~ Cat. A >Cat. B, °wNenl’A
ABKB, (ai < 0.8 mm) > Cat.D > Cat.D
AG6TF, (a < 0.5 mm) ~Cat. B ~ Cat. B, wheng < 05 mm)
A6LJ, (& < 0.6 mm) >Cat. D >Cat. D
A5PW, (ai < 0.4 mm) > Cat.B -
AS5WH, (& ~3.3 mm) <Cat.D -
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Based on the fatigue tests, metallurgical analysis, and nonlinear fracture mechanics (1D

SBFM) analysis completed for thisgpect, the following conclusions are drawn:

T

Properly welded FSW butt joints were generally seen to achieve fatigue performance

above the ADM Cat. B. design curve.

Kissing bond defects on the order of .8 mm in depth in the 6060651 alloy
specimens gnerally resulted in a significant fatigue life reduction and a shift in the failure

mode from crack initiation on the weld top to the weld root.

The investigated te#lash defect had a less significant effect on fatigue performance

compared to the kissirtlgond and wormhole defects.

The tested lap joint detail resulted in a lower fatigue life than that of the butt joint detail,

which can be safely estimated using the ADM Cat. D design curve.

It is shown that the fatigue test results can be predicted rddgovell, using a nonlinear
fracture mechanics (SBFM) model with typically assumed input parameters for 5xxx and

6xxx series alloys and a knowledge of the initial defect geometry.

Further work is recommended to quantify the effects of uncertainty retatkddect geometry and

material properties on the fatigue performance of FSW joints. Combinations of two or more defect

types can also be modelled using SBFM to identify woase scenarios from a fatigue

perspective. Apart from the studied defects, limemalignment (i.e. offset) defects should also be

studied and a probabilistic analysis should be performed to consider the various sources of

uncertainty and quantify their effect on the fatigue performance of FSW joints.
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Chapter 4
Testing and FcacAomakyMeshahimdgdtl Tr eat

In thischapter newfatigue tests conducted eruciformwelded specimerare described
The specimenwere fabricated with metal intert gas (MIG) welding process andsthigiected to
high-frequency mechanical impa@tiFMI) treatment Further,the geometry measurements and
metallurgical analyses of the tested specimens are presentddtigne life estimatiomsingthe
2D SBFMmodelisdi scussed. The speci mens were fabricat
(5083H321) and high strength steel (ASTM A514) plate. The specimen geometry and preparation
followed procedures used ianother study(Ghahremani 2015pn mild steel (CSA 350W)
cruciform welded jointsFatigue tests were performed on thevadded(AW) andHFMI treated
specimensinder two loading histories (constant amplitude with and without periodic underloads)
at several equivalent stress rangBesidual stress distributions wemrstimatedbased on
experimental data obtainegingthe xray diffractiontechnique In addition,weld toe geometry
measurements were obtained using silicon impressions and-maictoess distributions were
obtained on polished weld samples for each material typedness measurements and silicon
impressionswere used to establishnput parameter neeled for the SBFM model The
effectiveness of theD SBFMmodel inestimaing thefatiguetest results for the three materjals
including the CSA 350W stee§ assessed.

4.1 Background

The potential of thelFMI treatments for fatigue retrofitting of existinguctures or weight
reduction in new fatigueritical components is considerable. Various studies have been undertaken
to quantify the resulting fatigue life increase and investighgesignificance of scale effe¢Roy,
Fisher, ad Yen 2003)the treatment effectiveness for high strength stgaly et al. 2003; U.
Kuhlmann, J. Bergmann, A. Durr, R. Thumser;R4.Ginther 2005; Weich et al. 2008e
treatment effectiveness under variable amplitude loa@fidirim and Marquis 2013)and the
effects of treatment quality cootr(Ghahremani, Safa, et al. 2015; Tehrani YektaleR013)
Estimaton of the HFMI treatment benefit has been limited to comparison using nominat stress

life (S-N) curves(Marquis et al. 2013nd local stress approach{@hahremani 20150nly a few
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studieshaveusedfracture mechanics models éstimatethe fatigue life increase due to HFMI
treatment either alone or in tvadage (initiatioApropagation) model&s. Josi 2010; Giihremani
2015; Tehrani Yekta et al. 2013;-Wl. Lihavainen 2006)Considering these previous studitss

studypresentsiewfatigue tests on HFMI treated welds, aimed at extending the current database

of test results, and providing a means for validpar2D SBFM modelover a broader range of

material propertieand loading conditions

In the following sections of thighaptey the fatgue test program is firslescribed.
Following a presentation and statistical analysis offéatiguetest results, t results of residual
stress measurements, weld toe geometry measurements)aaliurgical analyses of th¢-Ml
treatedweld toesarepresentedinput parameters used ftire fracture mechanics modate then
presened and the benefits of the model dea@ for modellingthe effects of impact treatments on
fatigue performancarediscussed. Following this, the effectiveness of the modedtimaing the
fatigue life of specimens fabricated with A514 steel, 5083 alumjaumch 350W stedk critically
asessed

4.2 Description of the fatigue testprogram

Wel ded joint speci mens were fabri cHB821g d
plate (nominal HAZ propertiesly = 115 MPa,l, = 270 MPa) and high strength steel (ASTM
A514) plate (nominal base metabperties:ly = 690 MPall, = 760895 MPa).5083 aluminum

(chemical designationAl Mg4.5Mn0.7) is a common alloy for structural sheet applications.

Nominally, it contains 4.42.9 wt. % Mg, 0.08.25 wt. % Cr, and 0-4.0 wt. % Mn. The H321

temper indicatethat it has been straimardened and partially annealed (quarter hard). A514 steel

is a weldable, igh yield strength,quenched antemperediloy steel According to the mill test,
the steel used in the current study contained: 0.18 wt. % C, 1.22 wh,%.044 wt. % P, 0.004
wt. % S, 0.24 wt. % Si, 0.02 wt. % Ni, 0.12 wt. % Cr, 0.14 wt. % Mo, and 0.02 wt. % Cu.

The stiffener welds were fabricatedthgMIG weldingprocessThe welds have a nominal
size of 6.4 mm and were performed in a single gadmwing the fabrication othe 300mmwide

welded plate samples, HFMI treatment was appliednambeof the samplesseeFigure4.1).
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Figure4.2: Componengeometry (left), fatigue test frame (right), all dimensionmm
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The HFMI tool was setto an amplitudeof6@ e m f or t he seemefospec
the aluminum specimens, which resulted in a similar indent depth for both materials. According
to the tool supplier, the tool operates atlaationfrequencyof 20 kHz with an impact frequency
of about 22(Hz (depending on the contact pressure). The treatment was performed using a single
3 mm f pin. After treatment, ie 300 mmwide samples were cutith a sawinto 50 mmwide
strips, which were@domabdbhbinered stha pteh @ iskigafgd.2ma IC NiC
left).

Fatigue testwereperformed under uraxial loading in an MTS test frans@own inFigure
4.2 (right). Table4.1 shows the test matrix for thatiguetest program, which includes the details
of the weldingprocessand the wire used.he test program consisted of 48 fatigue tests on welded
specimens. Of these, 24 specimens were fabricatddmiraum and 24 of high strength steel. Half
of the specimens were testedhiei avge | d e d gonditibnand halfweré e st ed i n an 0
t r eat e d aonditibhFTMad Ipading histories were investigated: constant amplitude (CA)
loading at a stress rafiR (= Smin/ Snay, 0f 0.1 and constant amplitutbadingwith periodic under
loads (CAUL) as shown irFigure 2.6 The fatigue tests were carried astnga 100 kKN MTS test
frame at testrequencieghat varied with the loading levahd ranged betwed® and 50 HzThe
tests were monitored and run urddmpletespecimen fracture. In general, tests were halted if

cracking was not observed after ~4 million cycles, in this case, the test wées dbelawsro a t © .

Table4.1: Test matrixfor the experimental fatigue test program

Material Welds Loading Treatment Numper of
Specimens
AW - 6
A514 MIG, CA HFMI 506 0 ¢ 6
ER70S6
Steel wire 0.9 mm7 CA-UL AW - 6
' ] HFMI 506 0 ¢ 6
AW - 6
5083H321 MIG, CA HEMI 40 1 6
. 5356 wire
Aluminum 1.2 mmf CA-UL AW - 6
' HFMI 40 €1 6
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4.3 Fatiguetestresults

The results of the fatigue testmider CA loading on 5083ltaminum and A514 steel
specimensare summarized iffigure4.3. For comparison purposefsitigue testresultson mild
steel(CSA 350W)underCA loadingfrom (Ghahremani 2010, 261 Tehrani Yekta et al. 2013)
are shown irFigure4.4. The 350W steel specimens wéreatedusingtwo differentHFMI tools
and slightly different treatment parametérsese figureshowthe beneficialeffect of the HFMI
treatmen on the fatigue lives of the welded specimensFigure 4.3 and Figure 4.4, t he fas
wel dedo speci mens /pmksymbolsnamd theaHFMIdreated spdcimens are
indicated in bluesymbols A filled symbol indicates that the specimen failed, whereas a hollow

symbol indicatesifrunro ut 0 .

In all cases, the blue symbols are shifted to the mgtdmparison to the red/pink symbols
at the same level of stress rangalicating that an increase inifaie life has resulted from the
HFMI treatment. In general, this fatigue life increase is more pronounced for the mild and high

strength steel specimens than for the aluminum specimens.
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Figure4.3: Fatiguetestresults for 5083 aluminum and A514 stgpécimens under CA loading
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Figure4.4: Fatigue testesults for 350W stealpecimens under CA loading

Fatigue test results under @4L loading condition are stwn inFigure4.5 andFigure4.6
for 5083 aluminum and Ab514 steel specimens respectively. Fatigue life improvement was
observed under CAIL loading condition for both the materialsThe extent of the fatigukfe
improvement is lower under GBAIL loading compared tthe fatigue life improvemeninder CA
loading.In fact, there isaload level for the aluminum (und&A-UL loading)for which the as
welded and treated dgtaintsoverlap(seeFigure4.5). This result can be explained by the natural
scatter of the test data and the minimal benefit of HFMI treatment for the alurdirauta the low
magnitude of the beneficial compressive residual stress for this matedbserved from rekial

stress measament data.
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Figure4.5: Fatigue testesults for 5083 aluminuspecimens under CA and d4L loading
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Figure4.6: Fatigue testesults for A£14 steekpecimens under CA and @4L loading

For the constant amplitude ( CAigsinmplgSsati r esul
Snin. The stress is simply the nominal stress or the load divided byotinéal crosssectioral

area. For the varde amplitude CA-UL) tests, there are both large and small stress blocks.,It was
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therefore, necessary to calculate an equivalent stress range based on the RMingren

sunmmationmethod i.e.:

g, 205" &L | 9 NGS
) (('j:c Niot | Niot 9 (4.1)

wherSei spone st r &sshe othernFpreh€A-dldioadmg historyN: = 50 large
cycles,N2 = 950 small cycles anbkot = 1000 cyclesThe parametemdin Equation(4.1) is the
assumedlope of the constant amplitei&N curve. In accordance with North American structural
design codes for steel atite IIW recommendatiofAnon 2006; Marquis and Barsoum 2016
was taken as 3.0 ftine aswelded specimens and 5.0 for the HFMI treated specinespsctively
In accordance with thaluminum design manué\non 2010) for aluminum the value omdwas
takenass. 64 for the tested transverse stiffener ¢
The use of Equatio(d.1) along with the assumed$ curve slopes are applicable when: 1) there
i s no @k nMNarmwe, dnt?) failare wilSoccur when tlalmgreaMiner sumreaches a
value of exactly 1.0. Sonresearchers have suggested that a damage sum other than 1.0 should be
associated with failure (e d:Sonsino 2008; Yél dér épanditiemmbeg ui s,
argued that different-8 curve slopes could be used in Equat4d). For these reasons, the CA
UL results are plotted ifrigure 4.5 and Figure 4.6 using two stress range measures: 1) the
equivalent stress ranggfeq based on Equatiof.1) with the design S\ curveslopes for as
welded steel and aluminum, and 2) the maximum stress rgfigsg,

The equivalent stress range for VA1 and VA2 loading history, whichused for fatigue
testing of 350W mid steel specimens, werecdated using the PalmgreAMiner summatn
method The first cycle of the/A loading historywasthe biggest cycle which correspautto
peak (maximum) stress range of the loading historyweaslisedasa reference stress rangmar
a peakstress range of 1, the factor used to evaluate th@adqnot stress range for different VA
loading histories is provided ifiable4.2, where it is labelleddisi VA | oadi ngSqf act or
0Hmay). The VA loadinghistorywasscaled to obtain loading histories corresponding to different
equivalent stress rangeghe peak (naximun) stress range of the scaled loading histags
multiplied with thetabulatedvA loading factor to obtairthe equivalent stress range.
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Table4.2: VA loading factor calculated based the PalmgreAMiner summation method

Material and L oading Type VA Loading Factor
Steel / Aluminum: CA 1.00
Steel AW: CAUL (m6=3.0) 0.597
SteelHFMI: CA-UL (md=5.0) 0.631
Steel AW: VA1 (o= 3.0) 0479
SteelHFMI: VA1 (m6=5.0) 0.555
Steel AW: VA2 (o= 3.0) 0.3%61
SteelHFMI: VA2 (mb=5.0) 0.469
Aluminum AW/HFMI: CA-UL (m6= 3.64) 0.606

The purposef the CA-UL loading testsvas to investigatéhe effectiveness of the HFMI
treatment under a loading history that is known to be particularly severé-kdf treatedwelds.
Speci fically, | oading histories wimshesylaveli odi c
is significantly lower than the other cycles tend to result in lower fatigue livedsAbH treated
welds, since the underload cycles can have two negative €if¢alisridge 2008)1) reducing the
crackopeningstress level, and thus increasing the portion of each cycle that causes fatigue damage,
and 2)relaxing the residual stresses, due to the cyclic plasticitptearsat the weld toe. Looking
at the resultsinder CAUL loadingin Figure4.5 andFigure4.6, it can be seen that a significant

fatigue life increase still resulted due to HFMI treatment, even under this loading history.

4.4 Statistical analysis offatigue testresults

In order to better understand the fatigue performance increase resulting from HFMI
treatment, a statistical analysikthe fatigueest dataobtained unde€A loadingwas performed,
using the procedure recommended by the International Institute of Weldily ((Hobbacher
2011) According to this approach, the fatigue likg,is treated as the dependent variable, which
varies depending otine nominal stress ranggfs. Given the test results and the number of data
points, the SN curve slope andhtercept on thg-axis can be established for a given survival

probability. InTable4.3 andFigure4.7, results are summarized for the mean curve (50% survival
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probability) and

a f alg assumeas a suovival probabiliby™&e forl 1 W

the design curve. The S curve is defined as follows:

log(N)=log(C) -m'l&y( 9!

(4.2)

where Co and md are constantsepresentinghe vertical position anglope of the SN curve

respectively In Table4.3, thevaluesfor C @ndm @are given for the meam) and designd) S-N

curves.

Table4.3: SN curve parameters based on IIW statistésmlysis (units: MPa)

. . Std. Dev.
Material Treatment | m log(C & of log(C § log(C
5083 AW 6.07 17.2391 0.0903 16.9451
Aluminum HFMI 7.35 20.2544 0.1944 19.6216
350WSteel(Ghahremani| AW 3.84 14.1902 0.0954 13.9233
Walbridge, et al. 2015) HFMI 4.41 16.8303 0.1945 16.1972
A514 AW 2.39 10.9215 0.1323 10.4907
Steel HFMI 5.61 20.1075 0.2702 19.2281
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Figure4.7: Mean anl designS-N curves for aluminum and steel specimens

It canclearlybe observedrom Table4.3 andFigure4.7 that a significant increase in the

fatigue performancéincrease in fatigue strength or fatiguée)iresuled for both materials,
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regardless of whether the mean or desigN Surves are compared. In general, the fatigue
performance increase due to HFMI treatment increases as the nominal stress range decreases, due

to the shalloweslope of thes-N curvesfor the treated specimens

4.5 Static and cyclic materials tests

Static tension tests were performed in accordance (&HTM E8 2010)on threebase
metal couponand thee HAZ simulated coupons of each material type.t€secouponsnade of
aluminumwereheattreatedn accordance wittASTM B918/B918M17a 2017)Theheattreated
couponswereprepared bysubjecing the base metal coupottsa heating cycle which theeat
affected zone (HAZ) adjacent to theelds is subjectedduring arc welding ofmetal joints
Specifically, thecoupors were subjected to the temperature history showdigure4.8 for A514
steel andrigure4.9for 5083 Al umi num f ol l owed by fAmass que
a procedure developed ({@hahremani 2015)he A514 steel coupons were kept at a temperature
of 990°C for 30 minutes and 5083 aluminum coupons were kept inside the oven at a temperature
342°C for 67 mintes.
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Figure4.8: Oven temperature during heat treatment of A514 staglons
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Figure4.9: Oven temperaturduringheat treatment G083 Aluminumcoupons

Rockwell hardness tests were performed before and after heat treatment to assess the effect
of heat treatment. The change in hardness for different typesadupen is summarized ifiable
4.4. The hardness data st@that both materials softened after heat treatment.

Table4.4; Hardnessest resultdefore and after heat treatment

Test CouponType
A514 Steel

Hardness(Rockwell C Scalé
Before Heat Treatment After Heat Treatment

Tension Testdoghboned) 26 19
Smooth Specimen 24 23
CT Specimen 23 19

5083 Aluminum

Hardness(Rockwell B Scal¢g

Tension Tesfdoghboned) 54 33
Smooth Specimen 55 34
CT Specimen 56 35

4 5.1 Static tension tests of material

Three coupons of ls@ metal and three coupons of simulated HAZ material were tested
under static tension load to estimate the value of elastic modulus, yield strength, ultimate strength,
and monotonic Rambet@sgood material model parametésd and nmG Engineering stress

strain plots for the A514 steel are providedrigure4.10 andFigure4.11. Tests with a clip gauge
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on the coupons were used to estimate elastic modulus and yield strength of the material, while tests

withoutclip gauge were used to estimate the ultimate strength of the material.
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Figure4.10: Static tension test results for A58téel coupons with clip gauge
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Figure4.11: Static tension test results for A514 steel without clip gauge
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The monotonic Ramber@sgood material model parameters were estimated from data obtained

during a static tension test with a clip gaufjeeresultingelastic modulusg), yield strength (),

ultimate strength((;), monotonic Kmd and monotonicrxd values are summarized Table4.5.

Engineering stresstrain plots for 5083 aluminum are providedrigure4.12.

Table4.5: Summary of static tension test restitir 5083 aluminum ané&514 steelcoupons

Elastic Yield Ultimate
Treatment Condition Modulus Strength Strength Monotonic | Monotonic
and Material Type (MPa) (MPa) (MPa) Km (MPa) Nm
BaseMetal,
5083 &minum 71389 243.33 365.50 440.56 0.086
SimulatedHAZ,
5083 &minum 71978 124.00 324.22 369.75 0.142
Base Metal,
A514 steel 211724 814.67 849 1088.67 0.043
Simulated HAZ
A514 steel 210361 566.5 771.33 818 0.055
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Figure4.12: Static tension test results for 5083 aluminum specimens
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4.5.2Cyclic material tests on smooth specimens

Cyclic materials tests were conductetthree base metal and three HAZ simulatadoth
specimengo determine theyclic RambergOsgood material constants andn )5 These tests
were performed on polished smooth cylindrical, variable width specimens having a 5.0 mm
di ameter within the &.slwnnrriguedl3 Gelt)) Thagtestmgre | engt
conducted by imposing strain cycles (10 per strain levdfaat ratio,R = -1.0 in increments of
0.1% up to £1.0% strain and then back down to £0.1% strain, and repeating until the load stabilized

for each strain leveds shown irFigure4.13 (right).

350
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e

-50

Stress (MPa)

-0.01 -0.005 0 0.005 0.01

Figure4.13: Smooth specimeused in the cyclic materials tests (left) and stetssn response (right) for
simulated HAZaluminum gecimen

The constant& @ndn évere determined by fitting the cyclic Rambédggood model to
the stabilized stresstrain dataas shown inFigure 4.14. The cyclic material testesults are

summarizedn Table4.6.
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Table4.6: Cyclic materialtest results performed @uminum and high strength stesglecimen

5083 Aluminum A514 Seel
Parameter Simulated Simulated Units
Base Metal HAZ Base Metal HAZ
K dcyclic) 643.0 475.0 2033.7 1251.3 MPa
n ¢cyclic) 0.10@ 0.0567 0.2110 0.148 -
500 -+
K —
400 —-‘FP, ry . =
— 1 u
©
=
~ 300
3
o
N
© 200
(== Ramberg Osgood material model parameters
100 K & 475 MPan & 0.0567
— Ramberg Osgood material model 1
0 T 1
0.000 0.005 0.010

Plastic Strain

Figure4.14: Fitted cyclic Rambergsgoodmaterial modeparameters fosimulated HAZaluminum

samples

4.6 Residual stressesgeometry measurements and metallurgi cal analysis
Residual stress measurements on untdskdd| treatedspecimens were performed using
a procedure of electropolishing aneray diffraction (XRD) by an external laboratory (Proto
ManufacturingLtd., Canada Theresidual stress measuremesdults are Bownin Figure4.15.
A significant €atter in the residual stresgeasurement datan be seem this figure In general,
the HFMI treatment introdudecompressive residual stress near the surface of the treated weld toe

in the rangeof 75200 MPa for the aluminurapecimensand 300600 MPa for the A514 steel
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specimens. The scatter in the measured residual stress is sigriiffcardne of the aluminum

welds (at two depths)the nearsurface residual stress after HFMlat@ent was seen to be almost
zero.

Residual Stress (MPa) Residual Stress (MPa)
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Figure4.15: Residual stress measurements on aluminum (left) and steel (right) weld samples

Comparing the results for the two steel grades, it can be seen that thelretseises for
the A514 steel are at the higher exidhe range of the results for 350W stgpécimens tested in
(Tehrani Yekta et al. 2013A larger difference was expected. However, it should be noted that
the 350W steetpecimenwas treated at a different time, by a different operator, with a different
tool and treatment settings, goantitativeconclusions regading the effect of material strength on
these results cannot kasilymade.

Weld toe geometrymeasurementsvere also performed using a method of silicon
impressions and photograppreviously used i(rehrani Yekta et al. 2013figure4.16 shows an
impression being taken and the definitions of the dimensions mea&igace 4.17 shows a

impression slice photograph and the dimensions after treatment being measured.
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Figure4.16: Silicon impression ofhe5083H321 aluminum specimen after HFMI treatment (left) and
definition of indent depth (on the weld side and base metal side) and radius

Figure4.17 Silicon impression of A514 steel specimen before (left) and after (right) treatment.

TheHFMI indent geometry measuremessults are summarized rable4.7. To gain an
understanding of th&cattelin the weld toe geometry dimensions, impressions from four aluminum
and four steel specimens were taken before and after HFMI treatment. The impressions take
before treatment mainly served to confirm that the notch before treatment wa@xl@arp0 . 5 mm)
and to establish the angté between the weld surface and the base metal surfadedsee4.16).

The impressions taken afteeétment at the same location were then used to measure the weld toe
radius,Rw, and the indent depths on the weld and base metal sides of the wé&ld &amelDy. To
perform thegeometrymeasurements, the images were imported into AutoCADHigeee4.17).
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Each of the four impressions was sliced at three locations to see the parameter variations along the

same weld toe.

Table4.7: HFMI indent geometry measurements

Material Db (mm) Dw (mm) Davg (mm) R (mm)
5083 Average | 0.161 0.136 0.149 2.21
Aluminum Std. Dev.|  0.058 0.044 0.044 0.24
350w Average |  0.312 0.390 0.351 2.03
Steel(Tehrani Yekta
etal. 2013) | Std. Dev.| 0.278 0.305 0.126 0.29
A514 Average | 0.177 0.162 0.170 1.93
Steel Std. Dev.|  0.086 0.056 0.052 0.26

In general, the HFMI treatment of the 5083 aluminum and A514 steel specimengiresulte

in an indent with a radius of ~2 mm and a depth (average of depth on welsided base metal

side,Dp) of ~0.15 mm. An effort was made during the treatment of these specimens to achieve the

same indent depth in both materials, by varyingnibedledisplacement rangen the treatment

tool. This was essentially achieved, as se€hainle4.7. Comparing the measurements for these

materials with the indent geometry measurements {ia@hrani Yekta et al. 2013t can be seen
that the treatment of the mitdeel(CSA 350W) specimens {fTehrani Yekta et al. 2013¢sulted
in an average indent depth4g with more scatter, but alsarachhigher mean of 0.35tim. In

both studies, the treatment was perfedhuntil visual evidence of the weld toe was remoaed

anindent was achieveavhichc o u |

d be

measur ed

wi t h

a

wel der 6 s

One parameter that has a significant impact on fracture mechanics based fatigue life

calculations is the crack shapermally described by the deptbrwidth ratio,a/c. Although this

parameter waswot monitored during the fatigue testing, the fractured specimen ends were

photographedfter the test program was completed, and the images were used to determine the

final crack shape. The average results for all of the aluminum and high strength steel specimens

tested in this study are summarized able4.8. These results were obtained by fitting an ellipse

through the digital image of the finalmk shape and then measuring the dimensions of the ellipse.

Looking at this table, it can be observed thaffithed crackaspect ratio is systematically larger for

the HFMI treated samples. The suspected reason for this trend is that the impact tidatmsent
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down the crack growth in the transversgdirection along the treated surface more than in the
depth @) direction. No clear trend can be seen between loading type and crack shape. A similar
trend has been reported in other stud¥esgan and Sumi 2015)

Table4.8: Measured agrage value of final crack aspect rgtidc) from observation ofracture surface

Material: | 5083 Aluminum A514 Steel

Loading: CA CA-UL CA CA-UL
AW 0.34 0.33 0.20 0.24
HFMI 0.50 0.48 0.58 0.60

In addition tothe residual stressweld toe geometryard crack shapeneasurements,
samples of the weld toes were sectioned and polished for metallurgical analysis, includirg micro
hardness measurementsigure 4.18 shows typical results of th& i ¢ k enicréteardness
measurement studyong the expected crack pdibr the 5083 aluminum welds (two-aselded
andtwo HFMI treated samplgsFor the asvelded specimen, the Vickers hardness near the weld
toe wasabout85, while for the treated specimen hardness varied to a maximum valhbeuof.20
as shown irFigure 4.18. I n a subsequent study, 2D hardnes
region near the weld toes of representative samples for each material type and treatment condition.
The hardness test results for #swelded and HFMI treated 5083 aluminum welds are shown in
Figure4.19 andFigure4.20 respectively.
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Figure4.18: Micro-hardness measurements for 5083 atwmi welds
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Figure4.19: Hardness map for aselded 5083 aluminum specimen near weld toe
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Figure4.20: Hardness map for HFMI treated 5083 aluminum specirmsan weld toe
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Figure4.21 shows hardness test results for all three materials in two conditions, namely:
aswelded (AW), and HFMI treatedn general, impact treatment results in plastic deformation
near the surface, which leadsaecalized work hardeningand an increase in hardne$ke affected
depth is similar to the depth of the compressive residual stress introduced by the treatment (~1.0
mm). The increase in hardness for the aluminum due to the treatment was #éfYN9In the
untreatedveld to a maximum of ~HVN at the surface dhe treated weld (sdéigure4.21).
Similarly, the increase for the A514 steel was from ~320 HVN to ~420 B¥Bhown irFigure
4.21.
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Figure4.21: Hardness test results on polished specimens
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As reported ifTehraniYekta et al. 2013)the hardness increase for the CSA 350W steel
due to HFMI treatment was seen to be from ~230 HVN to ~325 HVN for properly executed
treatment.n (Ghahremani 2015the hardness increagm the CSA 350W steel due to HFMI
treatment was from ~230 HVN t®850 HVN as shown irFigure4.21. A threedegree polynomial
to represent hardness variation was fitted for all three materials, as shelgarey.21. It can be
observed that for the aluminum welds, in thevatded condition, hardness is lower than the
hardness of the base metal, while for the steel specimens, the hardness is higherarelthedas
condition, compared to the base metal. The hardness number for base metal is taken to be equal to
the hardnessumber observed at depths more than 3 mm below the weld toe.

Given this hardness information for steel, the effect of welding on the material property
gradientwas conservatively ignored in the subsequent analysis for the 350W steel and A514 steel.
On the ¢her handthe fitted hardness distribution was used to consider material property variations
along the crack path for the 5083 aluminum webltsording to the fitted variatioshown in
Figure4.22. Empirical relationships similgo the one used i(Ghahremani 2015)ere used to
correlate hardness with yield strength, ultimate strength, and material model par&na@tels .0
The following linear relations were used to correlate hardness and material properties for the 5083

aluminum specimens, baken the data fdpase metahndsimulated HAZaluminum:

s, =6.28HVN -334.4i (4.3)
s,=2.17THVN -165.6: (4.4)
K'=8.84HVN -170.4’ (4.5)
n'=0.0023HVN -0.109 (4.6)
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Figure4.22 Material property gradient along the crack paths@83 aluminum

4.7 Crack growth rate tests on compact tension specimens

Crack growth rate tests were performed to estimate the-Patigan crack growth law
constants, which are one of the most important parameters for fracture mechanics analysis. Results
ofsuch tests for fAbase metal 0 dGhdhremanii20ibiteat ed
presented ifrigure4.23 along withafitted crack growthcurvé | ab el | ed uedf6rM | np u
the subsequent fracture mechanics analysis tests were performeding compact tension (CT)
specimens fabricated in accordance WWSTM E64713 2013)and precracked under cyclic
compression | oading. It was assumed that #dAcl o:
highR-ratio (0.8).The constant€, m,  a Kndwermg@determinetbr 350W steel specimemssed
on thecrack growth rate test datallectedfrom (Ghahremani 2015nddata available iiMaddox

1975) Thecrack growth ratelatapointsfor the simulated HAZpecimensverein between those
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for the two base metal 3508teelspecimensNote that thanarually (by varying the value ofC
for the fitted curve and observing the fit visualigded crack growth rateurve is an upper bound
of thetestdataat higher stress ranges and best fit at the lower stress rarges,is assumed to

represent h eosuie freé crack growthratecurve.

1.E-01
@ Base Metal, Sample 1, R =0.8
1E-02 | ¢ BaseMetal, Sample2,R=0.38
A Simulated HAZ, R =0.8
%\ 1 E-03 e Base Metal, R=0.1
> Peened 350W steel, R=0.1
€ ——Maddox et al., Lower Bound
g€ 1.E-04
o ——Maddox et al., Upper Bound °
§ e Maddox et al., Experimental D3
= L1E-05
—SBFM Input

=
o
O 1.E-06
X
Q
o
© 1E07

1.E-08

1.E-09

1 10 100 1000 10000
Stress Intensity Factor Ra

Figure4.23: Crack growth rate measurements éittdd curvefor 350W steel

Crack growth rate test results for A514 stemin the experiment performed for the current
study are presetied in Figure 4.24 along with the fitted curve used in the subsequent fracture
mechanics analysigor A514 steel, crack growth rate tests were performed on one bas€metal
specimen and two simulated HAZT specim@s. Crack growth rate data was also obtained from
other source¢Barsom, J. M., & Novak 1977; Parry, M., Nordberg, H., &rtzberg 1972jo
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complement the test data. The fitted crack growth rate curve and experimental data for A514 steel
are shown irFigure4.24.
1.E-01

O Base Metal, Sample 1, Constant Load, R 0.8

Simulated HAZ 1, Decreasing Load, R = 0[8
® Simulated HAZ 1, Constant Load, R = 0.8

Simulated HAZ 2, Decreasing Load, R = 0|8

Simulated HAZ 2, Constant Load, R = 0.8

1.E-02 Parry et al., t= 6.73 mm, R = 0.065
Parry etal., R =0.54
Parry etal., R=0.77
® Parry et al.,, Base Metal 2
Parry et al., Base Metal 4
1.E-03 ® Parryetal., Welded 1
Parry et al., Welded 2
Parry et al., Welded 3
Parry et al., Welded 4
Parry et al., Welded 3, R =0.065
Parry et al., Welded 3, R =0.54
Parry et al., Welded 3, R =0.77
Parry et al., Welded 4, R =0.065
Parry et al., Welded 4, R =0.54
Barsom et al., Base Metal, R = 0.05
Barsom et al., Base Metal, R = 0.20
1.E-05 ® Barsom et al., Base Metal, R = 0.26 >
® Barsom et al., Base Metal, R = 0.50
® Barsom et al., Base Metal, R = 0.826
—— SBFM Input ”
)

1.E-04

Crack Growth Rate (mm/cycle)

1.E-06

1.E-07
1 10 100 1000 10000

Stress Intensity Factor F

Figure4.24: Crack growth rate measuremts anditted curvefor A514 steel

Crack growth rate test results for 5083 aluminum fromettigeriment performed fdhe
current study are presented kigure 4.25 along with the fitted curve used in the subsetjuen
fracture mechanics analyskor the 5083 aluminum material, the crack growth rate data obtained
for the base metal specimen was higher than that ditmelated HAZspecimes as shown in
Figure4.25. However,ah i gher stress intensity factor (SIF
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growth rates were the same for both tempers. Data from the existing litdfaibter and Reed

2010)complemented the test data obtained for this project, especially at the higher SIF ranges. An

upper bound of the test dassassumed to providle h e ficl osur e

Crack Growth Rate (mm/cycle)
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1.E-03

1.E-04
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Simulated HAZ 1, R =0.8, Constant load

| 2

Simulated HAZ 2, R = 0.8, Constant load

Simulated HAZ 2, Decreasing load
——Argy et al., R = 0.4, PTC specimen
——Argy et al.,, R = 0.4, CT specimen
——Kaufman et al., Base Metal
Kaufman et al., Weld metal
——Kaufman et al., R = 0.33, Thickness = 1.1."
——Kaufman et al., R = 0.33, Thickness = 7.[/"

= SBFM Input

10 100
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Figure4.25: Crack growth rate measurements &ttdd curvefor 5083 aluminum
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The following crack growtlequationsvere established based on the crack groatih test

results for different material types:

For 350W steel (mm/ cycl e, MPaamm) :
9a_1 943102 (10 60§° (4.7)
dN

For Abl4 steef mm/ cyc | e, MPaamm) :

93 _) 393102 (10 60§ (48
dN

For 5083auminum( mm/ cycl e, MPaamm) :
3—3:1.14 3101 (KD 35)2 (4.9)

4.8 Fracture mechanicsanalysis

A detailed description of the stralased fracture mechani¢(SBFM) modelusedin the
analysis conducted for the curtestudy isprovidedin Chapter 2The input parameters used for

thethreedifferent materialere summarized imable4.9.

Table4.9: Input parameters used in fracture mechanics aisaly

Parameter | 350w Seel | A514 Seel Al u5n2i?1?1m Units Source
t 9.5 9.5 9.5 mm Measured
E 208083* | 211724 71389 MPa Material Tests
Oy 356* 814.67 f(HVN) MPa Material Tests
Ay 616* 849 f(HVN) MPa Material Tests
LN(C) -27.5 -25.0 -25.2 MPa, mm Material Tests
m 3.0 2.4 3.2 MPa, mm Material Tests
oKin 60* 60 35 MPal a Assumed
Ko 8120* 2033.7 f(HVN) MPa Material Tests
no 0.108* 0.211 f(HVN) - Material Tests
Coughlin and Walbridge 2014
a 0.15 0.15 0.10 mm | { gehahremani 201%)
(Coughlin and Walbridge 2012
H 0.018* 0.002 0.003 - Khalil and Topper 2003;
Tehrani Yekta et al. 2013)

Note: *taken fromGhahremani 2015)
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The following comments provide more insight into the input parameters used in the SBFM

analysis

1 Material properties obtained frotime base metal cpors were usefbr the SBFM analysief
the steel specimensince this represented a conservative simplification, given that welding
and impact treatment had either no effect or a positive effect on the material properties of the
two tested steel alloy§or the 5083 aluminum specimenisardnes$ased material property
gradient wazonsiderediuringthe SBFM analysissince the aluminum softened in the weld
region compared to the base metal

1 Non-Uniform residual stress distributions fasweldedand HFMI treatedspecimes were
obtained based on extensive data available in existing literature as described in Figure 2.3 and
Figure 2.4 of Chapter 2. The distributions obtained laier 2were scaled to pass through
the measured residual stress data pofaistained by xay diffraction method)for each
material type For 350W steel in the agelded condition, the residual stress data had a range
from -0.188, to + 0.28&y at the weld toe, as shownfigure4.26. Therefore two boundsere
considered, as shown kgure4.26, for each specimen type (AW & HFMI) representing the
lower and upper bound of the residual stress distribution. It should be noted that the
experimental residual stress data were obtainedeatveld toe but it is plotted in the figure at
both sides of the weld tthowa symmetric residual stress distributitiris suspected that the
actual distribution varies considerably, based on measurements obtained for ith® istud
(Ghahremani 2015; Tehrani Yekta et al. 20E8)wever, the overall distribution must be self
equilibratingand pass through the measurement dettey are maa-or-less bound of the
measured values, with a distribution shape that agrees well with the measured distributions
from other studies. Fdhe HFMI treatedspecimens, peak residual stesssear the weld toe
were assumed to be0.80&y, and-0.354&) for the lower and upper bound of residual stress

distributions respectively.
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Figure4.26: Assumedesidual stress distributions for 350W stemkcimens

1 While fabricating the cruciform weddl joints, welds were performed on four sides of the
cruciform joint sequentially not simultaneously. Therefore, in some regions, the residual
stress at the surface after welding was small but compressive, rather than tensile. It is suspected
thatthefirst weld toe in the welding sequence will have compressive residual stress and the
last weld toe in the welding sequence will have tensile residual stress. There are many
competing factors that will decide the criticality of the four similar weld toes fuich a
crack will initiate. These include the presence of defects from the welding process, defect
geometry, magnitude of residual stress, softening or hardening of material during the welding
process, and magnitude of stress concentration at the weldu® to these factors, it is

possible that a crack may initiate from the weld toe where a small compressive residual stress
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is presennear the weld toe regioherefore, a range of residual stress at the weld toe was
considered by using bounds of regtistress distributiofor fracture mechanics analysis

Residual stress measurement results and fitted lower and upper bound for treated A514 steel
specimens are shownfingure4.27. Residual stress measurements were not obtéonédb14

steel in the asvelded condition. Therefore, a distribution similar to the one for 350W steel was
assumed. For the A514 treated steel specimens, residual stress distribution inputs were
assumed to vary fror®.50&) to -0.35&) at the weld todor SBFM analysis

For the treated 5083 aluminum specimens, the residual disegsution inputs were assumed

to vary from-0.30&) to -0.05&) at the weld toghased on theesidual stressieasurement data

which isshown in Figure4.28.
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Figure4.27. Assumedesidual stress distributisfior A514 steelspecimens
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Figure4.28. Assumedesidual stresdistributiors for 5083 aluminum specimens

1 The initial defect deptha;, was set to 0.15 mm fdhe steel welds an@®.10 mm for the
aluminum weldsimportantly, impact treatment was assumed to have no effectre value
of & for steel specimenis a ypically assumed value, as discussedTiehrani Yekta et al.
2013) A lower value fora is appropriate for alumim, as discussed i(Coughlin and
Walbridge 2012)An initial crack aspect ratioa{c)i, of 05 wasassumedor all three material
types.

1 The critical crack depthg., is taken as the crack depth that will result in ductile fracture due
to lackof sufficient remainingrosssection to carry the load as discussed in Chapter 2. The
critical crack depth was limited to 80 % of the component thickness. This limit was imposed

because of the validity range for the weight function method used in thd Sidel.
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1 Alinear elastic finite element (FE) analysis was performed to estimate the stress concentration
factor SCH along the crack path, with the weld toe geometry modelled by tracing silicon
impression image shown Figure4.29. The symmetric component geometry along both axes
(X and Y) meant that only a quarter of the specimen needed to be modelled.-#odieur
bilinear plane strain quadrilateral (CPE4R) element was used. A global mesh size of 0.5 mm
and a local mesh size 01 mm was employed to create the mesh. A unit pressure was applied

at the end of the specimen to estimateS@é&-along the crack path.

Figure4.29: Notch geometry of a treated specimen used for findmeht analysis

The resultingsCFsalong the crack path are showrFigure4.30. Looking atFigure4.30,
it can be observed that tis&CFat the weld toe reduces from 3.7 at shueface for the awelded

specimen to 2.8 for the treated specimen due to the change in weld toe radius.
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