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A screen intended for raw material screening is under continuous cyclic loading. Although
structures are designed so that stresses are low, fatigue failures are common. This master's
thesisinvestigates the welded transverse butt joints of an oscillating screens frame structure
under fatigue loading. The main frame is connected to the centre hub by butt joints, to which
the rotating counterweight is attached. There were 32 joints under tiospe@nd the goal

was to determine the maximum stress range, and type of loading, and calculate the lifetime
of the critical joint

The theoretical part of the thesis discusses the behaviour of welded structures under fatigue
loading. Additionally, qualit-related viewpoints, posteld treatment methods, and the
challenge posed by very high cycle fatigue are addressed. The investigation part consists of
screening the critical area of the structure and calculating its lifespan using nominal stress,
hot spotstress, and effective notch stress methods.

As aresult, the critical joint, stress range, and stress ratio were determined using the nominal
stress, hot spot stress, and effective notch stress methods. The nominal stress method was
found to be too inaccate to describe the real situation. Based on the structural and effective
stress ranges, the joint achieves the required lifespan, buivplostreatments are recom-
mended due to very high cycle fatigue.

For further research, it is recommended to do fe&tigsts with actual welding quality so that
calculations can be performed using more precise parameters, as scientific evidence is cur-
rently lacking.
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Raakamateriaaliseulontaa vartetarkoitettu seula on jatkuvan vasyttavan kuormituksen
alaisena. Vaikka rakenteet ovat suunniteltu niin, etté jannityksen ovat matalia, on vasymisen
aiheuttamat murtumat yleisiaassa diplomitydsstiitkitaanoskilloivan seulan runkoraken-

teen hitsattuja pkittaisia paittaisliitoksiavasymiskuormituksessd&aarunko yhdistetaan
paittaisliitoksillakeskiton johon pydriva vastapaino kiinnitetadrarkasteltavia liitoksia oli

32 kappaletta ja tavoitteena oli maarits@a@rin jannitysvaihteluvali, kuormitustygpjalas-

kea kriittisen liitoksen elinika.

TyOn teoreettisessa osuudessa kasitellaan hitsattujen rakenteiden kayttaytymista vasyttavan
kuormituksen alaisen&iséksitutkitaan jalkikasittelymenetelmien tuomia mahdollisuuksia
parantamaan vasymislujuutsald erittain suurten kuormanvaihtojen tuonteeastetta tar-
kastelun kannaltaKaytdnnon osuus koostuu seka rakenteen kriittisen alueen seulomisesta
seka elinian laskemisesta kayttaen nimelliseakenteellisenseka tehollisen lovijannityk-

sen menetelmaa.

Lopputuloksena tydssa saatiin maariteltya kriittinen liitos, jannitysvaihteluvali seka janni-
tyssuhdenimellisen,rakenteellisenja tehollisen lovijdnnityksen menetelma avulla. Nimel-
lisen jannityksen menetelma todettiin olevan liian epétarkka kuvaamaanstadédinnetta.
Rakenteellisenja tehollisen lovijannitykset perusteella liitos saavuttaa vaaditun elinian,
mutta jalkikasittelyja suositellaan erittéin suurten kuormanvaihtojen vuoksi.

Jatkotutkimuksena suositellaan vasytyskokeita todellisella hitsaligla, jotta laskenta
voidaan suorittaa tdsmallisempia parametreja kayttaen, silla tieteellinen naytté on tois-
taiseksi puutteellista.
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SYMBOLS AND ABBREVIATIONS

Romancharacters

a acceleratiofmm/s”2]

Ks . a structural stress concentration factor for aloadding[-]
Ks b structural stresconcentration factor for bendit@adingl-]
K b Notchstress concentration factor for bendsigesq-]

ki m notch stress concentration factor for membrane stfpss
m S-N curve slope parametpd

N cycles[cycles]

N; fatigue life[cycles]

R resultanfmm/s"2]

r radius[mm]

t thicknesgmm)]

w width [mm]

Greek characters

a angle [e]
2 partial safety factof-]
ol stress rangpMPa]

ol g knee point stre§d/Pa]
G stres§MPa]

Uy bending strespMPa]



effective notch stred81Pa]

Uy s hot spot stresgvPa]

O membrane streg®Pa]
Gn o m nominal stresfMPa]

¥ rotating speefHz]
Constants

g gravitatioral acceleratior9,81 m/s"2
Subscripts

max maximum value

min minimum values
Abbreviations

COG Centre of gravity

EC3 Eurocode 3

ENS Effective notch stress
FAT Fatigue class

FE Finite element

FEA Finite element analysis
FEM Finite element method
HAZ Heat affected zone
HCF High cycle fatigue



HFMI High frequency mechanical impact

HS Hotspot

w International institute of welding
LCF Low cycle fatigue

MAG Metal active gas

MDF Medium-density fibreboard

MIG Metal inert gas

NDT Non-destructive testing

PWHT Post weld heat treatment

PWT Post weld treatment

TIG Tungsten inert gas

TWTT Through the weld toe thickness method

VHCF Very high cycle fatigue
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1 Introduction

This thesis presents the fatigue assessment of transverse welded butt joints under very high
cycle fatigue loading. The thesis includes a literature review and investigation of the fatigue
assessment of the critical joint. The literature review coversubgcts and phenomena
related to welded joints' fatigieehaviourand fatigue strength assessment. The investigation
part of the thesis consists of analytical calculation methods and finite element analyses
(FEA). The methods used to assess the fatigeagth of the joints were the nominal stress

method, the structural hotspot stress method, and the effective notch stress method.

1.1 Background

This thesis was conducted as a case study for a company operating in the wood industry.
Part of t he ixooosgllatingséreensfwhichuae used to separate particles of
different sizes from raw materials to produce final products, such as MDF panels. Oscillating
screens are subjected to continuous cyclic loading and are prone to failure, especially at the
welds, even though the stresses are generally very low compared to other machines used in
the industry. The steel structure of the screens is quite complicated, and assessing the critical
welds presents a challenge. In this paper, a new conceptual nidbdelstreen design is

being investigated. From previous experience, it is known that a certain joint in the central
area of the screen is prone to failure. In this new conceptual design, the area has been re
designed, and the aim of the paper is to védidiae new design of the critical joint. A draft

model of the oscillating screen is presenteBigurel.
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Figurel. Draftversion of the oscillating screen.

The screen is attached to the support frame from four points, and the oscillation movement

is achieved with a rotating counterweight, which is rotated using a belt drive.

The assessed joints are located in the centeal af the frame structure, connecting the |
beams to centre plates with butt joints, as showfigare2. There are 16 beams connected
to the centrahrea, and each beam has two butt joints. These joints are subjected to constant

cyclic loading, with the type and magnituddadding differing in each weld.

Figure2. Detailed view from the centre area of the frame structure
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The welded joints in the area are under fatigue loading, so fatigue strength assessment is
critical to ensure reliability and safety in use. Different joints experience different types of
loadings, and defining the critical stress ranges is necessamyymuoathe fatigue assess-

ment. In addition, weld quality plays a major role in fatigue life. The service life of the
screening device is designed to be from 10 to 20 years. In terms of the number of cycles, this
means that the structure should withstaptiMeen800 million to 1.6 billion cyclesVery

high cycle fatigue loading increases the design challenges when it comes to fatigue strength
assessment and predictions, as knowledge about very high cycle fatigue loading cases is
limited in terms of designadles and researchihe fatigue strength of the frame muse
sufficient, and it should be achieved through design, welding quality, andvplashent
treatments. This is because any added mass increases the energy required for the rotary

movement of the seenandaffects the stresses in the structure

1.2 Research problem and questions

This paper addresses the issue of fatigue failures in oscillating screens under very high cycle
fatigue loading, which can seriously affect their operational reliability andegifiy. Un-
derstanding how these critical welded structures behave under such conditions is crucial for

improving design, manufacturing, and maintenance approaches.
The main questions guiding this study are:

A What speci fi investigatedstricture gootributes Jnosotd its ovéeral life-

time?

A Which types of | oads are most detriment e

stress and ratios do the critical welded joints experience?

A What ar e t hengtha fatiguefifad wetdedgointa dintlee veny high cycle

loading, and how is this knowledge used to design and manufacture more durable structures?

To address these questions, this study aims to identify the most vulnerable welded
joint/joints in the cetral area of the frame structure, as well as analyse different loading
scenarios, particularly focusing on the highest loads. Additionally, the research seeks to un-
derstand various factors influencing the fatigue life of welded joints under cyclic ldading

prevent future failures.
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1.3 Research methods

The main methods used in this thesis were analytical calculation methods and finite element
analyses (FEA). Basic analytical calculations were used in this research to calculate accel-
erations and other initialalues. Finite element analysis was conducted using PTC's Creo
Simulate and Siemens FEMAP. The assessment proceeded from a simplified beam model to
a more detailed model. The beam model was used to screen the critical joint from the inves-
tigated structureral to determine the stress ranges for the nominal stress method calcula-
tions. A more detailed model was created by combining beam, shell, and solid elements, and
the area under consideration veasilysedigain to determine the critical joint. The structura
hotspot stress method (HS) was used to determine stress ranges from critical areas, employ-
ing surface extrapolation and the through weld toe thickness (TWTT) methods. The effective
notch stress method (ENS) was also applied, and the notch effect faeter®btained
through Siemens FEMAP.

Fatigue strength analyses were conducted using nominal stress methods, structural hotspot
stress method (HS), and effective notch stress methods (ENS). For the structural hotspot
method, two different approaches weredissurface extrapolation and stress through weld

toe thickness (TWTT).

The literature review was conducted to identify features affecting the fatigue life of welded
joints in this research case. The literature review utilized various standards, recommenda-
tions, research, and pemviewed articles. Information from the literature review was in-
corporated into the calculation and analyses of the studiespidib, Scopus, and Google

Scholar were the masearch tools used.

1.4 Structure of the thesis

The literdure review was carried out, considering the subjects and phenomena related to
welded joints' fatigue assessmente first part of the literature review examines the char-
acteristics of the butt joint and the employed welding pra@cesstal active/inert gaseld-

ing (MIG/IMAG)d as well as aspects of quality assurance pertaining to fatigue endurance.
Postweldment treatments (PWT), specifically those considered for use in this case, are also

covered in the literature review. The second part of the literaryweogers théehaviour
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of welded joints under fatigue loading and factors and properties affecting the fatigue
strength of welded joints. Challenges and features considering very high cycle fatigue are
also addressed. The last part of the literature remitaduces the methods used for fatigue

strength calculations.

The third chapter presents the calculations of initial values autbadingdue theacceler-
ations, etc., which were used to model the finite element models and carry out the analyses.
The clapter also covers in detail the FE models used for computing stress for fatigue assess-
ment using the nominal stress method, structural stress method, and effective notch stress
method. In addition, the screening of the critical detail with a simplifiechbeadel and
detailed model is discussed. The stress ranges and stress ratios calculated with different

methods are presented.

The fourth chapter presents the calculation of the lifetime of the joint using the nominal
stress method, structural stress mettaod effective notch stress method. The chapter pre-
sents the used FAT classes and other parameters for each method. The effects of different
PWT methods are also taken into consideration in the calculations. The results are presented
in a separate subchap. The analysis and discussion of the results are presented in the fifth

chapter.

The last part of the paper is the conclusion where the whole paper is summarized; also, the

limitations of the study and further research on the targets are reported.
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2 Theoretical background

This chapter presents the theoretical background of the work. The first subchapter consists
of general information about butt joints, welding processes, welding quality, ardgldst

ment treatments. The second subchapter focuses datitiige behaviour of welded joints

and aspects affecting fatigue strength; residual stresses, microstructure, and geometrical ef-
fects. The second subchapter also delves into the challenges and special features brought by
very high cycle loading cases. Ttierd subchapter presents the different methods that are

used to assess the fatigue strength of thedaaying butt joint in this paper.

2.1 Welded butt joints

Butt joints are generally welded joints, where two pieces of material are attached together
by placing them entb-end and welding them together along the join, the angle between
members mustb® 120e . | f 120ehhe joia typg is eonsideredsefillet weld
Thicknesses of the joined materials can vary, and welding can be done using different weld
grooves, andvelding processes, and can be done either single or dsidieled, depending

on the need and application. Examples of different groovestgp butt joints can be seen

in Figure 3. Removable or permanent backing/root supports can also be used if necessary.
Removable or permanent backiragt supports can also be used if necessary. Butt joints are

generally load carrying.

Single sguare groove Single bevel groove Jouble hevel groove

s \ I o

Single V-groove Jounle V-groove single J-groove
K | i I >

Doudle U-groove

Figure3. Differentgroove types for butt joint
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The joint under fatigue assessment in this paper is shofigune4.

Welds starting and ending points removed.
Ends smoothly grinded.

Welds starting and ending points removed.
Ends smoothly grinded.

Figure4. Welded butt joint.

In this specific joint, the material thicknesses vary between the plates and the groove type is
adoubleVYgr oov e wgrobvh angle. Wdldeng from both sides makes the root weld
easier and reduces the risk of poor penetration of the root, especially in this case, where the
space is very limited for the welding torch. The welding start and ending points are ground
off.

2.1.1 Metalinert/active gasvelding processes

The MIG/MAG welding process is a se@auibomatic welding process whefiler material

(wire) is fed automatically with a constant feeding rate to the welded area where the arc
between the filler material and base matemelts the base and filler material (Lepola &
Ylikangas 2023, 71).

In MIG welding inert (passive) shielding gas is used. Normal inert gasses contain noble
gases, argon, or a mixture of argon and helium. MIG welding is typically used for welding

nonferrous materials such as aluminum, copped ttanium. (Lepola et a023, 71.)
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In MAG welding the active shielding gas is used, such as a mixture of argon and carbon
dioxide or argon and oxygen. MAG welding is usedvid steel materials. (Lepola et al.
2023, 71.)

MIG/MAG welding is used all around the welding industry from heavy machinery to the
sheet metal industry (Kemppi 202MAG welding is considered the welding process in this
case as it is commonly known and available in all workshops and doesgnot special
training on behalf of the process, althoughwletding quality must be assurdd.this case,

the standard MAG welding process is considered multipass welding. Detailed welding pa-

rameters or WPS are not covered in this paper.

2.1.2 Quality assuance

For statically loaded structures the most important features of the welds ardfitient
throat thicknesgjuctility of aweld metal and a heat affected zone (HAZi)fficient throat
thickness is the moshportantgeometrical feature because tlesign calculations are based

on stress in the net area of the veeBlecause of this, many imperfections do not affect the
load-carrying capacity of the weld under static loading, if a joint has sufficient toughness
and the weld net area is not unexpelsteeduced. Examples of these imperfections are po-
rosity, undercuts, and cold lafgandard 1SO 5817 includes multipheperfections, which

a r ecntiga whenonly static loading cases in considered. (JonsBatbmann, Hobbacher,
Kassner & Marqui2016, 6.)

Under fatigue loading many imperfections, which are not critical under static loading, be-
come critical. Naturally, the heat affected zone and weld area ductility and suitable throat
thickness are needed, like in the static loading cék®gever as the fatigue strength of the

joint is impacted by local attributes of the welded joint, more attention needs to be paid to

weld geometry and imperfectiongonsson et al. 2016.,)

According to IIW guidelines by Johnsson et al. (2018) &he seveffieatures, that strongly
influence the welded joint's fatigue strength, are penetrdéiok of fusion,cold lap, radius

of aweld toe transition, misalignments, undercuts, and porosity. The transition between weld
and base material e.g. weld toe transitaxts as a stress raiser and can have a detrimental

effect on the fatigue strength of the weld toe. In addition, undercuts and cold laps act as a
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stress raiser and/asaninitial crack and have a negative impact on the lifetime of the weld

toe. Internapores and lack of fusion act as internal defects, that can be seen as initial cracks
and have a detrimental effect on a lifetime of the weld. Incomplete root penetration/lack of
root fusion can be seen as an initial crack and has a detrimental effexitionet. Excessive
misalignment causes secondary bending to weld and this way increases the stresses in the
weld area and reduces the lifetime of a weld. Among the almaveioned features, the big-

gest effect on fatigue strength is penetration in thd joider consideration, as insufficient
penetration leads to root fracture. In addition, the misalignments must be within the limits,
which are covered in the FAT class. Other imperfections must also considered according to
ISO 58172023.

ISO 58172023 incudes an annex for the additional criteria for welds in steel structures
subject to fatigue. Additional criteria for quality levels B & C are given to adjust limits for

FAT 90 for quality level B (B90) and FAT 63 for quality level C (C63). In addition,irequ
ments for FAT 125 (B125) are given but it¢
joints in nominal stress system are generally considered in FAT class of 90 as weld condition

in both 1IW recommendations and in the EC3. Considering this, IS@3&3 can be used

to determine the required quality class for this egserific butt joins as a quality class on

B90. B90 quality class is mostly the same as quality level B but includes some additional

requirements for weld toe radius, inclusions,atiggments, etc.

Hobbacher and Kassnerr (2012, 450) also published a paper in considering the FAT
classes and their relation to weld quality. Also in this paper, the FAT 90 quality falls into
weld quality category B according to ISO 5817 with sometautdil information and re-

quirements.

IIW guidelines 2016 by Jonsson et al. contains also similar, but more extensive guidelines
on weld quality in respect to fatigue strength. It also contains factors for fatigue resistance
for different geometrical impegttions and guidelines for choosing the right method for cal-

culations.

It is clear that to ensure the fatigue strength in the weld, the quality must be verified through
NDT testing, especially in this case where the required lifetime is in the very hegh cy
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zone. Visual inspection is necessary to see that the requirements are met in geometrical fea-
tures. To ensure complete root penetration and to exclude the lack of fusion, ultrasonic or

radiographic testing is recommended.

2.1.3 Effects of mstweld treatmerst

Postweld treatments (PWT) can be used to increase the fatigue strength of the welded joints.
PWT can be divided into two categories; weld profile modification methods and residual
stress modification methods ( Bau Mettanert, ner ,
Nykéanen, Skriko, Ahola & Bjork 2020, 3).

In PWT methods, which aim to modify the weld profile, the main goal is to remove or reduce
the size of the craekke flaws, which act like crack initiation. The secondary goal is to
ensure a smooth tratien between the weld bead and the base mat@taagensen & Mad-

dox 2013, 2.Removing the crackke flaws and diects increases the fatigue strengtihe

weld as the crack initiating time usually covers most of the weld lifetime and smooths the
trarsition between the weld bead and the base material decreasing the notch stress at the
weld toe.In PWT methods, which aim to modify the residual stresses, the main goal is to
introduce the beneficial compressive stresses in the welckdude tensile redual stresses.
(Marquis &Barsoum2016, 3)

PWT’s which focus on the weld profile modification, am £xample burr grinding and

TIG dressing (Haagensen et2013, 421). In addition, the flush grinding can be seen falling

into this category as the wleoweld bead is removed during the treatment to level the base
material in the butt joints. In thithesisthe focus is on the TI@ressing and flush grinding,

as both are considered possible PWTs in this case, other methods which has an effect on the
weld profile are not covered.

Examples of PWTs that focus on residual stress modification are hammer peening, needle
peening, shot peening, and HFMI treatm@harquis et al2016, 4. In this thesis, only the
HFMI treatment is considered as it is a famgw and promising technology, which benefits

wanted to be studied
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TIG dressing

In TIG dressing aim is to remove flaws such as micro cracks and cold laps from the weld toe
by remelting the materiakthe penetratiodepth of the TIGIressng can be assugd as 3mm
(Manai2020, 8). TIGdressing also reduces the local stress concentrations by smoothening
the transition between the weld bead and #sebmaterial (Haagensen et2dl13, 15) This

is the main criterion for use if no flaws are present in thid vee. Figure5 presents thé&-

joint weld geometry before and after the TéiGgessing. The transition between the weld bead
and the base nerial is smoother after éhTIG dressing.

Figureb. Before(a.)and aftethe TIGdressingb.) (modified form Skriko 201854).

In the IIW recommendation, there are guidelines fofmii&dressing procedure. Weld must

be prepared so that no contaminants are present in the weld, which is treated, for example,
rust, paint, oil, and mill scales must be removed to prevent possible gas pore formation in
the treated area. In addition, guidelines/e recommendations considering the electrode,
shielding gaspre-heating, parameter. Personnel must also be trained properly, as incorrectly
doneTIG dressing can weaken the fatigue strength properties of fdedveints. (Haagen-

sen et al2013, 1218.) Optimized and nooptimized profiles can be seenkigure6. Op-

timized and noroptimized profiles can be seen in Figure 6. The optimized profile is
achieved withfie torch positioned 0.5 to 1.5 mm from the weld toe, inomimized pre

files the torch is positioned O 0.5 mm fr

C



21

Non-optimized

Non-optimized
profile

Optimized profile profile

Figure6. Optimized and nooptimizedTIG dressed weldnfodified from Haagensen et al.
2013 16).

As mentiond previously, correctly done TI@ressing increases the fatigue strength of the
welded joint. The beneftof the TIG dressing can be however considered only for FAT
classes equal to or under 90 in the nominal stress method. This is beghas€AIl classes
include also nofwelded details and details whitfetime is not determined biailure at the
weld toe (Haagensen et &013, 19.)

The improvement factor for FAT classes 90 and below is 1.3, which corresponds to 2.2 in
the lifetime.It is recommended théte FAT class bencreased by two classes. The maxi-
mum improved FAT class is also limited to FAT class 112 in the nominal stress method.
When using the hot spot method, the improved FAT is 112 fordaaying fillet welds and

125 fornon-carrying fillet welds, and the butt welds. (HobbecR016, 69 & Haagensen et

al. 2013, 19.)Table1 & Table2 presentthe FAT classes for use with noral stress and

hotspot stressethods for TIGressed joints.

Tablel. FAT classes for nominal stresgethod for TIGdressed jointsHaagensen et al.

2013 19.
Area of application and maximum possible claim Steel Aluminum
Benefit at details with FAT 1.3 1.3

ium, as welded

Max possible FAT class after improvement FAT 112 FAT 45
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Table2. FAT classes for stictural hotspot method for TlGlressed joints (Haagensen et

al. 2013 35.
Material Load carrying fillet welds | Non-load carrying filler
welds and butt welds
Mild steel,fy < 355MPa 112 125
Higher strength steelfy > 355MPa 112 125
Aluminium alloys 45 50

Based on the factors mentioned above, the improved FAT class for the butt joint under as-
sessment is 112 in the case of the nominal stress method and 125 for the hotspot method.
For the effective notch stress method (ENS), no recommendation is yet githa,S8T

class of 225 is used. The effect of fhi& dressing can be taken into consideration in the
ENS method by changing the fictitious radius from 1mm to the real value according to true
geometry. If the true final geometry is unavailable, a 3mm radinde assumed which is

the minimum radius according aagensen et 2013, 18).

Flush grinding

In flush grinding, the weld toe is removed completely by grinding. Thergf@eatress con-
centrations are removed from the transition area between base and weld material. Even if the
toe is removed, multiple different failure locations can be idedtifiem the joints as seen

in Figure?.

1 Internal defect

2 Lack of penetration
3 Base material

4 Clamping

5 Heat affected zone
6 HAZ - Weld metal
7 Grinding marks

Figure7. Possible failure points of the gnod flushed butt joint (Braun, Baumgartner, Hof-
man, Drebenstedt, Bauer, Bakhschi & Kuhim&023 2354.



23

Internal defects (1) such @®rosities, lack of fusion, or micrecracks can act as failure
points. Lack of penetration in the root area (2) can cause failure. Even if no defects are pre-
sent, the failure may start from the base material (3) due to increased hardness and higher
static strength of the weld material. Clamping points (4) can also act, as failure areas in
fatigue testing due to the removal of the weld concentration in the weld toe, in practical
applications, this is not a valid point. If higlitrength material is used théAB (5) can act

as a failure point due to decreasing in hardness and fatigue strength. If the joint has some
minor imperfections in the fusion zone, the failure can start from the metallurgical notch
between the weld metal and the HAZ (6). In addition,giieding marks can act as failure
points, especially if the marks are perpendicular to the load direction. (Braun et al. 2023,
2354.) Considering all these, the flushed ground butt joint cannot be assumed to be as strong
as the base material, even if thelavtoe is removed and the weld is NDTitéelsfor defects.

Also in the paper from Zhao, Dongo, Deng, Liu & Zongxi@@12)it wasnoticed that in

fatigue testing the flush ground butt joints tended to fail in the very high cycle fatigue zone

because of irernal defects in the fusion face area.

Both, the IIW and Eurocode 3 propose the FAT class of 112 for gitustied transverse

butt joints in the nominal stress method. Braun et al. 2023 propose a FAT class of 125 be
used if excellent quality is guaranteand the next criteria are met: 100% NDT testing, no
grinding marks on transverse to main load direction, misalignment is <5% of material thick-
ness, and full removal of the weld overfills is made and there are no remaining undercuts.
The flushgrinded but weld cannot be assessed with aspotstressmethodor with anef-

fective notch stress method as the toe is assumed to be completely removed so in theory no

hotspot location or notch is causing the stress concentration.

Another option to flush grindingn order to modify the weld toe geometry can be the burr
grinding In burr grinding, the weld igrinded with the high rotation speed grinder (15000
40000 rpm). The goal of the burr grinding is to remove or minimize the flaws in the weld
toe and smoothen the weld to geometry to reduce the stress concentration in the weld toe.
(Haagensen et €013, 412.) However, due to limitations of the thesis, burr iy is not

considered in more detail.
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HFMI treatment

High-frequency mechanical impact (HFMI) or HFMI treatment is a generic term, which is
used to describe multiple similar technologies. Names that are used to describe the different
technologies are fagxample: ultrasonic peening (URijfrasonic impact treatment (UIT),
ultrasonic peening treatment (UPT), hifjaquency impact treatment (HiFiTyjtrasonic

needle peening (UNPandpneunatic impact treatment (PITPifferent technologies uses
differentpower sources, but the main principle is the same in all technologies; cylindrical
indenters accelerate against the treated area with a frequency of around 90Hz. The impacted
area is plastically deformed by the impacts which causes the changes in treroutuce

and the geometry and modifies the residual straegee weld. (Marquis et a2016, 5.)

The weld and base material ngecdbe deslagged and cleaned from the oxide, scales, spat-
ters, and all the foreign material. The Weld bead profile neaueéd the quality level of B
according to ISO 5817 where the weld profigated criteria include undercuts, overfill,
concavity, and overlaps. This is because HFMI treatment to weld profile which has a convex
weld profile or large weld angle can causéod®ed to overlap the weld toe and ctdgh
feature. If the weld area is ground, it should be taken into consideration that the exact weld
toe location is still possible to detect, as the HREMatment is most beneficiathen the
applied to the weld toerea (Marquis et al2016, 89.) Figure 8 presentghe correct and
incorrect HFMI treated weld toe. The HFMeéated area depth should be ~0026 mm and

width between 5 mm (Marquis et al. 2014.3).

Crack-like
feature \

Direction of
loading

Direction of
loading

—

Base plate

—

Base plate

—

Figure8. Properly HFMI treated weld on the left, and incorrectly treated weld on the right
with cracklike feature (modified from Marquist al.2016 13).



25

Heat treatments and hot galvanizing should be avoided to get the full benefihvé&éiRMI
treatment as the HFMI introduces beneficial compressive residual stresses, which are relaxed
during the heat treatments. In these cases, the recomthiemai®vements cannot be stated

and should bealidated througlatigue esting (Marquiset. al2016, 11.)The IIW recom-
mendation for HFMI treatment has extensive instructions and recommendations for HFMI
treatment as it covers operator training, weld preparation, safety aspects, qualitative and

guantitative measures, documentation, and equipmEgitaten.

Fatigue strength improvement by the HFMI treatment depends on the material yield strength
and the stress ratiR. The material yield strength denotes that after which amount of cycles
the benefit of HFMI treatment can be benefitted, also the@se of the FAT class is mate-

rial dependent. The stress raRaan work as a reduction factor for increased FAT class if
the stress ratio is >0.18Marquiset al. 201619-24.) Figure9 presents the maximum in-
crease in fat class as a function of material yield strengtfT allé 3 presets the reduction

in the increased FAT class with different stress ranges.

Proposal for HFMI treated welds, m=5

I

Maximum possible improvement
# of FAT classes
O = N W B~ U N

As-welded
R %
’ r\%\ ¢f ¢f 6‘{ *é\%b
- - -
fY(MPa)

Figure9. Maximum improved FAT class as a function of material yield strength (Marquis
et al.2016 20.
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Table3. Reduction inmcreased FAT class with different stress ratios (Mar§ugarsoum

2016 23.
R ratio Minimum FAT class reduction
RO 0.15 No reduction due the stress ratio
0.15<RO 0. 2 One FAT class reduction
0.28<RO 0. Two FAT class reduction
04<RO 0.5 Three FAT class reduction
0.52 <R No data available. The degree of improvement must be confirmed by test

When using the nominal stress method the maximum obtainable FAT class is limited to 180
and HFMI can be applied to details with FAT class of 3. This is because details with
higher FAT class include also nevelded details and details whitdfetime is not limited

by failure at the weld toer the welds have been already improved by another method. For
FAT classes <50 have not been studiegeexnentally and they contain details which life-
time is limited by weld root fatigue, which cannot be improved with HFMI. In addition, the
assumed N slopemchanges from 3 to 5 whéh< 1*1077 and 22 foN > 1*10"7 (Marquis

& Barsoum 2016, 1-21).

For astructural hotspot method, the slope parameter5 for N <1*10"7 andm= 22 for
N>1*10"7 can be used like in the nominal stress method. For the FAT class, two different
curves are proposed, for the FAT class of 90 and T@@.improvement of HFMI treatment

is material and stress ratio dependent like in the nominal stress methodlifédaed 2016,
25-26.) Improved FAT class for structural hotspot stress methodcelked FAT classes of

90 & 100 are shown ifiable4.

Table4. FAT class improvement for structural hot spot method (Marejuzgd. 2016 26).

Load-carrying fillet welds Non-load carrying filler welds
fy (MPa) FAT Ks. min FAT Ks. mi n

As-weldedm= 3
All fy 90 - 100

Improved by HFMIm=5
<355 140 - 160
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Table5 continuesFAT class improvement for structural hot spot method (Marejuss.

2016 26).
Load-carrying fillet welds Non-load carrying filler welds
Improved by HFMIm=5
fy (MPa) FAT Ks . min FAT Ks. min
355550 160 - 180 -
550-750 180 - 200 1.15
750950 200 1.15 225 1.25
>950 225 1.25 250 1.40

Benefits from HFMI for effective notch stress method are pisposedy IIW. The slope
parameter m = Sof N <1*1077 andm= 22for N>1*10"7 is proposed as for other methods.

Improved FAT class for effective ndtctress is shown ifiable6. The fictitious radius of

1 mm is assumedMarquiset al.2016 26-27.)

Table6. FAT class improvement for structural EN®&thod(Marquiset al. 201627).

fy(M Pa) Effective notch stress characteristic curve modelled by using=1 mm
As-welded,m=3
Al £ 225
Improved by HFMI,m=5
235 <fy O 355|320
355 <f, O 550|360
550 <fy O 750|400
750 <f, O 9 5 0] 450
950 <fy 500

In this specific case where tineaterial is standard structural steel with a yield strength of
355MPa, the FAT class for HFMI treated butt joint would be 160 according to the nominal
stress method if the FAT class of 90 is chasedescribe as weld condition. For the struc-

tural hotspotmethod, the improved FAT class is 160, and for the effective notch stress
method, the FAT class is 320. These are FAT classes without reduction caused by stress

range
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2.2 Fatigue behaviour of welded joints

Mechanical failures cause financial losses and caske of injuries. Failures can involve
complex interactions between loading, environment, and time. Elevated temperatures and
corrosion are the most common environmental effects, which can increase the risk of failure.
Load types can be static, monotgniariable, uniaxial, or multiaxial, also the magnitude,
time, and amount of cycles varies greatly depending on the application. Fatigue failures are
caused by repeated loading, where ribeninal stress levels are below the material yield
strength. It is ssumed that 50 90% of failures are caused by fatigue, but the exact number

is not available, however, the number is remarkable, especially when most of the fatigue
failuresare unexpected. (Stephens, R.l, Fatemi, Stephens, R.R & RG@Dst10.) Fa-

tigue is a localized phenomenon and in general, in fatigue failure one or more cracks initiate
in the material and grow until complete fract¢Bowling 2013, 7, andRadaj, Sonsino &

Fricke 2006, 13).

Depending on the number of repetitidhe fatigue can be divided into different categories;
low-cycle fatigue (LCF), higityclefatigue (HCF), and also term very high cycle fatigue
(VHCF) is used when the number of repetitions is very high (Dowling 2013, 8 & Hobbacher
2016). LCF regime is aase when the number of cycles is relatively small, theoretically from

0 to 10 000 cycles, HCF regime lies between low and very high cycles, so between 1075 to
10"7- 10"9 cycles, depending on the author. In IIW recommendations the limit is 1077 for
the VHCF regime. In lowcycle fatigue, significant plastic deformation normally occurs, but
when the number of cycles increases, the deformations are mostly or purely elastic and other
factors such as surface quality, residual stresses, and intereelsdafe gtting more im-
portant(Dowling 2013, 8 andKrasovsky & Bachmann 2012, 3327, andZhao et al. 2012,

1).

Fatigue processes in the way that in the first stage, the slips are formed in the material surface
or at the intragranial boundaries. Slips are foddvioy the initiation of very fine cracks that

are not yet visible to the naked eye, which continue to grow until the actual visible crack is
created. This or these cracks continue to grow until the critical size is reached and a sudden,
final fracture occts. (Stephens et al. 2000,-48.) Technically the crack is considered to

have been initiated when its surface lengtkends to approximately 1mm, with a depth of
0.5mm(Radaj et al. 2006, 2). The process is faster naturally with higher stress magnitudes
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but the cracks can also stop progressing due to compressive stresses or when in progress to
a lower stress area, cracks can also stop in grain boundarie¥Vigtchigh stress large

amount of fatigue life consists of micro and macro crack growth-¢igale fatigue) and with

lower stresses, most of the lifetime consists of the crack initiation stageghkery high

cycle fatigue). (Stephens et al. 2000;583) Figure10 compares different cradkngthsin
comparison tdahelifetime of the componentn thex-axis, the lifetime is given in percent-

ages, not in cycles, so it must be noted that for each fatigue regimen, the lifetime in cycles

is different.

crack length
A instable crack

fractu/re propagation:

LCF o technical crack

. crack initiation

.......................................................... V HCF N
slip bands 20 40 60 80 100 % of fatigue life

Figurel0. Crack development in LCF, HCF and VHCF (Krupp & Alvafeznas 2013
79).

Welds are prone to fatigue for various reasons. As mentioned previously, fatigue is a local-
ized phenomenon and therefore local geometrical effieetding, and material properties

play a major role in fatigue. Weldsncausdocal discontinuities, which act as stress raisers
and provide sites for crack initiation. Welds can have inhomogeneous material, unusual mi-
crostructure, and welding defects angperfections. In addition, residual stresses and dis-
tortions are present. (Radaj ¢t2016 11-13 & Dowling 2013 429430 & Stephens etla

2000, 401406) Some of the discontinuities, defects, and imperfections can also act as a

crack, so therack intiation time may benegligible and fatigue life is only governed by
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fatigue crack growth time. If no cradike discontinuities etc. do not exist, then the fatigue

life is governed by crack initiatioand growth phase. (Stephens et280Q 52-54.) The
following subchapters deal with the key issues affectingatigue strengttof the welds,

such as residual stresses, microstructure, geometrical discontinuities, stress ratio, mean

stress, and factors associated with very high cycle fatigue

2.2.1 Residual Streses

Residual stress€®S)are characteristic features in welded joints. Residual stresses have a
similar effect to applied mean stresgBowling 2013, 428). Residual stresses are produced

by the cooling process after the parts are fused. Residuakstsssed by the cooling pro-

cess can be, and often are assumed to reach to yield limit of the welded area. Heat input

affects greatly the residual stress magnitudes, this is illustratgédure1l.

Figurell Residual stresdistribution in a transverse direction in case of butt joint in re-
spect to heat input (Totten 2Q(ED4).
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Residual stresses are teasiha longitudinal direction inhe welded area, but compressive

in the area away from the weld, as residual stresses afeataticing. Tensile residual
stresses have a detrimental effect on the weld fatigue strength. These residual stresses will
generdly reduce during cyclic loading if the material is ductile enough and the stress range
of cyclic loading is appropriate. Also, the pegtld heat treatment can be used to release the
residual stresses, thou in this case it must carefully consider tbedadftaertain postveld-

ment treatments such as HFMI as it produces the benafanabressive residual stresses.
(Stephens et al 2001, 54,-88 & Radaj et al 2006, 2P

This being said residual stresses affect the weld fatigue strength, especially aydiegh

fatigue; the tensile stresses can be detrimental, and compressive stresses beneficial. The pos-
sible cyclic relaxation is hard to predict, so if no compressive stresses are introduced, it is
conservative to assume that there are high tensile strgesest in the weld. According to

IIW recommendations by Hobbacher 2016 and EC3, the effects of high residual stresses
have been included in referenc@&lQurves or into FAT classes in different methods like the

nominal stress method, structural hotspetimd, and effective notch stress method.

2.2.2 Microstructure

Cracks often start from the metallurgical stress concentraioigs inclusion and pores

in the material, iraddition, the crystallographic anisotropies play a noticeable role. Depend-
ing on the dby, cracks can nucleate in regions where adjacent grains of the same size have
the slip characteristics of a single grain. Cracks also initiate within the grain boundaries for
different reasonsuchas the influence of the environment, brittle intermitath grain
boundaries, or chemical segregations or impurities. (Chan 2010;18£228) Crack can

grow along the grain boundaries or through grains. If the crack is crowing along the bound-
aries, it is called intergranular fracture, anthifoughgrains,transgranulafracture (Down-

ling 2013, 592593.) These types of fracturese illustratedn Figure12.
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Intergranular Transgranular

Figurel2. Intergrantlar and transgranular fracture.

In welded joints, the inhomogeneous mgtleis a typical feature. Thedded filler material

is similar tothe base material in general but specifically alloyed in order to achieve certain
features considering the transfer of droplets, weld pool shape, and preventing hot cracking.
When the filler material is mixed with base material in the weld pool, some ailthys in

the filler material are burnt or evaporated but some alloy materials may intrude in the weld.
Some other elements can also intrude into the weld from the environment during welding.
Microspores can develop if the evagting of the alloy mateais ishindeed and microsep-
arations are produced if the welded material is prone to hot cracking. Microinclusion can
also be produced, which can vary with respect to type and number. These different irregu-
larities occur especially in the weld toe and weldt areas, which are known to be critical
areas of the weld. (Radaj 2016;12 & Knoshnaw 2023, 54%42.)

Heataffected zone (HAZ) next to the weld patperiences thermal cycles, which leads to
different microstructures. lese microstructures typicalhave different grain sizes and
hardness values, which lead to locali§ferent yield strength, fatigue strengths, and re-
sistance against crackicleation angropagéion. (Radaj 2016, +24.) Distribution of the
microstructure especially in multilayer multipass welding is even more complex and het-
erogeneous when compared to keffécted zone and base material. This complexity and
heterogeneous microstructure in the weld area can weaken the fatigue strengthaiéthe

rial. (Han, Liu, Cai, Sun, Hudsan & Parn2023, 12.)Figure13 presents the macrographic
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image ofasingle \tgroove butt joint with multiple defectich as lack of fusioand differ-

ent microstructurei the weld area

Figure13. Macrograph from a single-groove welded butt joint with defecasid different

microstructures

Grain sizehas alsan effect on crack initiation. Generally, coargein material$a-
vour crackinitiation, if no other factoraretakeninto considerationin studies with duplex
microstructureit wasfoundthat cracks initiated in grains, which weéaegerthan average,
and growth direction was tilted towarttshighestgrain size, even if the initiation was not
from the highest grain sizEor microcrystalline matels, the crack initiation rate in-
creasd andthe crack propagation raitedecreasedhen grain sizés decreased. Therefore,
the small grain size ineases therackinitiation ratebut on the other hanthndecreasé¢he
crack propagation rat¢Chan 2010, 1428433.)

Microstructure has several effects on fatigue strength. Internal defects, microstructure, grain
size, and material properties all contrié theirown characteristics to the matter. Depending

on the type of loading, the magnitude of the loadsnthmeber of cycles, the environment,

and the material used, it is difficult to say which will ultimately be the most significant factor,
especiallywhen considering the human factor and quality of welding.



34

2.2.3 Very high cycle fatigue

For welded joints, the high cycle fatigue (HCF) region is well covered when it comes to
fatigue testing, but the very high cycle fatigue (VHCF) region is currently incoengiet

under research. One of the reasons is that the possibilities of testing in very high cycle re-
gions within a reasonable time frame have been challenged before todayfietigincy
testing equipment. (Schauman & Steppeler 20@8%B) In the Scopusdatabase the number

of documents steadily increased in the 20th century when looking with keyWngshigh

cycle fatigue" OR "VHCF" OR "ultra lgh cycle fatigue", seEigurel14.
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Figurel4. Documents considering the very high cycle fatigue, VHCF &-ligh cycle
fatigue (Scopus 2023).

Chan (201D states that the conventional fatigue limit at 1077 cycles in various codes and
recommendations is not true and fatigue failures happen beyond this point and the complex-
ity of the crack initiation is most evident in the VHCF region. This paper focuséueon

nonwelded materials and effects of microstructure and internal defects in the material.
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In pgper from FernandeZanteli, Blaon Pyttel, MunizCanventa & Castilld2020, 189,

the existence of the fatigue limit ofi$ curvesis discussed. Many auttedenieghe exist-

ence of the fatigue limit based on micrarhanical considerationspservations, analyses,

and experiences. The existence of fatigue limit seems to be confirmed by the results of fa-
tigue tests in the very high cycle fatigue (VHCF) regiffiee topic is still widely discussed

and many authors disagree with authors which are denying the existence of the fatigue limit.
In addition, the current guidelines/standards also show inconsistency in the existence of fa-

tigue limits.

The correct fatiguenodel is still missing. According to Fernaae@anteli et & (2020, the
correct fatigue model must have horizont al
occur with zero stresses spontaneously. Some fatigue models still have this problem wh
the fatigue limit does not exist. The thermomechanical and microstructural considerations
could allow zero stress fatigue limit, but the fatigue mechanism for this is not identified.
Multi-stage SN curves, which are based on the different fatigue $imitthe component or
failures from different areas have been suggested for example by MughrahiFapo2

16).
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Figurel5. Multi-stage SN curves(Mughrabi 2020, 751
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Figure16 continuesMulti-stage SN curves (Mughrabi 2020, 757).

In the paper of SchaumaénSteppele(2013), the fatigue tests of axially loaded butt joints
were carried out with 398z frequency and withR of 0.1 & 0.5. Comparison between fa-

tigue tests conducted at stress rati®)sof 0.1 and 0.5 demonstrated nearly identical fatigue
limits in the transition region, suggesting no significant influence of stress ratio or tensile
residualstresses in this region. In both cases, the cracks started from the notches of the weld

and the data showed the fatigue limit, thou the runout limit was defined as 5*10"8 cycles.

In his paper from 2014, Fry studied the fatignedaviourof welded structwgs. In the paper,

the vibrating screen, which are vibrating at high frequencies was under inspection. In these
screens, the high fatigue region of 1077 cycles is exceeded already in the 14 days in operation
and even if stresses are generally low, the datigilures still happen and are the most com-
mon cause of failures. lpaperthe BS 7608 was used as a refereaoé it was confirmed

from the data that fatigue limits of BS 7608 do not apply in the VHCF regime and new
recommendations were made accordmthe study. Recommeead SN curves can be seen

in Figurel7. In BS7608,the detail categories are similar to EC3 and IIW recommendations,
but the detids are namd differently. Detailed explanations fa&rach category can be found



37

in the standardAccording to BS 7608, the butt joints fall into categories F, E, and D, de-
pending on the quality and type of butt weld. For these classes, the recommended fatigue

limit is respectably 19, 22, and R@Pa in a norcorrosive environment.
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Figurel7. Modified BS 7608 SN curves(Fry 2014 182.

Zhao et & 2012 conducted a test with groufidshed butt joints made from leaarbon

steel. Specimens were machined and finely ground, test was done under constant amplitude
loading withR -1. When compared to base material the fatigue failure in welded joints oc-
curred earlier and/or with lower stress levels. According to this study, the fatigue limit does
not exist and failure would probably happen even with very low stress levels if the number

of cycles is long enough. The fatigue strength of the specimensagedr noticeably after
1*10"9 cycles. The fatigue failure occurred mainly from the fusion zone even if larger in-
ternal defects would exist elsewhere.

England, Toumpis & Gorast023 reviewed multiple studies related to VHCF and concluded
that fatigue strerth at the VHCF region of welded joints is lower than the base material,
even if the stress concentrations are removed. The existence of traditional fatigue limit was
challenged according to multiple studies with different materials and that change im desig
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of SN curves should be changed. The primary reason for decreasing fatigue strength in the
VHCEF region is caused by welding defects, inclusions, and pores. The study also found that
more fundamental studies are required about the welded joathtzs/iourin the VHCF re-

gion.

In this paper, the EC3 and IIW guidelines are used and as mentioned before, IIW has differ-
ent types of SN curves for very high cycle applications, whereas the fatigue limit does not
exist, but in the EC3 the fatigue limit is still ds&he SN curve of FAT 71 according to

[IW and EC3 iscompared irFigurel8.
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Figurel8. SN curve of FAT 71 according to EC3 & IIW (Schaannet al.2013 89).

Estimation of the fatigue failures of the welded component in the VHCF region is still chal-
lenging due to limited testing possibilities, incomplete understanding of welding defects and
microstructural effects, disagreement of éxéstence of the fatigue limits, and missing fa-

tigue model.

2.3 Methods to assess the fatigue strength

There are several global and local methods to assess the fatigue strength of the components

and the welded joints. The most common ones are the nominal stetésod, which is the
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global method and structural hotspot stress method (HS), and the effective notch stress
method (ENS) which are local methods. These methods are considered in the EE3 part 1
fatigue and in the IIW recommendations for fatigue desfgmelded joints and components,
except the ENS method, which is not yet covered by the B@3will be included in the

new publication This chapter presents these methods and their basic principles and differ-

ences.

I n the HS str es gypenhettsgotard consimerdohythis ppaper, agitlaedn-
vestigated detail fall s iamtocatedn theplate suafdces g or
and the crack growth is through theaehick
locatedon the plate edgandthe crack growth direction is in the width direction of the plate.

I n an faod thegtrpss didtributicn phmugk the thickness changes in the area of
the hotspot (near t he thesgdsddisttibotenakes not Hepanc a s

on the thickness of the plate when apploag the weldde. (Niemi, Fricke & Maddox 2017

6-8) Exampl es of type fAaodo aFgdreldbo hotspots ¢

Figurel9. Type "a" and "b" hotspotsnodified fromNiemi et al. 20176).

The nominal stress method, I¥Bess metho& ENS methodall use fatigue classes (FAT)
to define the fatigue strengths of different detaisT [Elass is the fatigue strength at 2*10"6

cycles with a 97.7% survival probability. As an example, the FAT 71 means that detail in
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that category can withstand ¥Pa stress level for 2*1076 cycles with 97.7% survival prob-
ability. The stressontheinspeci det ai | i's Acomparedondt o t h
lifetime is calculated witttheequation shown below Whmor ei sii t he sbope p
is the partial safetyeictor, and is the stress rangjbe method for defining the stressliffers

between methods and different methods have their own FAT classes.

FAT™ _ (1)
RA

In IIW recommendation and Eurocode 3 for the nominal stress, the slope paraméted (

for normal stress and 5 for the shear streds.cBirves in EC3and IIW recommendations

are very similar but have some major differences when it comes to fatigue limits. In EC3
there is a fatigue limit after the salled knee point for constant amplitude loading defined

at 5*1076 cycles f or "daydeaforldstails n"FATFA Fatige 1 a
limits are defined also for variable amplitude loadings. In IIW recommendations the fatigue
limit does not exist, but the slopea r a nmadts ehangdd from 3 to 22 after 1*10"7 cycles

for all FAT classes. Curves takhe highstress ratioR > 0.5) into account. Seeigure21

& Figure22 where the SN curves are presented for the nominal stress method according to

EC3 and IIW recommendations.

&
Q

a - Fatigue resistance ¢
b - Extended fatigue resistance curve for variable amplitude loading

¢ - Detail category

urve for constant amplitude loading

—
=
=3
=
T

Np=5x10¢
Aop=0,737Acc
Ny=108
Aci=0,405A0¢

(=4
=]

Nominal stress range Ao [N/mm?)

10* 10° 10° 2 s 10 10° 10° N

Number of cycles N
(a) Detail category 71 and above

Figure20. SN curves for nominal stress method accagdm EC3.
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Ao

Np=107
Aop=0,585A0¢
Ny=108
Aa1=0,369A0¢

Nominal stress range Ac [N/mm?]

ww‘ 10° 10° 2 107

10° 10° N
Number of cycles N
(b) Detail category below 71

Figure21 continues SN curves for nominal stress method according to EC3.

Ao [MPa]

Net of S-N curves for steel at

constant amplitude loading ~— T B
20 44 C e R e
1 1 _\_‘__\_‘_“-.-I
L LA k] | ol Rl LA gl | L LEL e ) A L |
10000 100000 1000000 1E7 1E8 1ES
N cycles

Figure22. SN curves for nominal stress method according to IIW recommendations (Hob-
bacher 201639).
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If the stress is below a certain knee point the lifetime neets calculated according tive
equdion given below which is modified fronthe equation 1. Irthatequaion the FAT is
replaced withs,,  which corresponds to the stress at the knee point in-tlec@ve at
1077 cycles. The original m is also replaced with a new slope parametei@f7 cycles,

for example, 30 22 in [IW recommendations in very high cycle applications.

g 550 @

Nf:
2

SN curves for HSstressand ENS methods are present in their own subchapters and they

are based on the nominal stresd Surves.

2.3.1 Nominal stress method

Nominal stress is the stress in a constructional detail, near the potential cracklgoawath

tion, disregarding any local stresssing effects but taking into consideration the stress
raising effect fom the geometry ahe component in the area of the joint. Elastic stresses
are assumed and distortion must be at a moderate level. Nomésaledn vary for example

with respect to component length, like in the beam, and then the local nominal stress can be
calculated through normal beam theory from the inspected arebigoee23 for example,

where the local nominal stress is taken from the beam and the weld itself is neglected. (Bar-
soum 2020, 223.) Therefore, the nominal stresses are defined in the-secisn of the
structural member under assessim for example, the plate, but in the case of partially pen-
etrated welds, the stresses are defined in the-sezs®n of the weld (Radaj 2006, 15).

N
L -

Figure23. Nominal stresé simple beam (Barsoum 20222).
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Geometrical effects and stress fields neatdbalizedloads must bencluded in the nominal

stress adboth of these cause membrane stress redistribution. Also, the secondary bending
stresseshatare caused by the possible axial or angular misalignnmenss be taken into
considerationif they are greater than what is already taken into account intheusves.
(Barsoum 2020, 223.)

Therefore, in simple cases the nominal stress is fairly easy to calsitlateasic theories

and elastibehaviouis assumed. In cases that are more complex the finite element method

IS needed to determine the stresses. In that case, it must be ensured that local stress concen:
trations are excluded. If the finite element method is needed, more local methods should be
congired to be used, like the Hressor ENS method. (Barsoum 2020, 24.)

In cases where the welded structure is complex with multiple attachments, changing loading
locations and magnitudes, etc. it can be hard or even impossible to define the nominal
stresgs. Moreover, even if it could be defined, choosing the correct FAT class can be very
hard, as in many cases the detail in the FAT class and the real structure do not correspond to
each other. Also in these cases, more local approaches should be condaesedm 2020,

27.)

It must be noted that the minimum and maximum values must be defined as the stress range

needed to carry out the calculations.

2.3.2 Hot-spot stress method

The structural hot spot is a critical weld toe location, where the crack is astuimiidte.

In general the HS stressmethod can be used to determine the lifetime of certain details,
which are prone to fail from the weld toe, thou nowadays methods are also being developed
to assess the weld root failures, but those methedsod standard to use. (Niemi et2017,

7.) Figure 24 shows the detailsand whether they are suitable tbe HS stressmethod or

not.
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Figure24. Suitable and nosuitable detail$or the HS stressnethod (modified from
Niemi et & 2017, 6).

The weld toe forrma notch in the structurgvhich leads to high, nelinear stress distribu-
tion. Total stress consists of a meane, bending, and nonlinear stress peak. The nonlinear
stress needs to be removed in thesti8ssnethod as in the design phase is often impossible
to know the weld'shal geometry in advancéNiemi et & 2017, 8.) In Figure25, the typical

stress distribution in the butt joint is shown.

Notch stress O, Cnw + Op + O,

I
4
i

Figure25. Stress distribution ithe butt joint (Niemi etla2017, 8).

Therefore, the HS stresstlse sum of the membrane and the bending stress on the surface

of the member as shown kigure26.
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Mf:mber O. = Cn + Ob
thickness
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Figure26. Hot spot stresand stress coponents (Niemi etla2017, 7).
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TheHS stress can be determinedninltiple different ways and methods. ld8essspot can

be derivedrom the nominal stress ¢ine nominal stress members, so from membrane and
bending stresses, if the valid stress concentrations are known. Thid® thieess takes a
form like in the equation shown beloywhere theK ig the axial loading concentration
factor andheKs  ig asconcentration factor for bending, , m& & o mafig the correspond-

ing nominal stresse@Niemi et & 2017 10)

l(:lH S:Ks ,ljtao m+Ka; ,Cllbo m, b (3)

However defining the concentration factors and nominal stresses can be challenging espe-
cially with morecomplex structures, as mentioned in the previous chapter. In these cases,
other methods should be used, like surface extrapolation or throughtaeethickness
(TWTT) methods

In the surface extrapolating the stress measurements are taken from twaipaispecific
distance from the weld toe, in this assumption is that FEM is used. Depending on the situa-
tion, the weld geometry isnodelledor excluded. The element type can be either shell or
solid. With fine mesh, the points aref0and 1 from the wéd toe and with coarse mesh

0.5 and 1.5 from the weld toeFigure27 presents the extrapolation points. It is sufficient

to define the maximum (or immum) principal stress or the stresses normal to weld toe,

depending on which onetise dominant one. (Niemi ek 2017, 21.)
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Relatively coarse mesh
(fixed element sizes)

e

L. & .

ost] |
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Figure27. Surface extrapolation methods points for stress mmeasent (modified from
Niemi et & 2017, 23).

The meshing must be done according to guidelines as the stresses in finite elements are de-
pendent on the mesh density and element properties. For large structures, the more coarse

mesh can be useful, but for smaller, complicated strugtaréhose with higkstress gradi-
ents the finemesh is recommended. (Niemi &t2017, 22-23.) Instructions for meshgnin

c a s e otygpé of floaspot can be seen in Trable?.

Table7. Meshing guideline for "a" type hotsts (modified from Niemi etla2017, 22).

Types of model and weld toe

Relatively coarse models

Relatively fine model

Type fAabod

Type fAaod

Element length xvidth Shells: Otxt andtxw/2 O Oxtadd 0.4xw/2
Solids: Otxt andtxw O OxtadAd 0.4xw/2

Extrapolation points Shells: 0.5¢/1.5t (mid-side pts.) 0.4t/1.0x (nodal pts.)
Solids: 0.5¢/1.5t (surface centre.) 0.4t/1.0¢ (nodal pts.)

After defining the stresses frothe model with correctly done meshing, the HSess is

calculated according tive equations shownmthe next pagevhich equation is to be used,

dependson whetheia coarseor afine meshis used.
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(4)

(5)

The TWTT method is another way to define the HS stresses. In this method, the stress com-

ponents are measured from the weld toe through the material thickness, and then stress dis-

tributionis linearized througkhe equations presented belamd theHS stress is calculated

by summing the results, so thgs=0y s +h s . (Niemi etal. 2017, 20) Linearizationof the

stress distributiois illustrated inFigure28.

Figure28. lllustration of TWTT method (Niemi et.a2017, 19).

(6)

(7)
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Some FBM programs can also solve the linearized stress distribution and/or the stress com-
ponents directly from the weld toe, in that case, the HS stress is simply, s +in s With
the values from FEM. An example of this can be sadfigure29, where the membrane

and bending stresses are solved with Creo Simulate from the weld toe

Point1 Midpoint Point2 Maximum
Membrane 21.3429 21.3429 21.3429 21.3429
Bending 0.801421 0 -0.807421 0.801421
Mem+Bend 221444 21.3429 20,5415 221444
Peak 9.03676 -1.01288 6.92867 9.03676
Total 3118 20.3301 27.4702 31.1e8m
Linearized Stress
3200
30.00
{ T 2800
! §
S 2600
a
2
& 2400
22.00
20.00 T T T T T T T T T T T J
0.00 2.00 4.00 .00 8.00 10.00 12.00

Thickness Coordinate, from Peint 1 to Point 2

W Membrane stress
Membrane plus bending stress
W Total stress

Figure29. Membrane, bending and total stresses from the tweld

It must be noted thah both HS stressmethod, minimum and maximum values must be

defined as the stress range in needed to carry otdatigee strengtitalculations.

There are only two FAT classes in the Bt&ssmethod, which makes it easierftod the
correct one for assessed detail. The FAT classes are 90 & 100 for steel materials. (Niemi et
al. 2017 41) SN-curves forFAT 90 & 100 can be seen kigure21 & Figure22.

Possible misalignments ntube taken into consideration miisalignmentexceeds those
which arealready taken into account@&ssessment methods. Some misalignments are taken
already into considationin the FAT classegNiemi etal. 2017, 41)
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2.3.3 Effective notch stress method

ENS stress is total stress in the notch of the weadr in the root with linear elastic material
behaviour assumed (Hobbacher 2016, 27). A fictitious radiusnainlis assumed in the
assessed critical ar@eigure30). Meshing is done witthe recommendation given Trable

8.

Radius = 1T mm

A KN
<1 _][ j[_ % 7

Figure30. Guideline for applying fictitious radiusnodified fromHobbacher 201,827,
29).

Table8. Recommended enent types and sizéx ENS (modified fromHobbacher 201,6

29).
Element type Relative size Absolute size No. of element in | No. of element in
(mm) 45e ar 360e¢e a
Quadratic with mie Or/4 O 0.25 03 024
side nodes
Linear Or/6 O 0.15 05 040

Stress concentrations can be defined through FEM from the asaetddde or roatNotch

stress factorK,y) is assumed to be at least 1.6 when the FAT class of 225 is used, which is
the standard FAT class in the ENS method when principal stresses drin uselyses
(Hobbacher 201627, and Pedersen, Mouritsen, Hansen, Andersen & Wendefi0

1623)
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The HSstressmethod must be first implemented to defihe stress members in the area.
The nethod is limited to asvelded roots and toes. (Hobbacl2€16 27). However, the
effects of different PWTsan be applied accordjrto different guidelines amentioned in

previous chapters.

The stress concentratioarfmembrane and bending stresses are defined separatéheand

ENS stressis calculated accordg to the equationshown below wherek; ig the stress
concentration factor for membrane stress lands, the stress concentration factor for bend-
ing stresgAhola, Skriko, Lipidinen & Bjork2021, 8)

Ug NSk Oms the Ops | b (8)



51

3 Loadsand stress analyses

This chapter contains the calculation of #oeelerations, rotation radiusndfinite element

(FE) modelling. The first chapter covers the initial values, which were used in the FE mod-
elling and analyses. The next chapters presennibdels for the nominal stress method, HS
stress methqgdand ENS methodsn addition to models, the screening of the critical area
with different models is presented as well as the calculationeaéttiess ranges and ratios
with each methodCalculatedstresses are used in the lifetime calcatet in Chapter 4.

3.1 Calculation of theaccelerations

As mentioned previously, certaassumptions need to be madesarry out the calculations
and modelling, as the final design of the machine under assessment was not ready.

One of the assumptions was the total mass of the whole structure. The mass of the main
frame (3450kg) and roating counterweight (108kg) areknown, but mass of the certain
internal components was based on the estimations based on the previous designs and
knowledge of designers working on the particular machine. The total mass of the machine
was assumed to be 90Kg. In addition, the masse®in the processed particles were added

to be on the safe side, the mass of the particles is estimated to kg 00 gives the total

mass 00400 kg, whichwas used in the calculations.

The mass centre of the rotating counterweight with respect t@ftiiee ©f the machine was
offset 260mm in the xdirection (horizontal) and 561m in the ydirection (vertical). The

resulot aonft tih e s elculatedfascerding ttheegsation presented below

r= x2+y? 9

Counterweight rotates in3.3 Hz frequency, so 3.Blz was used in calculations on the ac-
celeration caused by rotatioas the frequency directlyfactsthe acceleratioto which the

structure is exposed he acceleration is aallated with nexthe equationwherefim, o+ £t i on
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is the rotating mass$rois the resultant frortheequation 9 ¥ i s t h eandfiM; @g u e n

is the total mass. Acceleraih caused by rotating massli8500—.

=M ot &% o (10)
Mt ot

With masses knowno kaowrfrorhtheequatiensSaldo tha radius &f
rotation of the whole structure wad@alated according to the equation shown beldhe
radius of rotation is ~3fm, which is similar to previous designs and suitable for the screen-

ing application

r:mrotzgtion (11)
7 Mo

Due to the limitations of the Creo Simulate, the acceleration caused by gravity and the rotat-
ing mass needed to be given in a single vector. In real case, the accelerations are perpendic-
ular to each other, and the acceleration caused by rotating ngagsiso f f set wi t h
the machine, as the machine is installed a
to simplify the modelling, the machine was modelled to be parallel with the ground level
which causes the situation that acceleratiare not perpemcular to each other. Séegure

31, which illustrates the difference between real and simulated situations with a detailed
model and with a skeletano d e | used in Cre@d Siignutllag eac cTe
caused by the rotatia@ag mas &,hefi adc cied egraa v iot
i ng mass turned by 180e, yellow |Iine is tfF
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Figure31 Accelerations in respect to machine in real case (a) and the simulation environ-
ment (b).

The magnitude of the resultant wasccddited according to the equation presented helow
wheret he figo i s Wisthe aggledetweenygravatynadd aficeleration caused by
rotating masgqseeFigure 31). In this situation, the resultant vector of the acceleration
reached its highestilue and was used in the FE analysis. The angle between the gravity and

the resultantvas calculatedvith the equation shown in next pagée magnitudef the
resultant was 17756—,and t he angle is 43.15¢. Tihe ac
Figure32, whenr® ithet e accelerationadaused hley

vector moved to the end of tplane pafatebtogroanct or ,

level.

R= g?+a?-2 gc oy ( (12
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. siln( (13)

-
- (
a)

Figure32. lllustration of the acceleration vectors

It must be noted that the magnitude of the acceleration resultant and the angle changes with
respect to the rotation of the counterweight. The resultant calculated beforehand corresponds
to the highest value of the acceleration, so it is conservative to use, also tipe ichamgle

is limited to ~6degrees so #von’t causea major difference. Havever, the angle of the
resultant vector changes 16 degrees during ttatioa of the counterweighEigure33il-

lustrates the resultant vectd®)(when the countervight is at its zero position and turned

180 degrees R)).
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Figure33. Acceleration vectors including the resultant vectors in respect machine.

These simplifications and assumptions were necessary due to the limitatiomsédharo-
gram and to carry out the analyses and are further explained in the next subchapters consid-

ering the FE analyses.

3.2 ldentity of beams and joints

To makeit easier to identify the beams ajuints from each other, the beams were named

individually asshown inFigure34.

Figure34. Beam ID:s.



Also for the HSstressand ENS methods, the difference was made for the upddsaitom
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weld, the inside and outside corners of the weld, and also the inner and outer surfaces of the

weld as shown ifrigure35.

Outer surface

{
Inner surfaces

X il

Outer surface

Figure35. ID:s for identifying the weld area.

As an example, the AT8 _BO_i 0 means
face

3.3 Finite elementmodel for nominal stress method

This subchapter presents the model used in Creo &ientd define the critical joint in the

structure and to define the stress range affecting the fpiatdition,the limitations of the

simplified model and nominal stress method are discussed.

3.3.1 Beam model for nominal stress method

T8

bear

For the nominal stressethod, the simplified beam model was used for the analyses. The

beam model is a very fast way to run multiple analyses and was assumed to be detailed

enough to define the nominal stresses. The main frame of the structure was sketched with

Creo Parametriand the beam elements were defined for each curve with Creo Simulate,

according to the real structure. Beam elements were attached with fixed types on constraints.

The sketched skeleton model, beam model, andwagiframeare compared ifigure36.
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Figure36. Skeleton model (a), beam model (b) &lrenodel (c) of the main frame.
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As the masses needed to match with the total mass of the real model, the meassas w
serted into the beam model using the mass idealization tools and were defined as points,
which were linked to the model with weighted links. The masses of outlets, inlets, hatches,
and rotating counterweights were placed according to their cengeaty (COG). The
assumed internal masses and particle masses were evenly distributed in 2 points inside of
the frame structureand linked to multiple beams with weighted links. Mass idealizations

are shown irFigure37.

Figure37. Mass idealizations in beam model.

Constraints were defined at four corners, at the area where the real structure would hang
from the cables, and in tleentrearea of the model. In corners (C1) the translations in the
y-direction are restricted and the rotational degrees are free. tentre(C2) the transla-

tions inthex & z-directionare restricted and the rotatiortirey-direction is restricted. Both
constraints are pin connections and with these conditions, the bending is allowed like in the

real structure. The constraints are illustrateHigure38.
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Figure38. Constrains C1 & C2.

As mentionedthe resultant of gravity and acceleration caused by rotating mass was calcu-
lated as in Creo Simulate only one grawitaal component could be used at time. If the
accelerations are given as individual accelerations and not as gravitational components, they
are not affecting the whole structure but
gravitational comonent to define the total acceleration. For acceleration, the individual co-
ordination system was defined, which was constrained to another coordinate system, which
was t hen of flieaidn withgespeat to thérfeameys coordination system. The
acceeration was defined to affettte xdirection in its coordination system. Using the mul-

tiple systems allowed the rotation of the resultant at the correct angle, which was needed in

the analyses. The coordination systems and acceleration are sheigyare39.

EHMHV AN N

Figure39. Acceleration resultant and coordination systems.




60

The analyses were done with conditions given above, analyseseseatpd in the next

subchapter.

3.3.2 Screening for the critical area with beam maaed defining the stress rargge

To find out the most critical joint in the structure, the measure points for maximum and
minimum principal stresses were defined at the andwse the welded butt joint is located

for each beam, so 44Bm from the midpoint of the centre tube of the machineFspae

40, which illustrateghe measure points. The sensitivity analysis was used in the Creo Sim-
ulate to calculate the stresses at each point. The sensitivity analysis allows changing certain
parameters between analyses, in this case, the coordination systenmhitheltcordinatin

system ofacceleration vector was constrained, was turned around the glabaliys i n 1
i ncrements unti|l 360e was achieved. Linea

order and with a 1% convergence limit

Figure40. Measure points 44mm from centre.



61

The results from all measure points were collected and compared to see the most critical
area. The challenge with Creo Simulate is that with beam elements, the program does not
show where in the crossection the maxnum or minimum principal stress is located each
moment, it only gives the maximum/minimum values. For this reason, it was assumed that
maximum and minimum stresses occurred in the same area, and the stress range was as-
sumed as the highest range betweemthrimum and minimum principal stre@sppendix

2). Figure 41 presents the maximum and minimum principal stresses with respect to the

rotation angle of the acceleratiof the beam T2, which was the most critical according to

thebeammodeT he maxi mum principal str estlsemn-eache
I mum principal stress reached its minimum
Ao

0 50 90 100 150 200 250 300 350

STRESS (MPA)

VECTOR ANGLE (DEGREES)

Figure4l. T2 beanstress range and maximum and minimum values.

The tress rangand the stress ratiwas calculated accding tothe equatios presentedn

the next page.
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q:ﬁ:ljmaiﬁmi n (14
R= l;Jmi n (15)
Uma x

The stress range was bPa with a-0.8 stress ratio in the beam T2.

3.3.3 Limitations of the beam model

As mentioned before, the Creo Simulate has some limitations when it comes to beam ele-
ments, as it's not possible to define in which area of the-sexd®on the stresses are occur-

ring at each moment. Also, the simplified model itself has uncertainties as the geometry of
the critical centre area is simplified. &real case, the connection between thedm and

centre plates is only through flanges, and the web is removed nealtharea, whereas in

the simplified model the-beams are connected to the centre pipe. This affects to overall
stiffness and stresses in the beams. Also defining the nominal stresses is inaccurate in this
kind of structure which has many componeatgithe direction of the forces/acceleration is

not constant. Simplified geometry does not describe the real situation accurately enough and

local methods are needed to carry out the screening and defining the stress ranges.

3.4 Finite element models for hotspgitessnethod

This subchapter presents the FE model used for the HS method. The model for the HS
method was more detailed and contained beam, shell, and solid elements. Screening was
also done in a more accurate way than in the nominal stress methetiebt®s were cal-
culated with surface extrapolating and through the saddthickness methaedHS stress
methodis more accurateompared tdhe nominal stress method. Stress componé&ots

the HS method are used in the ENS method.
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3.4.1 Combined nodelfor hotspot stressnethod

For the HSstressmethod, a more detailed model was made. In this model, the centre area
was modelled as solid and shell elements. The shell elements were used for the centre tube
and most of the area of the centre plate. The beam elemere used for the other areas of

the frame structure. The beam elements were constrained to solid elements with weighted
links which act as rigid connections between the beam and solid elements. Shell elements
were done with Creo Simulates Shell Pagiscand the shell elements were rigidly linked to

the solid éements. The model is shownkigure42.

Solid elements

Shell elements “

Figure42. FE model for the HStressmethod.

The weld joint geometry wasodelledn the way that it is assumed to be in the real structure.
The flankangle was15C and the welding isssumed to bdone fromboth sides of the

flange. The welddarea is shown ifigure43.
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Figure43. Modelled weldsolid element.

Constraints in the corners were the same as in the beam model. The centre area constraints
were modified slightly as the geometry was now different, but the main principle of the

constraints stayed the same.

The acceleration vector was defined in the same way that in the beam(seatfgjjure 33
& Figure39).

Mass idealization points were also slightly modified to match the wanted total mass.

For sensitivity analysjghe default Creo simulate meshing was used. For the surface extrap-

olation, the fine mesh was used in the area acugitdi [IW (see chapter 2.3.2).

3.4.2 Screening for critical area with hotspot stressdel

For the screening of the critical area, the sensitivity analysis was used as with the beam
element model. Before the sensitivity analysis, the basic static analysis thadifferent
acceleration angles, and it was noticed that the machined area of the web was too close to
the welded joint, and very higtiress concentrations occurred in the area. The machining
was modified so the stressncentration the stresses |b®e off in the flange area, so the

notch stress does not affect the area and disturb the defirtimgHS stres@-igure44, a &

b). After that, it was noticed that dending on the weld, the highest stresses were found in
either the outeor the innercorners of the weld.
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Figure44. Contour view from same beam with different geomeloynt area circled.

The measure points were placedaor points for each weld, outer and inner corner for outer

and inner surface, so a total of 128 points were measured for maximum and minimum prin-
cipal stresses. Measure points were located in the weld toe, so the measures would represent
the total stresm the weld toe, including the nonlinear stress peak. This method was seen as
suitable as the total stress correlates with structural stress if the geometrical discontinuity is
identical in each location, like in this case. Sensitivity analysiswasdonbwil 0 e i ncr e
from Oe to 360 eMeasurepsittsefor ane of tha joistsnagliseatedin

Figure4b.
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Figure45. Measure points locations.

All the results were gathered, plotted, and compéaggendix 3) From the results, it was

noted that some joints experience only compression or tension but most of the measured
areas experience both, depending on the angte@fdceleration (rotational mass). This was
confirmed with static analysis with different angles in the critical areas. The direction of the
maximum and minimum stresses was the same in the angles where the maximum principal
stress reached its highest v@knd when the minimum principal stress reached its minimum
value. This is logical, as the difference between maximum and mimim st r ess was
Multiple joints were examined more carefully to define which was the most critical, at the
end it was concluetl that the most critical area was the joint in the T1 béattgm flange,

and outer corneFigure46 presents the stress curves from the inner and outer surface meas-

ure points.
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Outer surfaces
0

Inner surfaces
40

Figure46. T1 BO measurements, outer and inner surfaces.

The maximum stress values aretseéeéé&meinThie
rangeis 64 MPa at the outer surface and B®a at the inner surface. Both surfaces were

used to define the HS stress.

3.4.3 Defining the stresses from the hotspot stresdel

The HS stresses were calculated from both the inner and outer surfaces of the T1 BO area.
For the extrapolation method, the area was meshed according to IIW guidelines with a
mapped mesh function in the Creo Simulate. The measure pointefstrésses were de-

fined at 0.4and 1.@distance from the weld toe, as the fine mesh was used (Eiguréhe
static analysis was done with acceleratior
imum stresses occurred according to the previously done sensitivity analysis. The maximum
and minimum principal stresses were defined from the surface extrapgaints and the

HS stresses were calated according tthe equation 4 (Appendix 4)The stress range ac-
cording to the sudce extrapolation method was WB”a for the outer surface and MPa

for theinner surfaceStress ratios werel.2 and-1.1 respectivelyThe same stress rargye

can be assumed on both surfaasshe difference is <1 MPa
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0.4%t 1.0%t

Figure47. Meshing for surface extrapolation method.

The TWTT method was also used to calcuthie HS stress. For the TWTT method, the
same static analyses were used as for the surface extrapolation method. The stress levels
were defined from the weld toe area through the thickness. Linearization of the stress distri-
bution was not necessary as lre tCreo Simulate it was possible to separate the different
stress components with linearized stresses tool. This can be $eégarg¥9 where point 1

is the inner stiace and point 2 is the outer surface.

Point! Midpoint Point2 Maximus m
Membrane 213429 213429 213429 213429
Bending 0.801421 0 -0.801421 0.801421
Mem«+Bend 221444 213429 20,5415 221844
Peak 9.03676 -1.01288 6.92867 9.03676
Total 311811 203301 274702 311811

Linearized Stress

| el ]
1 i) /

| 0.00 2.00 400 6.00 8.00 10.00 12.00
Thickness Coordinate, from Point 1 o Point 2

W Membrane siress.
| M Membrane plus bending siress
| W Total stress

Figure48. HS stresses for TWTT method calculated with Linearized stress tool.
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Point1 Midpoint Point2 Maximu m
Membrane  -24.9693 -24.9693 -24.9683 -24,9683
Bending 0.738377 0 0 77

Mem+Bend -24.2311 -24.9693 -25.7079 -24.2311
Peak -8.56052 1.15229 -8.52518 -8.56052

Total -32.7916 -23.8172 -34.233 -34.233

Linsarized Stress
-22.00

-24.004

-26.00+

-28.004

-30.00+

Stress - Local ¥YY

-32.004

-34.004

-36.00: T T T T T J
0.00 200 4.00 .00 8.00 10.00 12.00

Thickness Coordinate, from Peint 1 to Point 2

B Membrane stress
W Membrane plus bending stress
W Total stress

Figure49 continues HS stresses for TWTT method calculated with Linearstesks tool.

After the stresses were defined, thest®ssvas simplyly =0y s +h s (Appendix 4) The
HS stress accding to the TWTT method was 48Pa for theboth surfaceswhich isprac-

tically the same as with the surface extrapolation methbe.dress ratios were practically

the same.

3.5 Finite element model for effective notch stressthod

In thissulkchapter, the ENS model done wilte Siemens FEMAP is presented. The chapter
also presents the calculation of the ENS stre€3¥S isalocal method like the HStress
methodbut takes also the notch stress into conaiitan thus providing even more accurate
results

3.5.1 Model for effective notch stressethod

The model for the ENS method was daith theSiemen$-EMAP. Only the local geoatry
of the joint area was modeled as a 2D model. The plate type of element was used and a
thickness of Inm was defined as element property. The surface was divided into different

areas as different mesh sizing was needed for certain areas like fooeueldleshing was
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done with the Siemens FEmap meshing toolbox and meshing of the weld toe area was done
according to IW recommendations (see chapter 2.3.3). The shape of the mesh was quadri-
lateral and regular shape. Two similar models were done, firswlithm fictitious radius
and the other with a 8im fictitious radius to present the effect of TIG dressitge nodel

is shownin Figure50.

Force per length Fixed nodal constrains \

WG s
/SN

Load case 1, tension Load case 2, bending

r=1mm/3mm (TIG dressed)

By

Figure50. ENS model in Siemens FEmap.

Only the fixed nodal constraints were defined as the whole area was modified as geometry

was very simple.

Two different bading cases were defined, one for membrane stress and the other for bend-
i ng. Il n both the type of Nifoocawas msegd. TWialedtailf o r c

MPa stress in the plate.

Forthebending case, the load was define@asction. Withfunction, 1IMPa of tension in
the top surface and MIPa of compression in the bottom surface of the area was achieved
The function for force is shown the next equatiowh er eas t h-ooniigated i s t

1. (16)
5.4)
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3.5.2 Defining the stress caentration factorand calculation of the ENS stress

range

The linear static analyses watene with both loading cases for both models. The maximum
values of themaximum principal stressg¢soda) were obtained from the weld toe area.
Figure51 & Figure52 shows the detailed view of the weld toe areas under both loading

cases.

0

L
o’

e

Figure51. Notch concentration factors whenl.

Figure52. Notch concentration factors when3.
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The stress concentration factors show significant differences with different radiuses. The
factork; yvas 1.45 with a 3nm radius, so the 1.6 was used in the calculations according to
the recommendation. The stress concentration factor was usedulateatbe ENS stress
usingthe equation 8(Appendix 5. The stress components of the TWTT method were used
in the calculations (T1_BQarea). The ENS stress wasMPa wherr=1 and 74MPa when

r=3. The ratio can be assumed to be the same as with the TWTT methedsame stress

components werased.
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4 Fatigue strengtlassessment

This chapter presents theal parameters in the fatigue streng#ticulations anthe results
of each method. Theafculations are carried out with the nominal stressst&sand ENS
methods.In addition to asvelded conditionthe effect of ground flushing, TIG dressjng
and HFMI treatment are takento consideationin the calculationsThe esults are con-
cluded inChaptes 5 and 6 More detailed calculatioreze presented iAppendix 6.

4.1.1 Nominal stress method

For the nominastress method, the FAT class of 90 was used according to [IW detail No.222.
The FAT class of 71 (IIW No. 224) could also be considered as the plate thicknesses vary,
but in this case, the oderate slope is achievedtransition between thicknesses, soRAgd

90 is more descriptive for the joint. Also, the E@Bommends FAT 90 for butt joimtith a
150e¢e f | BATIB6 wvasiugdd  assess the root failure in case of poor penetration, then

m=3 as the stress range is higher than knee point steésg) (of the FAT 36.

The effect of TIG dressing and HFNteatmentwas taken into consideration according to
chapter 2.1.3. TIG dressing increases the FAT 90 to 112 and H&alinenincreases the
FAT 90 to 160m=3to 5). FAT 112 was used in the case of gradlushed weld according

to IIW recommendations and ECBable9 presents the used FAT classes and slope param-

eters for the nominal stress method.

Table9. FAT classes and slope parameters for the nominal stress method.

Method FAT (MPa) al, 5 (MPa) m Condition
Nominal 36 21.1 3 As welded
Nominal 90 52.6 22 As welded
Nominal 112 65.5 22 Ground flushed
Nominal 112 (90) 65.5 22 TIG dressed
Nominal 160 (90) 116 22 HFMI treated
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The sl opemypacfanme2 ewasi used according -to 11
cycle applications. The partial safety factgr, was considered as 1 becauséh a slope
parametepf 22, the results would be too conservative, as even a partial safety factor of 1.1

would decrease the lifetime dramatically.

The stress range was MPa with a ratio 0f0.8, so no reduction in thdFMI improved
FAT class.

4.1.2 Hotspot stress method

In the HSstressmethod, the FAT class of 100 was used in the calculation, which is recom-
mended for the butt joints. The slope parameter remained the same as in the nominal stress
method, san=22. Lifetime calculations were done for both, the surface extrapolatiomdheth

and for TWTT method, even if the difference in stresses is very low, but still has some effect
on the results. Fahe TIG dressed joint the FAT class was improved from 100 to 125 and

for the HFMI treated joint the FAT class was improved from 100 to (16€3 to 5). Table

10 presents the used FAT classes and slope parameters [t gtieesamethod.

Tablel10. FAT classes and slope paramstfer the HSstressmethod.

Method FAT (MPa) al, 5 (MPa) m Condition
HS 100 58.5 22 As welded
HS 125 (100) 73.1 22 TIG dressed
HS 160 (100) 116 22 HFMI treated

The stress levels of T1_BO_i were used as they were slightly higher than in the T1_BO_o
area. Themaximumstress range was MPa according to the suda extrapolation method

and 46MPa in theTWTT method, stress ratio wa$.1, so no rduction of the HFMI im-
proved FATclass. Ground flushed joint is not considered in thesii&ssmethod asno
hotspot can be found from the detail. No safety factor was considedifetime calcula-

tions weredone according to the same equations as in the nominal stress method
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4.1.3 Effective notch stress method

In the ENS method, the FAT class of 225 was lise¢lde calculations. A slope parameter of

22 was also used in this method as in the nominal stress method andgtriedd8ethod.

The effect of TIG dressing was taken into consideration in the FE model by increasing the
fictitious radius from Imm to 3mm but the FAT class remained the samath HFMI
treatmentthe FAT class was impved from 225 to 320ng=3 to 5). Table11 presents the

used FAT classes and slopegmaeters fothe ENSmethod.

Tablell FAT classesnd slope parameters for the EMS8thod

Method FAT (MPa) al, 5 (MPa) m Condition
ENS 225 131.6 22 As welded
ENS 320 (225) 231.9 22 HFMI treated

The stress components of thR&/TT method for the T1_BO i joint wengsed. The stress
range was 9RMPa for an untreated joint and 74AMPa for a TIGdressed joint. The stress
ratio was the same as in the TWTT method so no reduction of the HFMI improved FAT
class. No safety factor waensidered, and fatigue strength calculations were done according

to the same equations as in the nominal stress method and the HS stress method.

4.1.4 Results

The fatiguestrengthcalculatiors were done according theequations 1 & 2, with parame-
ters presentkin the previous chapters. The results are gathered in their own wathies

respect taheused method.

Table 12 presents the results ftne nominal stress methodith different conditions and
FAT classes. The results are compareBigure53, andFigure54 presents the-8I curves

for thenominal stress method
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Tablel2. Lifetimes according to the nominal stress method.
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Figure53. Comparison of lifetimes accordingttee nominal stress method, cycles in loga-

rithmic scale.
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S-N Curves, Nominal stress method

®90
112 (90) TIG
160 (90) HEMI)
36

Stress (MPa)

10
1,00E+04 1,00E+05

1,00E+06 1,00E+07

Cycles

1,00E+08 1,00E+09

Figure54. SN curves forthenominal stress mkod; red dashed line illustratiee nominal

stress range.

The result ofthe HS stressmethod is presented ifable 13 with different conditions and

FAT classes. The results are compareBigure55, andFigure56 presents the-8! curves
for the HSstresamethod.

Table13. Lifetimes according to the HS8resanethod.

Method FAT (MPa) Condition Lifetime
HS, extrapol. 100 As welded 1.4510"9
HS, extrapol. 125(100) TIG dressed 1.9*10M1
HS, extrapol. 160 (100) HFMI treated 4.9*10715
HS, TWTT 100 As welded 1.6*10"9
HS, TWTT 125(100) TIG dressed 2.2*10M1
HS, TWTT 160 (100) HFMI treated 5.6*10"15




78

HS method
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Figure55. Comparison of lifetimes according tivee HS stressmethod, cycles in logarith-

mic scale.

S-N Curves, Hot spot stress method
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Figure56. SN curves for the HStresamethod; red dashed line illustratiee HS stress

range.
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Theresult ofthe ENS method is presented Trable 14 with different conditions and FAT

classes. The results are compareéigure57, andFigure58 presents the -8l curves for

the ENS stressethod.

Table14. Lifetimes acording to the ENS method.
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S-N Curves, ENS method
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Figure58. SN curves for the ENS math; red dashed lines illustratee ENS stress
ranges withr=1 & r=3.

Results are analysed in detail in the next chapter, as well the discussionesiitse
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5 Analysis and discussion

This chapter analyses the results obtained thrdugihominalstress, HS stress, and ENS
methodsDifferences betweemethodsand the resultare discussedndrecommendations
for quality assurance and PVéfe giverasthe PWTs hava majorimpact on the fatigue

strengthof theweld especiallywhen factors of VHCIFare considered.

5.1 Analysis

All the resultsfrom the previous chapteare compared ifrigure 59. Differences between
methods can clearly seen as the nominal stress method gives very conservative results for
asweld conditiors, whereas the local H8ressand ENS methods give more optimistic re-

sults even for aweld conditiors.

Nominal, HS & ENS methods

tn tn 1 ' i
=

Cycles

36 90 112 112 (90) 160 (90) 100 extrapol. 100 TWTT 125 (100) 125 (100} 160 (100} 160 (100)
trapol extrapol TWTT

FAT class

Figure59. Result with different methods compayeed dashed line illustrates the 1.6 bil-

lion cycles
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Based on the FE analysis conducted with the beam model and nominal stress method, the
highest stress range is found frame T2 beam, with a range of 3Pa, andR =-0.8. With

this range, the fatigue life of the joint is very low if failure occurs due to root defect/lack of
fusion(FAT 36). Additionally, the fatigue life of the welded joint in thewaslded condition

does nommeet the requirements in this scenario, necessitatingneasients. Through TIG
dressing and ground flushing, the fatigue life can be significantly increased, meeting the
required lifetime according to the nominal method. HFMI treatment further extbads

lifespan, with the joint expected to last indefinitely.

Based on the FE analyses done with the detailed model combining beam, shell, and solid
elements, the largest stress variation was observed on the outer surface of the lower flange
of the T2 beamon the inner side. Structural stress was determined using both extrapolation
and TWTT methods, with differences between the methods being at <1 MPa level; however,
both values were utilized in the calculations. The stress range according to giestS
method was 461Pa to47 MPa withR -1.1 to-1.2. According to both calculation methods,

the welded joint in the aselded condition achieves a fatigue life of 1.4*10"9 to 1.6*10"9
cycles, which is slightly below or just in the area of optimaly2ar or 1.610"9 cycles
lifespan. TIGdressed and HFMtreated joints theoretically last indefinitely based on calcu-

lations.

In the ENS method, stress components obtained through the TWTT method were utilized.
According to the ENS method, the joint achieves the reduifespan even without pest
treatments, which is a divergent result compared to the nominal and structural stress meth-
ods. TIG andHFMI treatments improve the lifespan similarly to other methods, thedhgtica
achieving infinite lifespan.

5.2 Discussion

TheFE analyses conducted with the nominal stress method must be viewed critically due to
the model's difference from actual geometry, which impacts the overall structural stiffness
and stress distribution. Additionally, uncertainties arise regarding thiodlo@d maximum

and minimum principal stresses within the cresstion within each moment, as the Creo
Simulate does not offer such an examination. The critical region diverges from gtestS

method, where a more precise model and a significantlgdamgmber of measurements are
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utilized for critical area screening. As mentioned in Chapter 2.3.1, determining nominal
stresses in complex structures or those subject to varying force orientations or magnitudes is

challenging, if not impossible, more acate methods should be used.

The HSstressmethod employs a more detailed FE model, where the critical area matches
with the actual structure, thereby presumed to be more accurate. Furthermore, the calculation
method itself is localized and more suitable for the given scenario. Results indat &tectn

in the aswelded condition, the structure's fatigue life is considerably long, potentially reach-
ing the desired 1.6*10"9 cycle lifespan if the weld meets the required quality standards (ISO
5817 grade B90). However, it is crucial to note that iry Vegh-cycle loading, even minor

flaws or defects in the weld, which could have crilod behavior, will significantly reduce
lifespan. HFMI treatment could induce compressive residual stresses in the weld; however,
their benefit is limited for traditioal structural steel and is presumed to relax after a certain
number of cycles. HFMI treatment also positively affects geometry but must be applied cor-
rectly to avoid introducing craelike flaws. TIG treatment, being more common and widely
used in workshps where the equipment is fabricated, would be a suitable solution to ensure
the weld's required lifetime, providing smoother geometry and removing potentialikeck
flaws. However, TIG treatment ratube executed correctly to claimenefits and avoid in-

troducing errors that could reduce lifespan.

The ENS method is based on the stresses obtained through the TWTT rkstimogkinci-

pal stresses, which was used in the calculations are not completely perpendicular to weld.
However the calculated stresses anethe conservative side as they are greater tean
stresses normal tbeweld. Stress concentration factors differ for the welded joint and TIG
treated joint. While in the case of TIG treatment, the assumed fictitious radiusnvasif

reality, ther could be as high as®&mm, further reducing the stress concentration factors
and simultaneously lowering stresses in the area. ENS is the most accurate method as it also
considers the notch effect. However, even though the joint should fulfill thenkfeequire-

ments in asveld condition according to the ENS method, TIG treatment may still be rec-
ommended as it can remove local criikk flaws and defects, which significantly affect the

joint lifetime, as previously mentioned. Additionally, HFMI tneent yields benefits, but

the method is not as familiar in practice as TIG treatment.

In conclusion, the FE model constructed with beam elements and the nominal stress method

seems to be inaccurate due to simplifications made and the complex loadingpoendie



84

structural stress method identifies the critical aréBlaB8O_i with a stress range 46 MPa.

In this critical area, stress varies between tension and compression, at a ratlo Bbst
weldment treatments may be recommended based on satlgttess analysis to ensure the
required lifespan. Ground flushing of the weld could also achieve the necessary lifespan;
however, grinding also bears the risk of removing base material during the process or causing
undesired marks on the critical ar@djich can have craelke behavior. The benefits of

grinding were not confirmed by the H8essor ENS methods.

Rootside failure was only considered with the nominal stress method. The root failures were
left out from the HS stress and ENS analysesaswas ¢l ear t hat the |
the number of cycles if there was fusion failure or lack of penetration in the root. This leads

to the necessity of NDT testing so that adequate weld quality can be ensured.

All joints in the center area muse lvisually inspected and examined with ultrasonic or X

ray methods to ensure the required quality is met and no internal flaws are present, as other-
wise, the joint is unlikely to withstand. VHCF poses its challenges, with limited research
data and conflist between design codes and recommendations. In VHCF all imperfections,
errors, and microstructural features are magnified compared to low andylaighoading,

posing challenges in lifespan estimation. All calculations were made assom®jac-

cording b the 1IW recommendation for very high cycle applicatiovif) partial safety fac-

toroMzzl.
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6 Conclusions

Oscillating screens are under cyclic loading and the structures have to withstand a great
amount of cycles during the service life. Even if the seesse generally very low, the
structures are prone to fatigue failure.
transverse welded butt joint under very high cycle fatigue loading was carried out. Joints are
located in the central area of tma&in frame and combine the frame structure witlcdrare

area, where the rotating counterweight is attached. This paper conducted also a literature
review, which covers the topics that are relevant and necessary in order to understand the
fatigue behaviourand lifetime calculations of the welded structures, especially in case of

very high cycle fatigue.

Finite elemenmodellingwas used to define the critical area, stress ranges, and ratios. The
simplified beam element model and nominal stress odetieemed to be too simplified
presentation of the case and the local methods were needed. The detailed FE model was done
using the combination of beam, shell, and solid elements and was used to carry out the HS
stressand ENS methods. From screening, &sawfound that depending on the location the
joints can be under tension, compression, or reversed loading with different ratios. The crit-
ical area was defined in the T1 beams bottom flanges' outer corner, which had the highest
stress range.

According to he different methods, the required service life can be ensured by implementing
the PWT in the joints (TIG or HFMI), if the quality requirements are met. The quality of the
welding must be assured falfil the requirement of the B90 class according to BEBQ7,

so the NDT testing is mandatory.

There were some limitations in the study, as certain assumptions and simplifications were
necessary to make, and the final model of the machine was not complete. Also, the used
programs lacked some features, whieti to some uncertainties and simplifications. This
study only focused on the butt joints in the central area and neglected otfseofaiea
machine. During the study, it was found that several other welds and areas need to be as-
sessed to make sure tltlag¢ structure can withstand the very high cyakggueloading. In
addition, the manufacturing of the joint was only considered from a welding quality point of

view, and the manufacturing aspects need to be seen separately and WPS should be done.
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Finally, the angle effect was neglected, and the main principal stregse used in the

calculations, the effect of the weld angle would need analysis that is more accurate.

In the future, fatigue testing could be done with a simplified geometry of the atepifiiu

weld-in angle, and the difference in plate thicknesses). The fatigue testing should be done
with real workshop manufacturing quality. With the fatigue test, the slope parameter m could
be defined after 1*10"7 cycles. With the accurate value @hengalculations could be car-

ried out more precisely. It would be also possiblede does the weld's angle makeo-

ticeable difference in fatigue life.

Studying VHCF is important both for materials and welded structures, as there are still dis-
agreemerst between recommendations. Some recommendations and studies support the ex-
istence of a fatigue limit, while others argue against it. From numerous practical cases and
studies, it is evident that failure can occur even when stresses are very low as teeaiumb
cycles increases. Further research is needed to better adapt design codes to VHCF applica-

tions.
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Appendix 1.Calculations of initial values



