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This masters’ thesis focused on assessment and improvement of a weld joint in a shaft that
is subjected to cyclic loading. The tube-to-flange joint is a part of an industrial machine that
is rotating, and as such is under fully reversing stress ratio. Fatigue lives of existing structures
are assessed with various methods. The effects of changing various geometrical parameters
are analyzed utilizing finite element modelling. Physical test pieces are welded as they would
be in production, and macrographic images are captured of the weld joint cross-sections.
Properties of the test pieces are imported to FE-models and the impact of their shape
observed. Different fatigue life approaches are utilized and compared in practicality and
conservativeness.

Various trends of possible improvements were identified in the joint, namely in the weld
root, toe and throat thickness. Penetration of the weld is critical to the fatigue life of the root.
Toe radius is important to the weld toe, as well as the shape of the fillet. Post-weld treatments
could be beneficial at the weld toe. Throat thickness could be reduced, if it is deemed
beneficial from a manufacturing perspective. Thickness of the tube wall should be
considered in the design of the joint. FAT classes were determined for a few joint details and
the results seem conservative. Different fatigue calculation methods were compared, and
their strengths and weaknesses discussed.
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Tama diplomity0 tarkastelee akselin hitsiliitosta, joka on visyttdvan kuormituksen alaisena.
Putki-laippaliitos on pyorivd osa teollisuuskonetta, jolloin siithen kohdistuu jatkuvasti
kaantyva kuormitus. Nykyisten rakenteiden vdsymiskestidvyys selvitetddn ja geometristen
muuttujien vaikutusta tarkastellaan dérellisen elementtimenetelmin (FE) avulla. Fyysisid
testilaippoja hitsataan, joiden poikkileikkauksesta otetaan makrohiekuvia. Makrokuvien
hitseistd voidaan tuoda ominaisuuksia FE-malleihin ja tarkastella niiden kestdavyyksia.
Tutkimuksessa kéytettiin erilaisia vadsymislaskentamenetelmid, ja vertailtiin niiden
kaytannollisyyttd sekd konservatiivisuutta.

Hitsiliitokselle 10ydettiin tapoja parantaa kestoikdd. Hitsin juuren tunkeuma on kriittinen
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tulisi ottaa huomioon putken seindménpaksuus. Muutamalle liitokselle méadritettiin FAT-
luokkia, ja tulokset vaikuttavat konservatiivisilta. Eri vdsymislaskentamenetelmié vertailtiin,
sekd niiden vahvuuksia ja heikkouksia pohdittiin.
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SYMBOLS AND ABBREVIATIONS

Roman characters

a Crack size

E Elastic modulus of the material
F Force

1 Moment of inertia

J Polar moment of inertia

K Stress intensity factor

M Moment

r Radius

T Torque

t Thickness

Greek characters

Ao Normal stress range
p Toe radius

o Normal stress

T Shear stress

Dimensionless quantities
C Constant of the power law
Cyr Constant value for 4R

K Stress concentration factor

MPa

MPa

MPa



m Curve slope parameter
N Cycles

R Stress ratio

S Fatigue resistance

v Poisson’s ratio

Y Safety factor
Subscripts

assess Assessed value

b Bending

f Final

1 Initial

m Membrane

nom Nominal value

red Reduced

ref Reference value

t Torsion
Abbreviations

AW As-Welded

DOF Degree Of Freedom
ENS Effective Notch Stress
FAT Fatigue Class

FE Finite Element



FEA

HAZ

HFMI

HS

LEFM

MAG

MIG

PWT

SCF

TP

TTWT

Finite Element Analysis

Heat Affected Zone

High Frequency Mechanical Impact
Hot Spot

Linear Elastic Fracture Mechanics
Metal Active Gas

Metal Inert Gas

Post-Weld Treatment

Stress Concentration Factor

Test Piece

Through Thickness at Weld Toe
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1 Introduction

This thesis focuses on a welded tube-to-flange joint of a rotating shaft in an industrial
machine. More specifically, fatigue assessment of the weld joint is performed, as well as
optimization of the weld in terms of strength and manufacturability. The current structure is
analyzed, as well as improvements to the structure. Different fatigue assessment methods
are compared to find a suitable one for this use. The topic of the research was given by a

company that wished to stay anonymous.

1.1 Scope

Tube-to-flange weld joint is examined in this study. Main focus is set on studying the fatigue
performance of the joint. Fatigue life of the current structure is assessed, and possible
improvements to performance or manufacturability are investigated after. Changes can be
made in the details of the tube-to-flange joint, but this thesis is not aimed at larger scale
changes to the structure’s geometry or manufacturing methods. Calculations are done with
predefined design loads, since determining the actual loading is difficult and case-specific,

and not in the scope of this study.

1.2 Purpose of the research

In the current structure, the joint has been designed in a conservative manner to be on the
safe side. This means that the joint might be unnecessarily strong, and resources are wasted.
The dimensioning method used so far is not based on fatigue assessment. Therefore, a more
refined dimensioning method based on fatigue is wanted. There has not been a problem with
the shafts breaking prematurely, but this study aims to provide numerical proof to verify the
performance in the field, and to improve it. Alongside the new method, if any improvements
arise that would help the structure against fatigue failure, they could be implemented into

future products.

Research questions are:
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1. What is a sufficient weld size and shape of the tube-to-flange connection based on

fatigue strength capacity?

2. Which fatigue assessment approaches provide accurate and conservative

predictions?

3. How can the tube-to-flange joint geometry and manufacturing process be optimized?

1.3 Research methods

Stresses in the studied structures are calculated using finite element analysis (FEA). Fatigue
life is calculated with analytical calculations, utilizing results from the FE-model. Various
fatigue assessment methods are compared to select the most accurate and suitable approach.
FE-models are improved and tied to realistic structures by welding test pieces with some
variables, and taking macroscopic images of the welds, that show the effective throat
thickness in the real flange. Improvements to the structure are made and tested with FEA
and fatigue calculations. Weak points of the original geometry are identified, and an
improved structure is proposed, based on the design criteria. Also, manufacturing methods

to achieve the improvements are considered.
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2 Theoretical background

In this chapter, underlying theory of the methods that are used in this research are explained.
General information is given about mixer structures, as well as the loads acting on them. The
concept of fatigue in welded steel structures is described, as well as selected assessment

methods for it.

2.1 Studied structures

The shaft is a part of an industrial mixer. The structure is usually a non-pressurized steel
vessel. The primary function of the machine is to mix a combination of fluids, gases and
solids together. The rotating shaft is attached to the top of the vessel in most cases. This type
of construction is called an overhung mixer and does not have any support at the impeller or
tank bottom in most cases. A general example of a mixer vessel and a shaft is presented in

Figure 1.

a—— Gearbox
Motor —~ .

Shaft - |

Wall
*— Balffles

|
mpeller — Lo

~

Figure 1. A conventional example of an overhung mixer structure (Paul, Atiemo-Obeng

and Kresta, 2004, p. 348).
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Some models can have side or bottom mounted mixing components. The size of structures
varies greatly with shaft lengths spanning about 0.5 - 20 meters, and shaft diameters from
20 to 700 mm, for example. The mixing blade design also varies depending on size and use
case. Typically, an impeller is located at least at the shaft end and, depending on the tank
aspect ratio, may be added in the shaft mid-section. Because of the long shafts, relatively
small horizontal forces at the impeller create big bending moments at the shaft end, and
subsequently at the flange weld joint. Sometimes there is a bearing element at the tank
bottom, which helps with the bending forces. A general example of a mixer vessel and a

shaft is presented in Figure 1.

2.2 Loads in the shaft

The actual load spectrum that the mixer is subjected to in the real world is difficult to
measure. There are many different configurations of shafts sizes, impellers and vessels. Also,
the fluid that they mix is often quite irregular. The impeller power number is constant in the
turbulent region, and can be calculated with motor power, fluid density, and impeller speed
and diameter. The nominal torque and its fluctuation can be approximated, for example, from
the power consumption of the motor. The bending loads originating from the horizontal
impeller blade forces on the other hand are harder to measure. The bending can be measured
in a laboratory with strain gauges or by measuring the deflection of the shaft, for example.
Still generally, because of mostly tailored mixing solutions and difficulty in load measuring,
typical design loads are usually used to dimension the shafts, which may be quite
conservative. Mixer loads are still an area of research themselves. Designing can also be
done experimentally by manufacturing a product and performing static and/or fatigue

testing. (Weetman and Gigas, 2002, p. 203-213; Paul et al., 2004, p. 345-388.)

The highest shaft loads come from the horizontal impeller blade forces. The bending moment
at the top of the shaft is substantial in overhung mixers, because of the long leverage of the
shaft. Typically, the second largest load is the torque from the motor rotating the shaft. As
the blades typically are angled, a small thrust force is also transmitted to the shaft, its
direction depending on whether the mixer is up or down-pumping. Additionally, a small

constant load comes from the dead weight of the shaft itself, which causes tension in the
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flange joint. The primary forces acting on the shaft are illustrated in Figure 2. (Weetman and

Gigas, 2002, p. 203-213.)

I ] Shaft stresses
Input flange
Torque shear stress
[ T T T TTTTT T
Torque
Bending nominal stress
Output end
f\_/ _/\/
\j Bending

Figure 2. Primary loads in the mixer shaft.

The fluid that is mixed is also usually turbulent which causes the forces in the impeller blades
to fluctuate. Fluctuating forces can also be caused by gas bubbles or solids in the fluid, or by
changing fluid flow near tank baffles. Flow near the baffle can be significantly different and
changes the angle of attack of the blade. In some cases, varying the angle of attack by just 5
%, the blade loading can alter up to 40 %. Computational fluid dynamics can be used to
analyze flow patterns, but this can be time consuming. These changes in blade loads are
occurring typically many times per revolution, and therefore are cyclic in nature. The highest
stress amplitude occurs with the bending load because it is fully reversing as the shaft is

rotating. (Weetman and Gigas, 2002, p. 203-213.)

A crucial part of mixer design is avoiding running the system at its resonant frequency, as it
can amplify initial loading and catastrophically damage the structure. Every mechanical
structure has its own natural frequency that it wants to vibrate at, if excited. For an overhung
shaft the frequency can be relatively low. Generally, the impeller speed should be kept under

80 % of the natural frequency to avoid resonance. During operation the mixing fluid can
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offer some damping to the shaft. Another speed that can be problematic is the blade passage
frequency, meaning when a single impeller blade passes a point in the tank, which can be
calculated with operating speed multiplied by the number of blades. These are even slower
speeds, but typically not as severe in outcome. Also, natural frequencies of the surrounding
structures like the vessel and its legs should be taken into account as anything in the system
can start the whole structure to resonate. (Weetman and Gigas, 2002, p. 203-213; Paul et al.,
2004, p. 1293-1296.)

A conservative engineering approach to dimension impeller shafts is to calculate and use
general design loads. Design load attempts to average the various load amplitudes and cycles
into a single value over one rotation. These can be developed from analytical and
experimental data, and then scaled to different sizes and designs. Design loads can be quite
conservative to stay on the safe side, but they can save time in the design phase. (Weetman

and Gigas, 2002, p. 203-213.)

The forces at the bottom of the shaft become cyclic loads by nature due to the spinning. The
largest moment occurs at the flange connection because of the long lever arm, and this can
be problematic for the flange weld, especially from fatigue perspective. The load is also fully
reversing (R = -1) because any stress induced in the shaft flips its sign after the axle turns
half a rotation. The turning nature of the load also causes the fatigue crack to start at the

weakest place, since the same nominal stress amplitude moves along the circumference.

For this study, typical design loads for the size of the shaft are selected for the analysis. The
actual values are specific to the studied shafts, but this research also focuses on the weld

geometry and process, which generally scale with the load and apply to similar designs.

2.3 Fatigue in welded joints

Fatigue is a phenomenon where the material of the structure can fail before its static strength
is exceeded, when subjected to a cyclic loading. This chapter focuses on fatigue especially

from the point of view of a welded joint.
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2.3.1 Crack stages

Fatigue failure due to a crack consists of three stages (Campbell, 2012, p. 170-181):

1. Initiation
2. Propagation

3. Final fracture.

The initial crack nucleation usually occurs at a place of discontinuity under high strain. A
slip band starts to very slightly shift back and forth with each loading cycle. After numerous
cycles these slip bands begin to form extrusions and intrusions, which eventually develop
into a crack. The tip of the defect becomes plastic under cyclic loading. Initially the crack
propagation rate is very low and follows the slip bands that travel at 45 degrees to principal
stress direction, as seen in Figure 3. The crack enters the second propagation stage when
stress at the tip becomes dominant, and the propagations turns parallel to tension loading.
Propagation rate is higher and depends on external loading. When the crack is larger it
becomes a macroscopic stress riser. Last stage is the final fracture which happens on the last
cycle, when the crack is so large that the remaining material cannot support the loading

anymore and the structure fractures completely. (Campbell, 2012, p. 170-181.)

The one-sided fillet weld joint in the studied mixer shaft can fail through different
mechanisms when comparing the weld toe and root. Usually, the toe side has to go through
the crack initiation stage to form crack and enter the propagation stage. The initiation stage
is typically much slower than the propagation. Conversely, on the root side if the weld has
not penetrated through the material, there are two un-fused surfaces next to each other,
parallel to the load. This acts effectively as an initial crack, meaning that the root side of the
weld is already starting from the propagation stage. The same phenomenon is possible on
the weld toe if a manufacturing defect is present, for example from welding. (Campbell,

2012, p. 170-181.)



17

Figure 3. Illustration of crack growth and stages (Campbell, 2012, p. 174).

2.3.2 Factors affecting fatigue life

Cyclic loads can be either constant or variable amplitude and fluctuate between tension and
compression or stay completely on either side. Generally, cyclic stresses in tension are
causing higher fatigue damage than those in compression. Especially in the propagation
phase, tension rips the material apart and any initial crack being widened incrementally, as
opposed to compression where the material is pushed against each other. The amount of
tension and compression in a fatigue cycle is often presented with stress ratio value R, which
is the minimum stress divided by the maximum. The magnitude of a single cycle and the
number of cycles are what primarily determine the fatigue life of a structure from a loading
perspective. Normal stresses are also generally worse for fatigue life than shear stresses.
Tensile normal stress pulls the crack apart in mode I, whereas shear stresses slide the crack

toward itself or to the side in mode II and III. (Campbell, 2012, p. 192-199.)

Thicker plates have generally worse fatigue strength than thinner ones under similar nominal
stress. The so-called thickness effect arises for a few reasons: greater probability of a defect
in larger volume of material, different material properties due to manufacturing process, and
higher stress concentration factor (SCF) caused by smaller relative weld toe radius.

Geometrical discontinuities that cause stress concentrations increase the stress amplitude



18

locally. Some kind of imperfection is usually acting as a starting point for a crack. These can
be fabrication flaws on the surface, like scratches, or discontinuities under the surface, like
inclusions. There are also many material properties that affect fatigue performance. Some of
these material features can be described with properties like fracture toughness. A corrosive
environment has a negative impact on fatigue life. Elevated temperatures during the cyclic
loading decreases fatigue life as well, because the Young’s modulus £ is lowered by the

increased temperature. (Campbell, 2012, p. 192-199, 282-293; Milella, 2024, p. 741-756.)

In welded structures, the critical point for fatigue failure is usually the transition from base
to weld material. Welds are often located in a larger geometrical discontinuity, or they can
create their own defects that can act as initial cracks. Typical stress risers are macro
geometric discontinuities like holes or sharp corners, but welding can create its own
problems such as lack of fusion in the weld root and undercut in the toe. Two points that
cracks usually initiate from are the weld root and the weld toe. Typical weld defects are
presented in Figure 4. The welding process also brings a lot of heat into the joint area, which
affects the surrounding metallurgy. The coarse grain area in the heat affected zone (HAZ) is

usually weaker than the surrounding material. (Campbell, 2012, p. 282-293.)

3 undercut
base metal '

|
|
:
\ ‘
\ ;
—| root = heat affected zone (HAZ) /\

4 — ,’—:'.
,.‘ ,/_\W'“m incomplete fusion (b)
T cladding liquation

= L

$ base metal $
(c)

overlap

centerline cracking

toe undercut

slag inclusions ‘. Jupaty
\ ,r'\ lack of fusion

lack of penetration (@)

Figure 4. Typical weld defects (Milella, 2024, p. 744).
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The heating and cooling cycles of the welding also causes residual stresses in the joint. It is
difficult to measure the magnitude of the residual stresses, especially on the root side of the
weld. Sometimes, tensile residual stresses in the weld toe can be as high as the yield strength
in as-welded (AW) condition. This means that, even if the nominal cyclic stress is
compressive, the local residual stresses can cause the stress range to be in the tensile region.
Conservative assumptions are usually made to the weld characteristics to stay on the safe
side. If a stress concentration causes local plasticity, residual stresses can form upon
relaxation. Local plasticity can similarly be exploited to leave compressive residual stresses,
for example by overloading a joint in tension. Welding also often distorts structures by
pulling the joined pieces out of alignment during the cooling cycle. The alignment error can

increase stresses in the joint. (Campbell, 2012, p. 282-293; Milella, 2024, p. 741-756.)

The location of the failure is based on several factors. Throat thickness, penetration and the
quality of the weld can dictate whether the crack propagates from the toe or the root of the
weld. Also, the loading can be normal or shear stress depending on the general geometry of
the structure. Numerous variables have impact on the mechanics of fatigue in the material,
which in turn affects how the fatigue strength should be calculated. (Milella, 2024, p. 741-
756.)

There are many techniques to improve the weld fatigue. Most improvements are ways to
remove undesirable side effects created during the manufacturing process. According to

Milella (2024, p. 758), they are based on at least one of three categories:
1. reduction of the notch stress concentration factor
2. removal of pre-existing crack-like defects
3. residual stresses relief.

Stresses can be reduced for example, by improving the shape of the weld, during or post-
weld. Crack-like defects can be things like undercuts or poor fusion. Residual stresses can
be relieved with heat treatment, or mechanically with high frequency mechanical impact
(HFMI), or similar treatment. HFMI induces compressive residual stresses in the material
by plastically deforming the material. It can also flatten sharp toe geometries. (Milella, 2024,
p. 758-762; Hobbacher, 2016, p. 69-71.)
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2.3.3 S-N curves

Fatigue performance of a construction detail can be plotted using S-N (Stress range, Number
of cycles) curves (Figure 5). Experimentally obtained fatigue class (FAT) values are listed
in the standard for typical structural details. Due to the inherent scattering of experimental
values, the listed characteristic FAT classes correspond to 95 % survival rate of experimental
samples. The FAT classes in the standard are used as a reference to calculate fatigue strength
with nominal stress method at two million cycles. The characteristic FAT values (95 %) can
be converted into mean values with 50 % probability of survival by multiplying by 1.37.
Experimental curves are typically obtained using stress range of R = (.5. If the stress range
has a compressive component, a reduction can be made to the range, if an assumption can
be made of the residual stresses. For example, according to Eurocode 3 (EC3) the
compressive portion can be reduced to just 60 % when the welded detail is stress-relieved.

(EN 1993-1-9, p. 14-17; Hobbacher, 2016, p. 37-42.)

I Detail category Aoy

2 Constant amplitude
fatigue limit Aop

3 Cut-off limit Aoy

Direct stress range Acr [N/mm?]

10 t +
1,0E+04 1,0E+05 1,0E+06 2 5 1,0E+07 1,0E+08 1,0E+09

Endurance, number of cycles N

Figure 5. S-N curves for normal stresses. Various FAT classes marked at different heights.

(EN 1993-1-9, 2005, p. 15.)



21

The S-N curves are presented on a log-log scale with stress range and number of cycles on
the axes. The curve for each detail has its own slope parameter m, which is generalized to be
3 for welded joints under constant amplitude nominal stresses, and can vary depending on
structure or loading. According to EC3, there is a knee point at 5 million cycles, where the
slope m turns flat with constant amplitude loading. In some cases, m turns from 3 to 5, until
the next cut-off point at 1E8 cycles. With shear stresses the parameter m is always 5 until
this point. [IW (Hobbacher, 2016) considers the knee point to be at 1E7 cycles and m to be
3 until that for normal stresses. For shear stresses m is classified to be 5 until 1E8 cycles.
The height of the curve depends on the FAT class, and in turn higher class can withstand
more cycles. Alternatively, to achieve same number of cycles, a lower FAT class detail must
be subjected to lower stress amplitude. (EN 1993-1-9, 2005, p. 14-17; Hobbacher, 2016, p.
37-42.)

Generally, if the calculated number of cycles is over the constant amplitude fatigue limit, the
fatigue life is considered to be infinite. There is however an alternative interpretation that
after the cut-off point there is a very high cycle fatigue regime. In this region the parameter
m is considered to be 22. There is also a phenomenon called low cycle fatigue, that functions
through different mechanisms, and fatigue life should be calculated with other methods than
in high cycle fatigue. The low cycle range should be considered if the nominal stress range

is over 1.5 - fy (yield strength). (Hobbacher, 2016, p. 37-42.)

2.4 Fatigue assessment methods

Different analytical approaches are introduced in the following chapters. Most are stress

based approaches and range from simpler to more complex.

2.4.1 Nominal stress approach

The simplest way to calculate fatigue life of a structural feature is the nominal stress method.
As the name suggests, the method is used by assessing fatigue performance by calculating
the nominal stress in the base material near the examined detail. Calculation can be done
with basic structural mechanics formulas. Stresses should always be in the elastic region.

The nominal stress method includes increased stresses from macro geometric features such
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as cutouts or stiffeners, but does not consider stress concentrations from structural hot spots.

(Hobbacher, 2016, p. 15-18.)

The nominal stress is then compared to a FAT value for the specific type of construction

detail, that is a characteristic fatigue toughness value at a reference of 2 million cycles.

Various details are listed in publications, example in Figure 6, or can be calculated for novel

designs. The FAT values are typically read from standards such as EN 1993-1-9 or from

publications from institutions such as ITW. Cycles to failure can be calculated with (EN1993-

1-9, 2005, p. 14):

FAT\” ]
Ny = (—) 2-10

(1)

where Nr is the number of cycles to failure, m is 3 (after 5 million cycles m = 5) and Ao is

the nominal stress range. (EN1993-1- 9, 2005, p. 14-17; Hobbacher, 2016, p. 15-18.)

No. Structural Detail Description FAT | FAT | Requirements and Remarks
(St.= steel; AlL= aluminium) St. AL
913 Fillet or partial penetration welded joint | 50 18 Impairment of inspection of root cracks by NDT may

between circular tube or pipe and
flange. Potential fatigue failure from
weld root.

be compensated by adequate safety considerations (see
Section 5) or by downgrading by two FAT classes.

Figure 6. Nominal stress principle and example of a FAT detail (modified from

Hobbacher, 2016, p. 15, 58).
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2.4.2 Structural hot-spot approach

Structural hot spot (HS) stress takes into account the secondary bending stresses caused by
geometrical discontinuities that cause redistribution of stresses. For example, on a fillet
welded T-joint, like presented in Figure 7, the fillet side has more material on its side which
makes it stiffer. This makes it support more of the forces and therefore results in more
stresses locally. HS stress is divided into two structural components: normal membrane

stress and bending stress. (Hobbacher, 2016, p. 18-27.)

N ' Notch stress (non-linear stress peak)

Hot spot stress

Structural Nominal
stress region|  stress region

’ 1

~
\
-

T

t ——

2l

Figure 7. Hot spot stress components (modified from Niemi, 2018, p. 14).
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FEA is usually used to calculate these components, with stresses measured at specific
distances away from the detail. The same principle can be used with experimental test
specimens when the stresses are determined using strain gauges. The components can then
be extrapolated from the measured values. Another way is to assess the stresses
perpendicularly through the material thickness, which is used in this study. The methods are
called surface stress extrapolation and through thickness linearization, sometimes through
thickness at the weld toe (TTWT). The HS approach excludes the nonlinear notch stress
peak, which is in equilibrium with itself. Membrane and bending components are calculated

with (Hobbacher, 2016, p. 14):
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The summed membrane and bending stresses are then compared to HS specific FAT values
in an equation similar to the nominal approach. FAT classes for HS approach are typically

100 for weld toe and 80 for root. (Hobbacher, 2016, p. 60-62.)

2.4.3 Effective notch stress approach

The effective notch stress method is a fatigue assessment technique that incorporates
structural stresses and nonlinear stress peaks. The weld toe and root are modelled with a
fictitious rounding of » = 1 mm in sharp features, as can be seen in Figure 8. If the actual
radius of the weld is known, the fictitious rounding of r = rwue + 1 mm can be used.

(Hobbacher, 2016, p. 27-29.)

Radius =1 mm

40_)0
- LN/
—°\| | =0

Figure 8. Effective notch stress model example with radius of I mm (Hobbacher, 2016, p.
27).
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This typically takes slightly more effort during FE modelling, but the maximum stress can
be read directly from the radii. ENS can be used in both in weld toe and root side when the
material thickness is more than 5 mm. Maximum principal stresses are compared to a single
FAT 225 curve, with m = 3. The external load must be perpendicular to the weld joint.
Baumgartner (2020) states: “For weld toe failure, radii down to 20% of the sheet thickness
can be used without any further need for modifications”. According to this, the fictitious
rounding of 1 mm can be used on plates thicker than 5 mm. There are guidelines that utilize

smaller radii along with their own FAT curves. (Hobbacher, 2016, p. 27-29.)

Cycles to failure using ENS method are calculated with the following equation (Hobbacher,
2016, p. 62):

AogNs

Nigns = ( ) -2-10° 4)

Fatigue resistance for any detail can also be determined with following equation. This value
is a sort of synthetic FAT, that is based on the applied reference nominal stress, along with
the assessed stress in the detail, compared to the selected reference method curve

(Hobbacher, 2016, p. 62):

Oref
FATygsess = = FAT ¢ %)

assess

2.4.4 4R approach

4R is a relatively novel fatigue assessment method. It aims to transform linear elastic notch
stress to local elastic-plastic material behavior through the true acting local stress ratio Riocal.
Similar FE modelling technique can be used as with ENS. 4R is named after the four
parameters that are used to determine Rjoca (Bjork, Mettdnen, Ahola, Lindgren, and Terva,

2018a, p. 1286):
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e external stress ratio (R)

e material ultimate strength (Rm)
e residual stress (Ores)

e weld toe radius (7irue)

Using existing proven theorems, such as Neuber and Ramberg-Osgood, local minimum and
maximum stress, omin and omax, are calculated in the material (Figure 9), with their ratio being
Riocal. Local stress-strain response and the principles to calculate them are presented in Figure
9. This method explicitly takes into account the residual stresses, which most other
approaches do not. Finally, fatigue life can be calculated with Equation 6. If FE modelling
is used, the denominator in the equation can be replaced with the stress range Aorea from

the model. (Bjork, et al. 2018a, p. 1285-1289.)

Fatigue life according to 4R approach is calculated as follows (Bjork, Ahola and Skriko,
2018b, p. 1162):

maR

Car (6)

vV l- Rlocal

7 (Kumo,_+ KipAa, )

Niar =

where N is the number of cycles, m is the slope parameter, y is partial safety factor, K is SCF,
Ao is stress amplitude and Cisr 1s the material constant. Subscript m is for membrane and b

is for bending stress. (Bjork, et al. 2018b, p. 1159-1168.)
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Figure 9. Calculation principles used to define local stress ratio in 4R approach (Bjork, et

al. 2018a, p. 1287).

2.4.5 Linear elastic fracture mechanics

As opposed to previous stress-based methods that calculate fatigue life until a crack forms,

linear elastic fracture mechanics (LEFM) can be applied to predict fatigue crack propagation

rate after an assumed initial crack. The concept of the method is based on the idea that when

calculating stresses very close to the crack tip, the stress intensity factor approaches a

singularity and theoretically the stress would reach infinity. In reality, this is impossible since

the crack tip will yield. LEFM are applicable when local yielding happens in a relatively

small area. The stress intensity factor K can be calculated analytically, but in this study, it is

obtained with FRANC2D software. (Milella, 2024, p. 637-662.)

Crack propagation rate can be calculated using the Paris equation (Milella, 2024, p. 644):

da
dNv

= C(AK)"

(7
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where a is the crack size, N is the number of cycles, C is the material crack coefficient, K is

the stress intensity factor and m is the slope parameter.

The equation can be solved for cycles to failure as in the following equation (Milella, 2024,

p. 645):

v | e ®)
., CK)

where a; is the initial crack size and ayis the final crack size.

Then the cycles can be turned into an assessed FAT class with (Hobbacher, 2016, p. 34):

1

Ny \m
FATassess = (m) ) Aaapplied (9)

Crack propagation can be roughly separated into three distinct regions. In region I, the stress
intensity factor K is under the threshold where the crack in theory will not propagate further.
This means in practice that there likely is not any defects in the material that would act as an
initial crack. Propagation in this region is sensitive to the grain sizes in the microstructure
and difficult to predict. In region II the crack propagation is governed by the Paris’ power
law and is quite linearly predictable analytically, as seen in Figure 10. During region II,
cracks generally grow in mode I, meaning perpendicular to tensile loading and causing
striations in propagation direction. K is steadily increasing along with crack size until region
111, where the growth rate increases rapidly as the material starts to fracture. (Milella, 2024,

p. 637-662.)



REGION |
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microstructure and
mechanical properties
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Kic fracture
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Paris law =
fatigue da/dN = C (AK)
threshold
AKn

log AK (MPaV/m)

Figure 10. Typical da/dN trend curve through the three regions (Milella, 2024, p. 647).
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3 Materials and methods

This chapter presents the analyzed geometries and methods. Firstly, portions of the
manufacturing process of the mixer shafts that are relevant to this study are introduced,
whereafter the test flanges and their purpose are explained. Analytical calculation methods

and target are given. Lastly, finite element modelling methods are presented.

3.1 Manufacturing and assembly of studied shafts

This section explains the manufacturing of the shaft and flange assembly in more detail. The
information in this chapter is based on conversations with the company staff that helped in
this project during the summer of 2024. The structures are generally manufactured
completely in-house, meaning that they receive raw material stock and finished products
leave their facility. Usually, no storage is kept because most of the structures are tailored

according to customers’ needs.

The shaft stock arrives as a hollow round section, with the diameter and wall thickness
determined by mixer specifications. The tube is chucked to a lathe with the flange end
supported by a live center. A weld bevel is cut to the flange end on the outside, in order to
facilitate welding and aid penetration. A small square shoulder is left to the end to align with
the flange plate. The majority of the outside and all of the inside surface is not machined.
The stock material has inaccuracies like small variance in wall thickness and non-roundness
(about + 1 mm of ellipticity). Because of this, the locating shoulder thickness can vary, which

may affect the welding.

The raw material for the flange is delivered as bar stock and is cut into general dimensions
in a lathe. Holes are drilled for the screws that connect to the gearbox. A small chamfer is
cut to the mixer side and threads are tapped to the holes. Then a small plug is welded to the
screw hole bottoms. After that a shallow recess is cut into the flange, which is fitted for the
shaft internal diameter and acts as a positioning surface. This groove and therefore the weld

can be over the screw holes, depending on the shaft and gearbox sizes.
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Then the two parts can be welded together. Welding is done with a metal inert/active gas
(MIG/MAG) process, and the assembly is on a turn table. Weld beveling and locating
geometry can be seen in Figure 11. Beveling is relatively deep to help with penetration and
increase the throat thickness. With a fillet weld, the root pass is welded on top of the locating
shoulder with a solid core wire. Alternatively, with a through-welded joint, there is no
aligning shoulder as the airgap in the root is welded over. The tube and flange can be aligned
with measurements in this case. Only the root pass is different in normal and through welded
joint, otherwise the two types are the same. The rest of the passes are done with a rutile filler
core wire, one rotation at a time and changing the start and end points. The weld surface is
made into a concave surface in order to minimize geometric discontinuities, which cause
stress concentrations. As many weld passes are done as are needed to reach the required

throat thickness.

Weld groove tip used

for positioning \._. Xmm

AN Flange

Tube

Qutside Inside

Figure 11. Sketch of the weld cross section. Dimensions censored.

After welding the assembly is again put on a lathe with the flange end in a center. Then
finishing passes are cut on surfaces that need to be accurate, such as the gearbox mating
surface. The weld surface is left as-welded, as it would be difficult to machine the weld
surface because of the inaccuracies in the outer diameter. Mixing blades are connected

further down the shaft either by welding or with screws.



32

It is difficult to weld the shaft from the inside since the flange is preferably left intact, without
a hole in the middle, since it helps with manufacturing and rigidity. The shaft also provides
its own difficulties as the tube can be very long and small in diameter. For these reasons, the
flange is welded only with one sided fillet weld on the outside diameter, and this type of

joint can be prone to cracks originating from the weld root.

The wall thickness of the tube is dimensioned according to nominal stress, so even if the
loading or diameter of the tube is different, the stress is nominally the same. The stress value
is based on infinite fatigue life, and of course any static loads if needed, with some safety
factor included. The throat thickness of the weld in these flanges was about 1.3 times the
tube wall thickness, which means it is roughly as strong as the tube base material in static
loading. Throat thickness is measured by the external fillet, so the effective weld throat is
significantly larger due to the weld groove. This size is not optimized for fatigue loading but
has been determined to be sufficient and most likely quite conservative. One of the objectives
of this study is to determine what the throat thickness should be based on fatigue, and if it

can be reduced to make manufacturing easier.

3.2 Experimental studies

Five tube-to-flange joints were welded to be cut up into test pieces and examined using
macroscopic imagery. The primary purpose of the test pieces is to analyze the penetration of
the weld. The effective throat thickness changes depending on how deep the weld penetrates.
The shape of the weld root is always different in real world AW condition, compared to the
idealized drawings, which has a critical aspect in fatigue and fracture mechanics. The global
shape of the weld fillet can also be assessed, which in this case is marked concave, as seen
in Figure 11. This should lower the SCF as the base material to weld transition is not as

sharp, and the actual as-welded shape can be seen in the macrograph.

The specimens for macroscopic examination are prepared by first cutting them to a smaller
size so they are easier to work with. Then, the examined surface is polished in a grinding
machine, after which they are dipped in acid to better reveal the grain structure in the metal.
They are then placed in a macroscope with a camera attached, which takes pictures of desired
features. The camera software can insert a calibrated scale bar into the image, and the scale

is also embedded into the file metadata which some image processing software can utilize.
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Five joint variations were chosen. The different specimens, presented in Table 1, were
chosen so that typical product configuration variations could be easily compared to each
other. The effects of different shaft thicknesses, materials, through or fillet weld, and the
effect of the weld being on top of screw holes were studied. Flange material properties are
presented in Table 2. Multiple test pieces can be extracted from a single flange. Test surfaces
are extracted roughly 90 degrees apart to measure the effect of the ellipticity of the shaft.
The shaft tubes have been intentionally pressed about 2 mm out of roundness to amplify the

effect of the inaccuracy.

Table 1. Test piece variations.

Test shaft / Material ‘Plpe W all Weld Test Test Test Test
flange letter (shaft / diameter | thickness type piece 1 | piece 2 | piece3 piece 4
flange) [mm] [mm]
1.4404 / On hole | On hole | On flange | On flange
A 1.4307 273 6.35 Standard 1 ) 1 )
1.4404 / On hole | On hole | On flange | On flange
B 14307 273 6.35 Through ) ) 1 )
1.4404 / On hole | On hole | On flange | On flange
C 1.4307 219 12.5 Standard 1 ) 1 )
1.4462 / On hole | On hole | On flange | On flange
D 1.4307 273 6.35 Standard 1 ) 1 )
S355/ On hole | On hole | On flange | On flange
E 1.4307 273 12.5 Standard 1 ) 1 )

Test surface cutting directions can be seen in Figure 12. The 0 point on the circumference
signifies a point with the greatest gap between the tube and flange shoulder due to ellipticity,
and conversely 3 signifies the point with the tightest gap. Four surfaces (TP1-TP4) are
extracted from each joint. All the weld bead passes start and end at the same place outside
the test pieces. In actual production models the start-end point is moved along tangentially,
but for the test pieces, the passes are purposely done from the same point to eliminate its

effect. The start of the weld can leave imperfections because of insufficient heat.

As seen in Figure 12, test piece surfaces 1 and 3 are at the point of widest circumference of
the elliptical shaft, and surfaces 2 and 4 at the thinnest. Since the weld groove is machined
round in the lathe, the high spots have more material removed from the tube wall thickness.

This means that the positioning surface, the so called “nose”, of the tube is a different
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thickness along the circumference. Test pieces surfaces 1 and 2 are on top of screw holes,

and surfaces 3 and 4 on solid material.

Pieceas marked with flange letter
and surface number ie. A1 Saw cuts
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Figure 12. Cutting instructions for the test pieces.

Table 2. Test piece material properties (EN 10025-2:2019, p. 25; EN 10028-7:2016, p. 19-
24; EN 10088-1:2024, p. 43-47).

) ] ] Young’s Poisson’s
Yield strength Ry, Ultimate strength Density p
Material Rogn [MPa] Ru [MPa] kg/m’] modulus £ ratio v
or Rpo2 a u a g/m
’ [MPa]

S355 355 470 7850 210 000 0.3
1.4307 200 500 7900 200 000 0.3
1.4404 220 520 8000 200 000 0.3
1.4462 445 640 7800 200 000 0.3
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3.3 Loading

Design loads from similar existing products were used in the fatigue calculations. Load
values are presented in Table 3. Main focus is on the bending load component, since it is
nominally larger and also has greater variance. Additionally, the stress concentration factor
caused by the weld geometry only applies in the normal direction, when the fatigue crack

propagates in mode 1 (opening), whereas the shear from the torque acts in mode 3 (tearing).

Table 3. Typical loadings from reference projects.

Variant Bending [kNm], + 100 % Torque [kNm], £ 15 % Speed [rpm]
273 x 12.5 mm, 15 kW 12.1 8.85 11
273 x 10 mm, 75 kW 8.9 3.04 171
273 x 6.35 mm,
6.5 2
(extrapolated)

The nominal bending and torsional stresses in the base materials can be calculated using
Equation 10 and 11. The bending normal stresses in both 6.35 mm and 12.5 mm wall
thickness models is equal to about 19 MPa, while the highest torsional shear in the 12.5 mm
model is about 7 MPa. Therefore, the respective stress amplitudes are double this stress,
times the variance, meaning 38 MPa for normal and 2 MPa for shear stress amplitude.
According to Hobbacher (2016) the shear stress component can be ignored if it is under 15
% of the bending. To better compare the geometrical differences of the variants, all structures
are analyzed with a nominal stress of 19 MPa. Nominal bending normal stress, and torsional
shear stress can be calculated with following equations (Bedford and Liechti, 2020, p. 223,
368):

(10)

where M is the bending moment, 7 is the shaft radius and 7 is the moment of inertia.
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T r
W= (11)

where T is the torsional moment, 7 is the shaft radius and J is the polar moment of inertia.
3.4 Analytical fatigue calculations

The shafts are typically designed to operate at around 10-200 rpm, with 365 days of uptime
in a year. So, for any practical application, in order to not break in a short time, the joint
must be designed for infinite fatigue life. For constant amplitude loading the fatigue limit is
5 million cycles, but for these shafts the required cycles were set to 10 million to be on the
safe side. 10 M cycles is also the cut off point for variable amplitude loading. Both IIW and
EC3 recommend a partial safety factor ym of 1.15 for safe life design, in terms of stress. In
cyclic terms the stresses are calculated with the slope parameter m, so if m = 3, then 10 M

cycles with ym 1.15 becomes about 15.2 M cycles.

The fatigue crack should also preferably start from the weld toe, rather than the root. With
the correct design loads, material properties, geometry, etcetera, cracking should not occur,
but in real life overloading and manufacturing defects are possible. In that case, it is better
that the crack propagates from the toe, where it can be detected and dealt with, whereas a
root side crack stays hidden until reaching through-weld crack. To ensure toe side cracking,

the root should be made slightly stronger from a fatigue perspective.
3.4.1 Comparison of fatigue assessment approaches

For a few models, fatigue life is calculated with many approaches. Then they are compared
to find the most suitable one to assess the differences between models. Some general
conclusions can also be drawn from the different methods. Once the best method has been
selected and there are many iterations of the model, time can be saved by only using one

approach.

For this type of flange, using the nominal stress method EN 1993-1-9 recommends fatigue

class 40 and IIW recommends class 50. With HS method, FAT 100 for the weld toe, and
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FAT 80 for the root is generally recommended. The TTWT technique was used to calculate
HS stress. The ENS method is based on FAT 225 curve.

More complex calculation methods are performed for some cases to figure out some general
properties of the joints. LEFM is used to analyze the crack path and also to get estimated
fatigue life from one more approach. 4R is mainly used to calculate what benefits could be
possible if HFMI is used for the weld toe. Benefits of HFMI can also be estimated with other
methods by modifying the FAT curve, but 4R better integrates the residual stresses into the

calculation.

3.4.2 Model comparison

Variants of the joint geometry were modelled to compare their fatigue lives. Different weld
penetrations (or lack of fusion), throat thicknesses and fillet shapes were analyzed in order
to gain an understanding of what dimensions are critical for fatigue strength. The nominal
baseline case was selected to have 2 mm of the aligning nose unfused in the root. The shape
can be seen in the weld groove sketch in Figure 11. The variant models were modified from
the nominal case, for example adding deeper penetration, and then calculating the

corresponding fatigue life.

Most of the models are done with a straight 45-degree weld throat, which is on the
conservative side since a smoother transition lowers the stresses at the weld toe. The welding
instructions say to form the fillet into a concave shape that is longer on the tube side, but no
dimensions are specified. The final shape can be hard to weld consistently in practice. So,
most models are assumed with a straight fillet to be conservative, and smooth transition
models for specific joints are created from the macro images. The generalized performance

of the smooth toe can later be assessed from the results.

3.5 Finite element modelling

FE analysis was done with Simcenter Femap. FEA was used to assess the fatigue strength in
existing products, and to compare geometrical modifications. 3D solid element models are

straightforward to compare to the real structure but are relatively difficult to modify and
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mesh. A simpler technique is to use 2D axisymmetric element models, which are
significantly easier to modify. In axisymmetric modelling, a cross-sectional surface of a
rotationally symmetric structure is meshed with plane elements. The structure then acts as if
the cross-section surface would be spun around the center axis. Most variations are studied

with 2D models, and the results are verified with 3D equivalents.

The axisymmetric models are meshed in a way that a single model can give results for
multiple fatigue assessment methods. The sharp corners in the model were given a fictitious
rounding of 1 mm to gather ENS results. Hobbacher (2016, p. 29) recommends that for
determination of ENS by FEA, linear elements should not be larger than 1/6 of the radius,
meaning at least 5 elements in a 45 © arc. The mesh was also designed to form straight lines
of nodes through the weld toe and throat, as seen in Figure 13. Stresses from these nodes can
be used to calculate HS-stress and its components using the through thickness technique. For
accurate models based on the macros, the shape of the fillet weld can be traced into a path

with image processing software and imported to Femap.

1 mm radius
for ENS

Nodal lines for HS___ AL 00
X g stress

Figure 13. Modelling technique.
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Models are analyzed with linear static analysis. The material is the same in all models and
1.4404 stainless steel was chosen. Shafts extend only about 200 mm down, or enough to let

stress concentrations dissipate to nominal stress levels.
3.5.1 Mesh

3D models are meshed with linear solid elements. Elements were attempted to be made as
square as possible on the surface and near critical points. Solid models include the screw
holes in the flange, as presented in Figure 14. Weld toe and root corners have 1 mm radius

for ENS. Global element size is about 3 mm.

b 8

Figure 14. Solid element model mesh. Half of solid elements hidden.

2D models are meshed with linear axisymmetric plate elements. Models do not include the
screw holes. Sharp corners have ENS radius, and mesh is divided into surfaces that create

node lines through plate thickness at toe and root. 2D model presented in Figure 15.
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Figure 15. Axisymmetric element model mesh.

3.5.2 Loads and constraints

Loads are applied to the solid mesh model as nodal moments, and connected through a RBE2
rigid element that is connected to the bottom of the shaft, visible in Figure 16. The solid

model is fixed through rigid elements that attach to the upper half of the screw holes.

In axisymmetric models it is not possible to apply a pure moment load, because the loading
changes throughout the perimeter and hence is not symmetric. Therefore, the load must be
set as an axial force, that results in the same nominal stress in the whole axisymmetric model,
as in the maximum cross-sectional stress of the solid model under bending. The 2D model

is rigidly constrained from the top at a width where the screw holes would be.



6500000,

Figure 16. Constraints on the top, 123456 = every degree of freedom (DOF). Bending

moment load on the bottom left [Nmm], and axial tension force on bottom right [N].
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4 Results

All the FE-models were analyzed with a maximum nominal tensile load of 19 MPa, which
represents the typical design load. Stresses are assessed from the models and the
corresponding fatigue life is calculated in terms of estimated cycles to failure. Computed
fatigue lives can also be turned into a synthetic FAT class, that describes the fatigue
resistance of the structural detail at two million cycles. Geometries and assessment methods
can be compared with either value. The target is infinite fatigue life for the joint, so the
desired number of cycles is 10 million with a partial safety factor ym of 1.15, which
corresponds with a characteristic synthetic FAT value of 76. Without the safety factor the
FAT value would be 65. In general, the numbers of cycles have the ym included, and assessed

FAT classes do not, unless otherwise specified.

4.1 Fatigue assessment of the joints

The results of the solid element 3D model and the 2D axisymmetric element model were
very similar. Disparity was only a few percent between the models without the bolt holes,
which is analogous with the axisymmetric model. Because the results seem verifiable
between 2D and 3D, the comparison of different weld joint variations was done with the

axisymmetric element models, which are much easier to modify.

Figure 17 shows that due to the bending load, the maximum principal stress from the bending
only affects a slice of the cross section in the solid model. The same magnitude opposing
minimum would be on the other side. The axisymmetric models represent the cross section
under maximum load. In the close-up it can also be seen how the secondary bending loads

cause even more tension in addition to the nominal, in both the weld toe and root side.
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Figure 17. 2-dimensional axisymmetric element model on the left and 3-dimensional solid

element model on the right.

In the 3D model with the screw holes under the welded connection, a small area outside the
holes used to attach the flange to the gearbox showed some stress concentrations in the weld
root. Area in the thin plug under the blind hole was less stressed than the surrounding base
material. This is due to the area being less stiff and therefore carrying less of the load through
it, and the base material nearby carrying slightly more. The more stressed area is quite small
in transverse direction to loading. The holes had no effect on the toe stresses. Figure 18
shows the principal stresses and Table 4 presents the stress ratios of 2D to 3D, and no holes
to holes in 3D. In theory, the stress concentration due to the screw holes affects root results
in every fatigue approach, but because effect could only be explicitly integrated with ENS
calculations, the effect of bolt holes is not considered in the following results in this chapter
to better compare the results of purely geometrical changes in the joint. More about the screw

hole effect in the discussion chapter.



Qutput Set: No hole:
Elemental Contour: Solid Max Prin Stress|

Output Set: Screw holes|
Elemental Contour: Salid Max Prin Stress

Figure 18. Effect of the flange bolts under the weld root. Maximum stress simulated

everywhere simultaneously using axial load.
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Table 4. Maximum principal stresses compared between 2D model, 3D with holes and 3D

without holes.

Model Prin. stress [MPa] Ratio to previous
Toe Root Toe Root
6.35 mm, 2D 62,1 65,1
6.35 mm, 3D, no holes 63 66 1,01 1,01
6.35 mm, 3D, holes 70 92 1,11 1,39
12.5 mm, 2D 70,8 68,5
12.5 mm, 3D, no holes 71 70 1,00 1,02
12.5 mm, 3D, holes 75 103 1,06 1,47
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4.1.1 Baseline tube-to-flange geometries

Table 5 shows estimated fatigue lives to failure for the 6.35 mm and 12.5 mm plate
thicknesses in the nominal case, meaning 45-degree fillet and a 2 mm un-melted root, which
was observed as a typical case. The cycles seem pretty low, but they include the safety factor
ym. Without it, the ENS method gives the thinner plate model the desired 10 million cycles,
and almost that in the thicker model. Table 6 shows the same results but in synthetic fatigue

detail format.

Table 5. Estimated cycles to failure, ym 1.15 included.

ENS solid,
Approach | Nominal Hot spot ENS
(without / with holes)
Variant Both Toe Root Toe Root Toe Root
7488113/ | 6512717/
6.35 3000417 | 3483795 6022529 | 78270911 6 801 746
5458 834 | 2404 532
5231413/ | 5458 834/
12.5 3000417 | 4403796 9126 855 5280346 | 5833015
4 438 235 1713493
Table 6. Assessed FAT classes.
. ENS solid,
Approach Nominal Hot spot ENS )
(without / with holes)
Variant Both Toe Root Toe Root Toe Root
6.35 50 53 63 69 66 68 /61 65/46
12.5 50 57 72 60 62 60/57 61 /41

With approximately 3 million cycles, the nominal stress method gives this case a fatigue life
that is significantly below the desired 10 million cycles. However, the ENS approach gives
about 6.8 M and 5.2 M cycles, for the 6.35 mm and 12.5 mm tubes. HS approach also gives
less conservative results than nominal. This difference makes sense, since the nominal case
1s quite conservative as it has to be applicable even for some undesirable joints. ENS and HS

can take into account the reduced local stresses caused by weld penetration which increases
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fatigue strength, for example. Secondary bending stress in the weld toe is illustrated in Figure
19. The ENS stresses were almost the same at the toe and root. This is good from a design
perspective since there is no use for one side to be much stronger than the other, because the

structure would still fail from the weakest point.

Weld toe

t
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Qutput Set: Simcenter NASTRAN Case 1
Elemental Contour: Axisym Max Prin Stress

Figure 19. Hot spot stress components illustrated on the 6.35 mm model weld toe.

4.1.2 Integrating macrographic measurements

Importing a realistic concave shape of the weld from the macrographic images (Figure 20)
improved the FAT at the weld toe by up to 20 % in the 6.35 mm model. Measuring from the
pictures, the minimum throat thickness is located around the middle of the fillet, with
external throat typically around the same as nominally specified. However, the real benefit
of the concavity comes from the smooth transitions from the fillet to the base material,
especially on the tube side. Compared to the nominal straight fillet where both of the catheti
are the same, the concave fillet had 35 to 75 % longer tube side cathetus and tube to flange
side ratio of 1.4 to 1.8. The transition shape seems to be more pronounced in the thicker plate
model. The smooth transition helps with the stress concentration because the start of the

thicker weld material is not as abrupt. The most critical place on the toe side is still the first
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bead that transitions from the base tube material, even though the forms of individual beads

are perceivable in the middle of the fillet surface.

Figure 20. Macrographic images of the welds. 6.35 mm plate on the top, 12.5 on the

bottom. Worst penetration on the left and best on the right.

In the real tubes, there is some variation in the alignment nose thickness due to the ellipticity
of the stock tube material. In practice, the thickness of the nose has the same effect as weld
penetration. In the test pieces the inaccuracy has been exaggerated on purpose to study its
effects better. For example, in flange A, the nose thickness was observed to be 2 mm thick
at the minimum and 3 mm at maximum. After welding both had melted about 1 mm into the
material (6.35 mm, 1.4404). Thus, the thicker nose had become similar to the nominal case,
even when the ellipticity was amplified. The thinner nose was just | mm wide after welding.
Looking at these results, if the alignment shoulder could be made thinner before welding, it
would function as effective penetration. With measurements taken from any test flange set,
it has to be kept in mind that the shaft is rotating, and the crack will always start from the
weakest point. Since the ellipticity of the tube is exaggerated, the change of nose thickness

is amplified, and these results are conservative compared to the real world.
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Synthetic FAT classes of nominal cases and the models based on the realistic variants are
compared in Figure 21. It can be seen that generally the performances of the realistic
geometries are the same or better than nominal. The weld toe radius is quite large some cases
and smaller in others. A concave fillet improves the fatigue performance compared to a
straight fillet, even though the most critical point in the toe is the first weld bead. The root
side penetration fluctuates slightly in the test pieces due to varying groove thickness. The
tube wall is also sometimes pulled slightly out of alignment by the weld cooling.
Misalignment of the joint is not included in this study, and the model is corrected if the effect
is excessive. The test piece might be more misaligned than the real shaft after it is cut free

from the surrounding material.

6.35 nominal 6.35 A4 6.35B3 6.35 D4 12.5 nominal 12.5C4 12.5 E4
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Figure 21. Assessed FAT classes based on ENS; nominal case models compared to

realistic shape from macrographs. The worst case is selected from each test flange.

4.1.3 Parametric study using FEA

Many models were tested with various geometries. The results are compiled in this section.
From these results, the features that fit the desired fatigue criteria can be picked and compiled
into an ideal model. It can also be seen what geometries should be avoided, or make little to

no difference.
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Penetration of the weld joint was experimented with FEA from the nominal case up to fully
through-welded. Conversely, lack of fusion was modelled up to a pure fillet, with only an
external throat. The amount of penetration affected the results greatly, as can be seen in
Figure 22. Especially the last few millimeters, where the alignment shoulder, or the “nose”,
of the tube is. Going from the nominal un-melted model to the through welded increased the

root FAT class by 45 %.

120
100

80

60

FAT

40

20

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1
Initial root crack / t
—— (.35 Toe —@—635Roo0t -@®---125Toe ---#---12.5Root

Figure 22. Assessed FAT classes based on ENS, non-dimensionalized with tube wall
thickness. Solid line = 6.35 mm tube, dashed line = 12.5 mm tube. Round markers = weld

toe, square markers = weld root.

The size of the weld was considered to be conservative with the external throat thickness
being 1.3 times the tube wall thickness, so models with smaller throats were tested. Indeed,
when the weld throat was smaller, the stresses did not rise significantly. When the external
throat was halved in size, the root side FAT was only reduced by 11 % in the 6.35 mm wall
model and by 8 % in the 12.5 mm model. The toe side actually improved slightly, probably
from the root side carrying proportionally more of the load. These results (Figure 23) would
indicate that from theoretical fatigue perspective, the throat thickness could be made

significantly smaller with minimal effects.
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Figure 23. Assessed FAT classes based on ENS, non-dimensionalized with tube wall
thickness.

More important than the external weld throat size, is the transition from the tube to base
material. A very smooth weld toe can reduce the SCF significantly. However, looking at the
macro images, it does not seem possible to reliably achieve a smooth enough transition in
the first bead in as-welded condition. In Figure 24 different toe transitions are compared
along with their respective FAT classes. The purposefully induced concavity improves the
joint compared to a straight 45-degree fillet. The most critical point is still the toe radius. An

incredibly smooth fillet shape shows the theoretical limits of purely geometrical changes.
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Figure 24. Effect of the toe transition shape on FAT.
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4.1.4 Thickness effect

The comparable fatigue resistances were noticeably lower when going from 6.35 mm to 12.5
mm wall thickness variant. This raised the question if the performance was even worse with
thicker tube models. The thickness effect is a recognized phenomenon where a thicker plate
has worse fatigue resistance. The company has manufactured products with 40 mm wall
thickness tube, so a comparison is made to those dimensions. I[IW and EC3 both have
guidelines for calculating the thickness effect. Both use 25 mm as the wall thickness
reference dimension that thicker plates are compared to. A model with this thickness was
also analyzed. Plates under 25 mm aren’t typically considered in thickness effect, even

though their performance technically could improve.

The thickness effect can be analytically calculated with Equation 12 (Hobbacher, 2016, p.
65). The theoretical value and assessed values in weld toe and root are compared in Figure
25. Assessed values mean the stress in the reference thickness model divided by the stress
in studied model. The tube to flange joint appears to follow the theoretical effect quite well.

The plate thickness should be considered when dimensioning the weld joint.

Impact of the plate thickness can be calculated with (Hobbacher, 2016, p. 65):

25)0.3 12)

Sred = Snom : (7

where Sreq 1s the reduced fatigue resistance, Snom 1s the nominal fatigue resistance and ¢ is the

thickness of the studied plate.
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Figure 25. Analytical and assessed thickness effect values plotted. Lower thickness factor
means worse fatigue resistance. Improving effects under reference thickness (25 mm) are

usually disregarded in literature. Based on 45-degree fillet, 2 mm unfused root.

4.1.5 Crack propagation analysis

Crack propagation was analyzed with Franc2D for the two plate thicknesses. The initial
crack was started from a place in the root where it would be if the weld had penetrated
through the whole weld groove nose (Figure 26). With the parameters to the Paris’ equation
from the analysis, the initial crack parameter can be changed to calculate results for models
with less penetration. The final crack size was set to the plate thickness. Analysis was
focused on the root crack. The weld toe was not analyzed with fracture mechanics because
there is not an initial crack there, like in the root. The root is already in the crack propagation
stage, whereas the toe has to go through the initiation stage. Therefore, it is more suitable to

study the toe with stress-based methods.
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i 6.35 mm ‘ 12.5 mm

Figure 26. Crack propagation path in FRANC2D.

Assessed FAT classes based on LEFM are shown in Figure 27. The results seem quite

conservative but appear to follow the trend that the penetration of the weld is critical to

fatigue resistance. Interestingly, the thickness effect doesn’t seem to impact these results.
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Figure 27. FAT classes based on LEFM with varying initial cracks.
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4.1.6 4R approach

The 4R method considers more intricate material properties in the calculation of fatigue life,
namely the residual stresses. As per Bjork et al. (2018a, p. 1289), residual stresses in as-
welded condition were assumed to be up to yield strength in tensile, and 0.255-f, in
compression with HFMI treatment. Results are comparable with the ENS method in AW
condition, but 4R gives slightly better results. When the compressive residual stresses of
HFMI are applied, the calculated cycles to fatigue failure rise dramatically. Calculated cycles
of some weld toes are presented in Figure 28. The number of cycles in treated conditions are
so high even in the worst cases, that the weld toe can be considered to have infinite fatigue
life. The joint will fail from some other point, like the root or even base material, before the
toe. The numbers with lower SCF joints are very high because in the calculation the residual

compression is so high compared to the observed notch stress that the maximum local

40

Figure 28. Cycles to failure in weld toe calculated with ENS method, compared to 4R in

tension is very low and most of the load cycle is compressive.
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Number of cycles N, weld toe

AW and HFMI treated condition. 45-degree fillet used, no partial safety factor.
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4.2 Applications of different fatigue assessment approaches for life predictions

The nominal stress approach is a really generalized and conservative method that can be
used for any similar flange joint geometry, and no FEA is needed. Therefore, it cannot
usually be used to compare fatigue lives between weld toe and root, or between different
joints when the nominal stress is the same. Some details listed in literature can differentiate
with things like thickness of members or weld quality, and give higher values if certain
criteria are met. However, for the type of structural detail in the current study, there are not
many reference options. Better FAT classes would be available if the fillet joint would be

double-sided.

The HS approach accounts for secondary stresses due to joint geometry. It also calculates
fatigue lives separately for weld toe and root. However, it requires some care when meshing
the FEM model to create specific node lines. Also, after the analysis the HS stresses are not
directly readable but have to be calculated analytically. It is interesting to see for example
the bending component induced from the fillet weld, but otherwise this method requires
more effort than ENS. ENS also needs some effort when FE-modelling, especially with 3D
models. HS method is more practical in experimental fatigue specimen when using strain

gauges, as ENS assessment cannot be done experimentally to a physical structure.

The ENS method was selected to be the most suitable approach to compare the different
models. Other assessment methods were also calculated for some models to verify and
compare the results, but ENS was used for all models. The ENS approach is relatively easy
to model with FEA, and the stresses can be read directly from the radius elements without
analytical calculations. This makes it easy to compare the weld root and toe, or between
models. It is quite optimal for comparison of geometrical changes in this scale. Results

obtained with various fatigue approaches are presented in Figure 29 and Figure 30.
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Figure 29. Comparison of fatigue approach methods in weld toe, 45-degree fillet, 2 mm
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Figure 30. Comparison of fatigue approach methods in weld root, 45-degree fillet, 2 mm

unfused root.

Comparing the results of stress-based methods, the HS and ENS approach generally give the
same joint better FAT classes than the nominal method. In the thicker wall models the ENS

method gives worse fatigue lives, as the thickness effect predicts. The HS method does not
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seem to follow this trend because the membrane stress is the same in all models, but in the
thicker walls the bending component is lower due to the plate being stiffer. Also, in the weld
root the line that the HS stress is assessed from is much thicker than in the toe. Generally,
the more refined methods can more accurately calculate fatigue life in a specific joint. They
require more information and effort but can offer more accurate results. The nominal method

requires minimal information, but gives quite generalized results.

Fracture mechanics is a good way to analyze fatigue strength of a feature where an initial
crack is assumed, like the infusible groove face at weld root. The path and shape of the crack
can be valuable data that other methods may not be able to predict. It is also a useful way to
validate other results since it works on different fundamentals than stress-based methods. In
the weld toe however, this method may not be very accurate if an initial crack is not assumed.
The results for root side gathered in this study are quite conservative. The constant parameter

C can be considered to be low.

The 4R approach is a more labor intensive, but also a more precise calculation approach. In
this study it was used to assess the fatigue resistance at the weld toe, and compare the AW
condition to post-weld treated surface. The method can take into account detailed material
properties, geometries and local stresses. The calculations are more time-consuming and
apply only to a specific studied point in the structure. It can however be used to assess the

effects of phenomena that other methods cannot, like residual stresses.
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5 Discussion

In this chapter, findings from the results are first discussed and ways to include fatigue
improving aspects or to prevent worsening ones in the design and manufacturing of the

mixers. Further on, the validity and conservativeness of the research methods are addressed.

5.1 Design proposals for improving joint geometry

Recognized improvements and imperfections are presented, along with difficulties
implementing them in manufacturing. Improvement proposals are presented for weld toe,

root and throat thickness.

5.1.1 Weld root

The most important factor in root side fatigue resistance appears to be the amount of
penetration, especially reaching a fully penetrating weld. Weld penetration can be improved
with welding process parameters, or by designing the groove to be through welded.
However, an easier method in this case would be to machine the positioning nose of the weld
groove thinner. This has practically the same effect as more penetration. The fatigue life of
through welded and fully melted nose is essentially the same, and geometrically the
difference is just depth of the detail inside the flange. Also, the size should be given to
machinists explicitly as a maximum size to be on the conservative side. It can be assumed

that dimensions in a drawing are minimums unless otherwise specified.

Ideally the nose would be very thin, just enough to hold the flange in position. In the real
world however, the tube is not perfectly round, and the long shaft is supported in the lathe
by the groove nose. These factors make it difficult to achieve a very thin groove tip. One
way to make it thinner after the lathe could be to grind a 45-degree bevel to the tip with hand

tools.

Maximum allowed initial crack sizes for varying wall thicknesses are observed from the

FEA testing and gathered in Table 7. These results are calculated for the requirement of 1E7
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cycles with partial safety factor for stresses ym of 1.15. Note that, for the 40 mm tube even a
full penetration joint is not enough to reach the requirement. The achieved number cycles
are about 1E7 with ywm of 1.00. If the safety factor is wanted to be included, the nominal load

should be lowered for thicker wall tubes.

Table 7. Acceptable nose sizes for different plate thicknesses, calculated for design load.
Results listed for pure 2D / with ENS root SCF of 1.4. Starred (*) means that through

welded joint is not strong enough.

Tube wall thickness [mm] Acceptable initial crack [mm]
6.35 1.5/0
12.5 1.5/0%*
25 0.75 /0%
40 0% /0%

Results also include values if the 2D root results are multiplied by the stress concentration
factor created by the screw holes in the flange. In this case, the only strong enough model is
the thinnest one with a through welded joint. It can be noted from this that the design loading

used to calculate these results is very conservative.

Any actual penetration during the weld process also helps the effective final penetration.
From the macro-images it can be observed that the smaller the plate and the nose thickness,
the better the nose has melted. Technically, the typical achieved penetration from the
welding geometry can be subtracted from maximum allowed initial crack size. The actual
penetration can be hard to verify in reality, however. The conservative approach is to
dimension the joint based on the machined groove nose and leave any additional fusion as
extra assurance. Also, although the values between the calculated thicknesses could be
extrapolated, the conservative way again is to use the value for thicker plate until a lower

threshold is reached.

Calculated FAT classes that can be used in design of the joints are gathered in Table 8. Two
types of joints are listed: basic joint with 2 mm of unfused groove, and through welded.

Values are for weld root and based on ENS approach. They are gathered from models with
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a 45-degree fillet weld, and if more concave or smooth fillet shape is used, the FAT is

improved.

Table 8. Assessed FAT classes of the weld roots for different plate thicknesses based on
ENS. 2 mm initial crack and through welded joints. Based on a 45-degree fillet. Pure 2D /
ENS root SCF 1.4.

Tube wall thickness [mm)] FAT, root, ai = 2mm, FAT, root, through weld
6.35 66 /47 101/72
12.5 62 /45 92 /66
25 60/43 85/61
40 47/33 59/42

Few conclusions can be drawn from the macrographic images. The smaller groove noses
appear to melt easier during welding than thicker ones. The thinner wall specimen also
seemed to have better penetration compared to thicker ones, most likely due to having less
thermal mass. Sometimes, the first weld pass didn’t melt the surrounding area very far, but
the second pass noticeably better. In this case the filler to base material transition is in the
shape of the groove at the root. This could indicate that higher welding current in the first
pass, or even preheating of the material could be beneficial. In some cases, even if the groove
nose looks visually melted, the surfaces still appear unfused, possibly from oxide layers
forming due to lack of shielding gas on the backside of the joint. Penetration is generally
better on top of the screw hole plugs. The weld joints of the plugs themselves seem to be of
reasonably good quality and sufficient penetration. Stainless to structural, or duplex joints
did not show noticeable differences after welding. Sometimes the fillet shape was not as
smooth in the thinner wall specimen, maybe due to more metal being deposited in a single

pass, relative to throat thickness.

Four additional test pieces were made in the later phase of the research. Two were similar to
A flange but the groove was made as thin as possible. The other two were ground from the
groove tip to a 45-degree angle to examine if it would help penetration. These actions did
help the actual penetration during welding slightly, but small crack-like notch was still
visible on the backside of the root on even the best melted root. The through welded B flange
had a better backside due to the airgap.
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5.1.2 Weld toe and throat thickness

The external throat thickness of the weld didn’t have a huge impact on the fatigue
performance. With everything else being the same, a smaller weld actually slightly lowers
stresses on the toe, but raises them in the root, by roughly equal amount. This might be
because of the effective penetration achieved through the deep weld groove, so the external
throat thickness doesn’t have a great impact on the fatigue performance. The throat thickness

could be made smaller with a slight adjustment to the effective penetration at the root.

The external throat thickness could theoretically be made very small, but in practice the limit
could be, for example the plate thickness. In the 6.35 mm model the time saved with a smaller
weld size isn’t dramatic, but with the 12.5 mm model there are many more weld passes, and
the manufacturing time could be reduced significantly by not needing so many. Less
materials can be used, and time can be saved, not just during welding, but waiting for
interpass temperatures. Also, since the shape of the fillet is important, and material deposited
in a single weld pass is somewhat fixed, it could become difficult to control the shape of the
smaller welds in practice. Furthermore, the weld toe transition shape is important and while
in some macro images there were smooth toes, the shape cannot be controlled reliably in as-
welded condition. Regarding the external throat thickness, with thinner tubes the throat could
be kept the same, in medium plates it could be lowered to the tube wall thickness and in
thick tubes the throat is probably already lower than the plate, but according to the results of
this study that is fine. All of this is to say that, while theoretically the fillet shape and size
could be optimized and have great fatigue resistance, welding the perfect fillet is difficult in
practice. Post weld treatments could be used to improve the fatigue resistance of the weld

toe.

Main factor found in the FEA affecting the stresses in the toe was the shape of the transition
from tube to first weld bead. Going from the 45-degree fillet to the realistic concave shape
from the macros lowered stresses at the toe. If the fillet shape was made very smooth, the

toe stresses were very low.

Monahan (1995, p. 112-116) proposed analytical formulas to numerically quantify the effect
of the weld toe shape. Perhaps the biggest influence comes from the notch radius, which can
also fluctuate easily when welding. Newer, more complex versions of the formula have also

been proposed. As seen from the following equation, toe radius p, flank angle a and plate
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thickness ¢ affect the stress concentration factor. This formula applies to weld toes of load

carrying T-joints (Monahan, 1995, p. 112-116):

¢ 0.454
K,=1+0.3880"" - (;) (13)

The toe geometry could be improved with HFMI or similar treatment. This would leave
compressive residual stresses in the material, and smooth out some small defects in the toe.
Another treatment that could smooth out the toe transition is TIG dressing, which remelts
the weld bead into a smoother toe radius. TIG dressing can change the chemical composition
of duplex steels which affects corrosion resistance. Alternatively, the fillet weld or its toe
could be ground smooth, but care has to be taken not to accidentally create an undercut.
According to Hobbacher (2016, p. 66-71), the FAT class after HFMI or grinding can be
considered to be 1.3 times better, with a maximum of 112. In super-duplex steels HFMI can
generate microcracks and folds in the material which limit its improvement capabilities.

(Bjork, et al. 2018a, p. 1285-1289)

Figure 31 shows the effect of HFMI treatment according to nominal, HS, ENS and 4R
approach. There is variance between the approaches, but using any of them, the result of the
treatment is over 10 million cycles in every case. 4R predicts very high fatigue life especially
on the thinner wall thicknesses because it can account for the stress range that is nearly fully
in compressive range due to residual stresses. FAT classes used in the figure are 75 for
nominal, 160 for HS and 320 for ENS, with m = 5 (Marquis, Mikkola, Yildirim and
Barsoum, 2013, p. 804-817).
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Figure 31. Fatigue lives in weld toe with and without HFMI treatment, calculated with

multiple methods. 45-degree fillet used, no partial safety factor. Infinite life at 1E7 cycles.

5.2 On the validity of the results

The results of this study are fairly conservative. Many assumptions like the used design loads
and the required number of cycles have safety margins in them, and with geometries the
worst case is always assumed. Fatigue lives are also calculated with stress ratio of R = -1,
but the FAT curves in literature are typically defined experimentally with R = 0.5. This
notion of conservativity is supported by the fact that the deployed products in the real world
have not had problems with failing prematurely. Still, this study recommends that the joint
should be made even stronger. Although, the numeric values may not be very accurate
because of various simplifications, relative improvements to fatigue life applies, regardless

of the number of cycles.

A conservative way to include the stress concentration effect of the flange bolt holes under
the weld root is to assume the peak stresses all along the circumference, However, the peak
only affects a quite small area, and this assumption might be over-conservative. A study by

Liinalampi (2019, p. 285-287) states that weld defects that are small in transversal direction
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to loading are not as bad for fatigue life as continuous defects, and modelling short defects
as continuous geometry in a 2D model overestimates the effective stress. Deinbock (2020,
p. 1725-1736) also suggests that only 90 % of the highly stressed peak should be considered

because of the micro-support of the surrounding material.

This study focused on tube-to-flange weld joints with a single sided fillet. The joint would
probably have much better root side fatigue resistance if the fillets were double sided, and
other optimizations may have been found. Also, while not in the scope of this study, an
interesting discovery was made when doing FEA to the 40 mm tube variant. The flange was
a lot bigger than the tube in this model, and the connecting screws were outside the tube
diameter. This made the weld toe a lot more critical compared to being supported from on
top of the weld. This is because the support is located outside the weld radius, and the toe is
carrying more of the load, which causes it to pull apart, as can be seen in Figure 32. This
effect is amplified when the flange to tube wall thickness ratio is lower, meaning the flange
is less stiff and location of the bolt support matters more. All variants and their results in this
research are assumed to be supported from on top of the joint and with relatively stiff flange.
Using through-bolts on the outer radius is better for the weld root because of lower stresses
and the holes are not under the joint, but makes the toe more critical. Further research and

optimizations could be done with flange support done with through-bolts.

z z

b il X

Output Set: Through balt
Deformed(0,08): Total Translation
Elemental Contour: Axisym Max Prin Sltress

Quiput Set: Top support
Deformed(0,06): Total Translation
Elemental Contour: Axisym Max Prin S‘tress

Figure 32. 40 mm wall thickness tube, supported from on top of the weld on the left and

from the outer edge of the flange on the right. Maximum stress is at the toe in both cases.
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Ideally the weld toe should have slightly worse fatigue life than the root, because then the
crack is possible to notice during inspections. However, in real life, the inspections of these
structures after deployment are difficult or even impossible. That is why in the results, no
big effort was made to achieve an optimal toe-root balance. Rather the focus was simply on

making both sides as strong as possible.

Some precise values are not disclosed in the results of this research due to corporate secrets.
The design improvement proposals with detailed values are presented to the company in a
separate document. Omitting these detailed numbers from this study doesn’t change the

research methods, findings or conclusions.
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6 Conclusions

In this study, a tube-to-flange weld joint of a rotating shaft was analyzed. More specifically,
the weld joint was assessed from a fatigue perspective and improvements were
experimented. Different fatigue approaches were compared to find the most suitable for this
application. Then the fatigue lives of existing structures were assessed, and improvements
tested with FEA. Test pieces were examined with macrographic images to study the realistic
joint geometry compared to nominal design dimensions. Lastly, improvements were
proposed to make the joint stronger and easier to manufacture. Implementation of these

proposals was contemplated from a manufacturing perspective.

Overall, the results are beneficial from a design perspective, since methods were found that

can be used to improve fatigue life. Main findings of this research are:

e Penetration of the weld is crucial for fatigue life, especially reaching a fully

penetrating weld. Failure the weld root can be eliminated with sufficient penetration.

e The smoothness of the weld toe transition and the whole fillet is important. Failure
from the toe can be prevented with the shape of the toe or with necessary post weld

treatments. HFMI would be beneficial to the structure.

e The external throat thickness of the weld doesn’t matter much from a fatigue
perspective, because of the relatively deep weld groove. The size of the external fillet

can be made smaller if it is beneficial from the welding process perspective.
e Wall thickness of the tube has a significant effect to fatigue life.

e ENS is a suitable approach to assess fatigue lives of various different geometries.
Weld toe and root can be assessed independently. 2D or 3D models can be used.
LEFM can be used to analyze crack propagation if a crack-like initial defect is
present. 4R can offer more specific results that incorporate properties like residual

stresses, if they are known.

Due to uncertain initial values and many assumptions of worst case made in the
calculations, the specific values in the results might not be very accurate. Most likely the

results are quite conservative. However, the comparisons of geometries and calculation
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methods are non-dimensional. The relative trends of improvements or decline to fatigue
lives from geometrical changes were identified and can be applied in the design of the

studied join, even if the absolute values were not very accurate.

Further research could be done into the impact of the flange bolts being on the outer edge
of the flange, in a through-bolt design. This case is more critical to the weld toe and
HFMI would be even more beneficial. The benefits of post-weld treatments would be
another area of additional research. The best PWT method for joint design and material,
as well as the improvement factor could be studied. Also, it would be interesting to assess
fatigue lives of machined flanges that could be butt-welded to the tube. This type of
assembly would be very different from a manufacturing perspective though. A butt-weld

would make it possible to utilize laser welding.
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Appendix 1. TTWT hot spot stress calculation.
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Appendix 2. 4R fatigue approach calculation.
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