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Foreword

This book gives a comprehensive and thorough guide to the readers who are lost in
the forest of fatigue of weld. It presents the clear fracture mechanics and material
background of fatigue of weld by starting first from fatigue crack initiation, short
crack and next by discussing long cracks, crack closure, crack growth and
threshold, residual stress, stress concentration, stress intensity factor, J-integral,
multiple cracks, weld geometries and defects, microstructural parameters including
HAZ and cyclic stress—strain behavior. The authors have succeeded in treating all
these mutually interacting important parameters in a unique distinct way of anal-
ysis. The elaborate works performed by the deep scientific knowledge of the
authors should be admired.
This is the timely and excellent publication in the field of weld.

Fukuoka, Japan Yukitaka Murakami
Emeritus Professor
Kyushu University



Notice

While the authors believe that the information and guidance given in this book are
correct, all parties making use of it must rely on their own skill and judgement. The
authors cannot assume any liability for loss or damage caused by any error or
omission in the application of the IBESS method. Any and all such liabilities are
disclaimed.

The authors do not give any warranty or guarantee whatsoever that the infor-
mation and guidance given in this book do not infringe the rights of any third party
or can be used for any particular purpose at all. Any person intending to use the
same should satisfy himself as to accuracy and the suitability for the purpose for
which it is intended to be used.
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Abstract

The acronym IBESS stands for “Integrale Bruchmechanische Ermittlung der
Schwingfestigkeit von Schweillverbindungen” which, translated from German,
means “integral fracture mechanics determination of the fatigue strength of welds.”
The method introduced in this study is the outcome of a German research cluster in
which eight partners were involved. A list of them is found at the end of this study.
The IBESS method is characterized by a number of partially novel aspects and
elements of fracture mechanics applied to the evaluation of fatigue strength of
welds. The most important ones are:

Determination of fatigue crack propagation for mechanically/physically short
and long cracks.

Determination of an elastic—plastic crack driving force for the treatment of
mechanically short cracks. To that purpose, an analytical expression for the
cyclic J-integral was developed and validated against finite element results.
The gradual buildup of the crack closure phenomenon is determined by using
cyclic R-curves which describe the crack size dependency of the fatigue crack
propagation threshold in the physically short crack growth regime.

A physically meaningful initial crack size is defined for total life consideration.
It is based on a two-criterion approach. Based on a cyclic R-curve analysis, the
crack size at crack arrest is determined as a lower bound. If, however, a pre-
existing crack-like defect is larger than this, its dimensions define the initial
crack size.

Multiple crack propagations at the weld toe are considered.

In conjunction with this, the variation of the weld toe geometry is considered in
a stochastic model.

As a result, both the fatigue limit (defined for 107 loading cycles) and the finite
life (high cycle) fatigue S-N curve are obtained statistically.

At various analysis steps, parametric equations have been developed which
allow for analytical calculations instead of complete stochastic analyses based
on finite elements which are unrealistic even at present.
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XX Abstract

e The method has been validated with a large number of S-N curves including two
materials, three weldment types with two weld geometries, each referring to
different manufacturing technologies and the as-welded and stress-relieved state.

e Although not finally solved, an extended discussion is provided on the issue of
welding residual stresses including their redistribution under cyclic loading.

e A number of simplifications is proposed at lower analyses levels which, how-
ever, partly lack complete validation by now.



Introduction

The basic topic of the present study is the determination of the fatigue strength by
fracture mechanics. Common fracture mechanics-based fatigue considerations, e.g.,
within the frame of damage tolerance considerations, are usually limited to residual
lifetime determination of so-called long cracks which are often defined in con-
junction with nondestructive testing. The extension of this concept to the total
lifetime, as in the S-N curve approach, requires an adequate description of so-called
short crack propagation which cannot be based on the AK concept and must
consider the crack closure phenomenon as well as its gradual buildup at the short
crack stage. The terms long and short cracks will be explained in Sect. 1.1.3.
Further, it has to provide a meaningful definition of the initial crack dimensions
needed in fracture mechanics and a solution for the multiple crack problems at
stress levels higher than the fatigue limit as this is specific for configurations such as
weldments. A fundamental discussion of these aspects beyond its application to
welds is provided by Zerbst et al. (2018b, c).

The idea to apply fracture mechanics to the determination of the fatigue strength of
weldments is anything but new. First attempts date to around 1970 (Maddox 1970)
who wrote in 1974: “It is now widely recognized that flaws will inevitably exist in
welded structures and the old idea of removing all detectable defects must be replaced
by the ‘fitness for purpose’ design philosophy. This makes it necessary to define
reliable methods of assessing the significance of flaws, particularly in the context of
fatigue, .... The most promising approach to this problem lies in the use of the fracture
mechanics based description of fatigue crack propagation.” (Maddox 1974). At that
time, a major problem was to develop appropriate K-factor solutions. Ever since effort
was spent to further develop the approach. No detailed overview shall be given here;
see, however, Radaj et al. (2006), Chap. 6, for a review. Note that even today, fracture
mechanics besides some promising applications (see, e.g., Nykénen 2005, repre-
sentative for many other studies) is still not widely used as a tool for fatigue strength
determination of weldments. One reason for this is certainly that the approaches
usually fail to meet the above-formulated requirements. They are based on linear
elastic fracture mechanics even for short cracks and on fixed or (from S-N curves)

XXi



XXii Introduction

back-calculated initial crack sizes, they usually consider one crack only, neglect the
variation in the local weld geometry along the weld toe, etc.

The present study aims at a discussion of all these points and at offering possible
solutions obtained within the frame of the German research cluster IBESS. It
combines rather basic notes with the introduction of a methodology for the fracture
mechanics-based determination of the fatigue strength of welds, but also with a
critical discussion of hitherto not satisfactorily resolved problems.



Partners Involved in the IBESS Cluster Project

e Bundesanstalt fiir Materialforschung und -priifung Berlin, Division 9.1 (Project
coordination).

e Rheinisch-Westfélische Technische Hochschule (RWTH) Aachen, Institut fiir
Eisenhiittenkunde (IEHK).

e Technische Universitidt Braunschweig, Institut fiir Fiige- und Schweiftechnik
(IFS).

o Technische Universitdt Darmstadt, Institut fiir Stahlbau und Werkstoffmechanik
(IfSW), Fachgebiet Werkstoffmechanik.

e Technische Universitit Darmstadt, Fachgebiet Systemzuverldssigkeit und
Maschinenakustik  (SzM), Fraunhofer-Institut fiir Betriebsfestigkeit und
Systemzuverlissigkeit (LBF).

e Technische Universitit, Staatliche Materialpriifungsanstalt Darmstadt und
Fachgebiet und Institut fiir Werkstoffkunde (MPA/IfW).

e Fraunhofer-Institut fiir Werkstoffmechanik (IWM) Freiburg.

e Technische Universitit Hamburg-Harburg, Institut fiir Konstruktion und
Festigkeit von Schiffen (SKF).

The authors wish to thank Prof. Dr. Isabel Hadley (The Welding Institute (TWI),
Great Abington, Cambridge) for her valuable discussion of the content of this book.
The authors wish also to thank the Deutsche Forschungsgemeinschaft (DFG)
for the financial funding of four IBESS subprojects. Furthermore, the authors
gratefully appreciate the funding of the four other subprojects by the Arbeitsge-
meinschaft industrieller Forschungsvereinigungen (AiF) network, in particular

XXiii



XX1V Partners Involved in the IBESS Cluster Project

Forschungsvereinigung  Stahlanwendung (FOSTA), Forschungsvereinigung
Schweilen und verwandte Verfahren (DVS), Forschungsvereinigung Automo-
biltechnik (FAT), and Center of Maritime Technologies (CMT).

Gefordert durch:
m Bundesministerium
und Energie

aufgrund eines Beschlusses
des Deutschen Bundestages



Fatigue and Fracture of Weldments m

Check for
updates

1 Background Information

1.1 Stages of Fatigue Crack Propagation and Lifetime

1.1.1 Crack Initiation

Fatigue cracks are initiated at the smooth surface in plain specimens (i.e., at surface
extrusions and intrusions caused by persistent slip bands) or—more frequently—at
geometrical discontinuities (which act as geometric stress concentrators) and/or
material defects such as non-metallic inclusions (which cause strain concentration
zones due to their different stiffness compared to the matrix material and sometimes
also chemical mis-match), see Zerbst et al. (2018b). Polak (2003) notes with respect
to the crack nucleation stage: “Numerous studies have shown that in the majority
of materials and under normal loading conditions, the period of crack initiation in
smooth specimens without defects amounts to less than 5-20% of the fatigue life. In
materials containing defects, the fraction of life spent in crack initiation is even lower.
The major part of the life is spent in the growth of cracks, namely in the growth of
short cracks.” That this statement usually is also true with respect to welds has been
confirmed, e.g., by Verreman and Nie (1996) for manual fillet welds of structural
steel.

Subsequent to crack initiation, fatigue crack propagation is characterized by dis-
tinct successive stages, Fig. 1, see, e.g., Tanaka (2003), Davidson et al. (2003).

1.1.2 Microstructurally Short Cracks

As long as its size is still in the order of microstructural features such as the grain
size, the crack is designated as microstructurally short. The crack and the plastic
zone ahead of its tip is completely embedded within a single or a few grains. As the

© Springer Nature Switzerland AG 2019 1
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Fig. 1 Stages of fatigue
crack propagation, schematic
view, according to Miller
(1993), slightly modified
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consequence, crack growth is strongly affected by the local microstructure and char-
acterized by (temporary) acceleration and deceleration phases or even crack arrest.
Typical growth barriers are grain boundaries between adjacent grains of different
crystal orientation where the generation of the plastic zone is inferred. An example
is shown in Fig. 2. The microstructural crack propagation stage is terminated when the
crack depth (of the initially semi-circular or semi-elliptical crack) reaches the order
of one or a few grain sizes (Murakami 2002); a few, since not every grain boundary
will act as a crack stopper when, e.g., the crystal orientation of two adjacent grains
is not significantly different. Note that, in general terms, it is not the crack depth
but the crack front length which is the critical parameter. E.g., Capelli et al. (2008),
investigating single phase aluminium alloy, restrict the microstructurally short crack
stage to a crack front length intersecting 15 grains. That also means that the above
statement about the critical crack depth no longer applies for through surface cracks
or long shallow surface cracks showing a small crack aspect ratio a/c. The applica-
tion of classical fracture mechanics to microstructurally short cracks is not possible
(Pippan and Riemelmoser 2003).

1.1.3 Mechanically and Physically Short Cracks

A microstructurally short crack which is not arrested will finally become a mechan-
ically short crack. The general definition of this is a size up to the order of the plastic
zone size ahead of its tip. As the consequence, the linear elastic fracture mechanics
concept based on the K-factor range AK is not applicable but elastic-plastic concepts
based on the cyclic J-integral, AJ, or a cyclic crack tip opening displacement, A3,
have to be used. This will be discussed in Sect. 2.2.

The term “physically short crack” refers to the observation that during that stage
the crack closure phenomenon is being gradually built-up. It does not exist at the very
beginning, but then the effect intensifies with increasing crack size (and crack wake
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Fig. 2 Non-propagating crack in EAIN railway axle steel. The crack stopped within a grain. It
experienced more than 103 loading cycles; according to Beretta et al. (2009)

length) and finally it reaches a stable, nearly crack size independent state when the
crack becomes a long one. The crack closure phenomenon is the topic of Sect. 1.2.

Note that the difference in the terms “mechanically” and “physically” short cracks
is not different crack sizes (these at least will overlap) but the different phenomena.

1.14 Long Cracks

A mechanically/physically short crack becomes a long one when the crack closure
effect stabilizes, i.e. it becomes independent of the crack size and when the linear
elastic K concept is applicable (see above). An exception is low cycle fatigue (LCF)
which occurs at stress levels close to the yield strength. Excluding this exception,
long crack propagation can be described by the da/dN-AK curve and the long fatigue
crack propagation (FCP) threshold AK . The long crack stage is terminated by
the failure of the structure, i.e., by monotonic fracture but there might also be other
failure criteria associated with loss of functionality.

Figure 3 provides a scheme of the crack sizes referring to the stages discussed
above. Note, however, that the numbers are strongly material dependent. Therefore,
the figure should be regarded as a first impression only which roughly describes the
relations for steel.
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Fig. 3 Crack length scales of the life cycle of a component subjected to cyclic loading; according
to Tanaka (2003)

Excursus: A Competing Definition

To avoid confusion, it has to be mentioned that a competing definition of the fatigue
crack propagation stages is also in use, preferably in a practical context. A crack
initiation stage is defined which is not terminated until the crack has reached a size
detectable with realistic effort and a crack propagation stage beyond that crack size.
For steels, the latter roughly refers to the long crack stage in Fig. 3.

Note that the frequent statement, that the fatigue life of welds is controlled by crack
propagation rather than by crack initiation, originally referred to this nomenclature.
In the past it provided the justification to apply long crack fracture mechanics to the
fatigue life determination of welds. Although the initial crack size is reduced to a
small fraction of a millimeter in more recent documents such as the [IW Guidelines
(Hobbacher 2016) long crack fracture mechanics based on the da/dN-AK curve is
still in use. However, this is no longer consistent in view of the information provided
in Sect. 1.1.3. As in many other applications, the major part of the fatigue life of
welds is used to be spent at the short crack stage as long as no large initial defects
such as extended lack of penetration exist. Note, however, that the assessment of
those defects is a task for damage tolerance rather than for safe life considerations
based on S-N curve data.

1.1.5 Failure

Failure occurs when the crack reaches a critical size such that the maximum crack
driving force in the loading cycle, e.g. Ky.x, reaches or exceeds the monotonic
fracture resistance of the material. Besides this, other failure criteria are possible as
well when the functionality of the component is impaired even if the component does
not break yet.
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1.2 The Crack Closure Phenomenon

1.2.1 Brief Overview

Since it can be assumed that a fatigue crack does not grow when the crack is closed,
i.e., its faces are in contact during the lower part of the loading cycle at negative
R ratios (R = Kpin/Kpax), only part of the stress intensity factor range AK (=Kyax
— Kin) will contribute to its propagation. This is designated by an effective value
AKefr (=Kmax — Kop) with K, being the K-factor at crack opening, for the definition
see Fig. 4a. As a first approximation, AKg should be 12 AK for R=—1, however,
it is observed to be even smaller, i.e., the crack is open only at stress levels above
zero.! This is designated as “crack closure phenomenon”. It is commonly described
by a crack closure parameter U such that

AKer = U- AK (1)

plasticity-induced

(a) (b)
5 : i}
Q
(0]
e
- Residual U’ 'Iglastic
plastic zone
zone
0 { \g@
roughness-induced oxide debris-induced
(c) ﬁ (d)

e
=

Fig. 4 Mechanisms of the crack closure phenomenon; a nomenclature; b plasticity-induced mech-
anism; ¢ roughness-induced mechanism; d oxide debris-induced mechanism

7

ISometimes also below, depending on the R-ratio and the applied stress ranges
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Several mechanisms are responsible for the crack closure phenomenon. The three
most important ones are the plasticity-induced, the roughness-induced and the oxide
debris-induced crack closure mechanisms (Fig. 4b—d). For these and further ones
see, e.g., Tanaka and Akiniwa (2003) and Suresh (2003).

1.2.2 Plasticity-Induced Crack Closure

Under load, a plastic zone is formed ahead of the crack tip. When the crack prop-
agates, this will remain as plastically stretched material at the surfaces of the wake
of the crack (Fig. 4b). The consequence is geometrical mis-match particularly at the
specimen sides where the plastic zone dimension is largest due to prevailing plane
stress conditions. Since the plastic zone size increases quadratically with the applied
load and decreases quadratically with the yield strength of the material (for small
scale yielding conditions) the plasticity-induced mechanism becomes stronger for
higher maximum loads in the loading cycle and for smaller yield strengths. This is
at least the case for long cracks.

1.2.3 Roughness-Induced Crack Closure

The roughness of the crack faces causes asperity contact (Fig. 4c) which is enhanced
by mixed mode loading components (shear) due to the kinking or branching of the
crack. Usually it will be affected by the grain size in that a larger grain size tends to
a rougher surface. Note that the roughness-induced effect plays a major role in the
threshold regime of the da/dN-AK curve.

1.2.4 Oxide Debris-Induced Crack Closure

This mechanism is active for corrosion-prone materials or material conditions. The
crack wake surfaces are covered by oxide layers which thicken due to fretting of
the crack faces at low R ratios. The locally furbished surfaces are again exposed
to corrosion (Fig. 4d). This way a debris layer is gradually formed the thickness of
which is in the order of the crack tip opening displacement in the threshold regime
of the da/dN-AK curve.

All crack closure mechanisms become stronger for low and disappear at high R
ratios.



1 Background Information 7

1.3 Crack Arrest

1.3.1 Crack Arrest of Microstructurally Short Cracks

The authors have already pointed to the importance of crack arrest for fatigue life
and strength considerations. It is immediately evident that only cracks which do not
arrest, negatively affect structural integrity. Crack arrest can happen at any of the
crack propagation stages.

As mentioned above, microstructurally short cracks arrest at microstructural bar-
riers, usually grain boundaries. It is important to understand that the fatigue limit is
not a critical stress for crack initiation but a critical stress for avoiding or overcoming
crack arrest (Miller 1993; Murakami 2002). With respect to the material fatigue limit
(determined with smooth, unnotched specimens) it is that stress below which none
of the numerous microstructural short cracks will grow permanently. Note, however,
that in real (usually notched) structures other arrest mechanisms will dominate as
will be discussed below. Note further that the material fatigue limit will disappear
when mechanisms such as corrosion as a time dependent phenomenon are active
which will overcome the crack arrest barriers.

1.3.2 Crack Arrest of Physically Short Cracks

Crack arrest of physically short cracks occurs due to the gradual build-up of the
crack closure effects when the increase of AK with crack depth is smaller than the
decrease of AKegr due to an increasing K.

1.3.3 Crack Arrest of Long Cracks

Long cracks arrest when the applied AK is below the fatigue crack propagation
threshold AKy,.

1.3.4 Crack Arrest of Short Cracks at Notches

This is probably the most common crack arrest scenario in components (Murakami
2002, 2003; Tanaka 2003). Due to the stress gradient away from the notch the rate
of increase in AK becomes smaller, an effect which is additionally superimposed
by the gradual build-up of the crack closure phenomenon. When the resultant AK
falls below the fatigue crack propagation threshold AKy,, crack arrest will occur.
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1.3.5 Further Crack Arrest Scenarios

Further crack arrest cases are possible. Three options are: (i) Crack arrest can occur
when the crack grows into a stress shielded area, e.g., near a geometrical stiffener
as it is typical for thin-wall structures. (ii) Arrest also occurs when the crack grows
towards an area of compressive residual stresses (e.g., in deep-rolled crankshafts)
(ii1) It also can happen when the crack propagates into a material with a higher
threshold AKy, than that from where it started. An example is crack transition from
a fine to a coarse grain zone, e.g. a heat affected zone in a weld. Note that the coarser
grain is usually associated with a higher threshold (Plekhov et al. 2011). A plausible
explanation for this is a stronger roughness-induced crack closure effect when the
larger grain is associated with rougher crack faces, see Sect. 1.2.3.

Whilst, as mentioned above, the crack arrest mechanism of the microstructurally
short cracks (Sect. 1.3.1) determines the material’s fatigue limit, the component
fatigue limit is usually controlled by the other mechanisms.

1.4 Describing Fatigue Crack Propagation and Arrest

1.4.1 Long Fatigue Crack Propagation (da/dN-AK Curve)

Long fatigue crack propagation is described by the da/dN-AK curve which is a
sigmoidal curve in a log-log plot, Fig. 5.
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The diagram can be subdivided into three regions:
(a) Region 2 of the da/dN-AK Curve (Paris Regime)

The central part of the double-logarithmic da/dN-AK curve (Region 2) is represented
by a straight line, the so-called Paris law

da/dN = C(R) - AK" = CR) - (Kmax — Kuin)" 2
or, when crack closure-corrected,
da/dN = C- AK%; = C - (Kimax — Kop) " 3)

The parameter C is a constant which besides the material depends on the loading

conditions, particularly the mean load K =0.5 (Kp,x +Kpin) or the load ratio R
(=Kmin/Kmax), but also on the environment. The exponent n is the slope of the curve
in double-logarithmic scaling, and it is usually in a range from n =2 to 4 for metallic
materials (Ritchie 1999).

(b) Region 1 of the da/dN-AK curve (Threshold Regime)

In Region 1, the crack growth diminishes rapidly with decreasing AK until it reaches
a threshold value AKjy, below which crack arrest occurs. Whilst the treatment of
the crack propagation in the Paris regime is state-of-the-art today (a statement that,
however, has to be put in perspective for variable amplitude loading), the situation
is much less clear with respect to the threshold regime (keyword: similitude, see
Tanaka 2003; Schijve 2004; also Zerbst et al. 2016b).

(¢) Region 3 of the da/dN-AK Curve (Transition to Fracture Regime)

Crack acceleration is stated in Region 3 due to interaction events between cyclic and
monotonic crack growth mechanisms. Finally, crack propagation is terminated by
monotonic fracture when the maximum stress intensity in the loading cycle, Ky,
approaches the monotonic fracture resistance. Note that Region 3 plays a minor role
with respect to fatigue lifetime. Because of its high crack growth rate it refers to only
a small portion of this. No special attention is given to it in IBESS for that reason.

With respect to the curve fit of the da/dN-AK curve, IBESS follows the NASGRO
approach (NASGRO 2000) based on Forman and Mettu (1992):

da AKgp 1P Kinax 14

— —C.[U-AK]"- |1 - =20 - 2= “)

dN AK Kinat
however, with a number of modifications which will be discussed in detail in
Sect.2.2.4.2.In Eq. (4) the term U is a crack closure parameter, AKy, the fatigue crack
propagation threshold the determination of which will be discussed in Sects. 2.2.4.1

and 2.2.4.4 and K,,;; stands for the monotonic fracture resistance. The term [1 —
AKy/AK] P—p is a fit parameter—describes the threshold range (Region 1) of
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the da/dN-AK curve in that da/dN is zero for AKy, > AK,. The Region 3 term
(1 — Kinax / Kmat)q is skipped in IBESS for the reason mentioned above.

1.4.2 Long Fatigue Crack Propagation Threshold AKy, 1.c

The fatigue crack propagation threshold consists of two components, an intrinsic
one, AKy, cfr, which is a material parameter, and an extrinsic one, AKy, op, related to
the crack closure phenomenon, see Sect. 1.2.

AKgy = AKypefi + AKin,op (5

The intrinsic component AKy, o¢ is identical to the closure-free AKy,, e.g. deter-
mined at high R-ratios, typically at R > 0.8; therefore, it is designated with the index
“eff”. It is correlated with the modulus of elasticity, E, which in turn is a function
of the crystal lattice of the material, and by the Burger’s vector, ||b||, as a geomet-
rical measure of dislocations, see, Sect. 2.3.2.6. Typical values of AKy, e are in
the order of 2.4-2.6 MPa m'? for steels, 0.9—1.9 MPa m'? for aluminium alloys
and 1.7-2.5 MPa m'”? for titanium alloys (Hadrboletz et al. 1994, also for a more
extended overview). Whilst AKy, ef is independent of material parameters related to
the microstructure as well as of the R-ratio and the crack length, the crack closure
component AKjy, op is affected by all these parameters, see the discussion by Zerbst
et al. (2016b).

Some remarks are due with respect to the experimental determination of AKy,,
for a more detailed discussion see again Zerbst et al. (2016b). The common method
according to test standards such as ASTM E 647 (2011) or ISO 12108 (2012) is
stepwise load decrease (Fig. 6) until the crack propagation rate falls below a certain
value.

Note that this limit value is different for the two standards. ASTM E 647 sets
it to (da/dN)g, =10~7 mm/cycle whereas ISO 12108 specifies it at (da/dN)y =
10~% mm/cycle. That this difference might be a problem in practical application is
illustrated in Fig. 7 where the da/dN—AK curve changes its slope below da/dN =
10~7 mm/cycle. Note further that crack propagation rates below this order are faced
with the fundamental problem that there must be a discrete minimum growth step
per cycle associated with the lattice arrangement of the atoms in crystals and the
minimum displacement provided by the Burgers vector, which, for steels, is in the
order of 1077 mm.

A second problem is associated with the oxide debris-induced crack closure effect
in materials susceptible to corrosion. Figure 8 illustrates the effect of the gradient of
load reduction on the threshold. Reading the curve from right to left, AKy, decreases
down to a minimum value. This minimum defines the gradient in the test stan-
dards not to be exceeded when premature (plasticity-induced) crack closure shall
be avoided. However, as discussed in Sect. 1.2, the plasticity-induced one is not the
only crack closure effect. The oxide debris-induced effect is promoted by a small
load gradient which corresponds to a larger time span available for corrosion which
is generally known to be a time-dependent phenomenon. As the consequence, the
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Fig. 6 Determination of the fatigue crack propagation threshold: load reduction technique accord-
ing to ASTM E 647 (2011)
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Fig. 7 Crack propagation curves for higher strength steel S960QL obtained in ambient air; accord-
ing to Madia and Zerbst (see Zerbst et al. 2016b)

threshold will increase again in corrosion-prone materials when the loading gradient
becomes smaller. The result can be an experimental threshold larger than it would be
under inert conditions or under conditions which did not allow for the crack closure
phenomenon to develop.
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Such conditions are provided by compression pre-cracking tests. Figure 9 illus-
trates two possible schemes of this method when applied to long crack thresholds.
The acronym CPCA stands for “compression pre-cracking constant amplitude”, the
acronym CPLR for “compression pre-cracking load reduction”. Guidance on the
methods is, e.g., provided by Newman et al. (2005, 2010). That compression pre-
cracking may yield lower fatigue crack propagation thresholds than the load reduction
method of the common test standards is illustrated in Fig. 10.

Note that the intrinsic threshold AKy e is not affected by the testing pro-
cedure. It can be experimentally determined by compression pre-cracking, too,
but—easier—by a K,,x-method (where the R ratio increases during the test) such as
illustrated in Fig. 11 or by load reduction at high R ratio.
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Fig. 10 R ratio dependency
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1.4.3 Physically Short Crack Propagation and Propagation Threshold
AKy, (@) (Cyclic R-curve)

Whilst the intrinsic threshold AKy, e is @ material parameter, the crack closure or
extrinsic component of AK, AKy, op, depends on parameters such as the load ratio,
the roughness of the crack faces in the crack wake, the cyclic deformation behaviour
and the crack length. At the physically short crack stage AKy, op is zero at the begin-
ning but it gradually increases during crack propagation, see Sect. 1.1.3. This scenario
is schematically illustrated in Fig. 12a. At zero crack growth, Aa=0, the threshold
AKyp = AKihefi- Then it increases due to an enlarging AKy, o, component until the
long crack stage is reached and AKy, o, and AKy become crack size independent.
Note that the referring crack size as well as the overall threshold AKy, are influenced
by all crack closure mechanisms (Fig. 12b) because of which quantitatively differ-
ent pictures can emerge, e.g., under different environmental conditions. The crack
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Fig. 12 Cyclic R-curve. a Principle; b schematic build-up of the different crack closure mecha-
nisms; according to Maierhofer et al. (2018)

size dependency of AKy, is designated as “cyclic R-curve”, a term which was first
introduced by Tanaka and Akinawa (1988) in the context of crack propagation at
notches.

The experimental determination of the cyclic R-curve, as it was also performed
in the frame of IBESS, follows a methodology developed by the group of Pippan at
Leoben (e.g., Tabernig and Pippan 2002), for a detailed discussion see Zerbst et al.
(2016b) and Maierhofer et al. (2018). The method is illustrated in Fig. 13. Subsequent
to compression pre-cracking, AK is stepwise increased keeping constant the load
ratio R of interest. As long as AK < AKjy, efr, nothing happens. In the range AKy, ¢
<AK < AKyc the crack starts to propagate but after some extension it arrests
due to the gradual build-up of the crack closure effects which reduce AK.¢. When,
finally, the long crack threshold AKy ¢ is exceeded, no arrest occurs any longer.
The cyclic R-curve is obtained by connecting the arrest points (Aa, AK).

The experiments for cyclic R-curve determination are usually performed by a
single-specimen technique with the crack depth being monitored during the test by
the potential drop method. Note that, due to the very slow crack propagation (a test
may last for days or even weeks) temperature compensation is necessary. In order to
be certain to exclude time-dependent corrosion effects, Zerbst and Madia (2014b),
in addition, carried out multiple specimen tests which realized just one load step
per specimen. Thus, a number of specimens was needed for generating one cyclic
R-curve. The crack extension was measured post mortem at the fracture surfaces.
A comparison between both techniques is shown for one of the steels investigated
within IBESS, S355NL base metal, which did not show susceptibility to atmospheric
corrosion. As expected, both curves coincided in this case (Fig. 14).

An alternative method for determining the cyclic R-curve is provided by a mod-
ified El Haddad fit of the Kitagawa-Takahashi diagram (Zerbst and Madia 2014b).
With the fit parameter a, determined for a semi-circular crack in a tension loaded
plate, i.e., the geometry function Y =0.728 (Tanaka and Akinawa 2003),
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The additional term a* is necessary to fulfil the condition AKy(Aa=0) =
AKyp eff, 1.e. the minimum threshold is not zero but the intrinsic one (Vormwald
et al. 1992; Zerbst and Madia 2014b). The term can simply be determined by

a% — 1 (AK et/ AKth,LC)Z ®)

1-— (AKm,eff/ AKrlLLC)2

This way, the cyclic R-curve is estimated based on the long crack threshold and
the intrinsic threshold, AKy, ;¢ and AKy, ¢, and the fatigue stress range Ac.. Some
caution is required with respect to literature data for ag which, without being explicitly
stated, are frequently given for Y =1, see Sect. 2.3.2.6.

Whilst this is a simple task, a much bigger problem is caused by uncertainties
in the input parameters Ace and AKy,1c. In particular, the latter not only shows a
large scatter (Sect. 2.3.2.5.2) but also a systematic effect of the experimental method
applied to its determination (cf. Fig. 10 in Sect. 1.4.2).

Note that ag is dependent on the load ratio R.

1.5 Fatigue Life and Fracture Mechanics Triangle

1.5.1 The Fracture Mechanics Triangle

Figure 15 provides an illustration of typical weld defects as they occur in manual arc
(stick) welding of mild steels. This overview is provided from the viewpoint of failure
analysis. Note that some authors even count residual stresses as well as misalignment
among the welding defects. In contrast, a fracture mechanics analysis follows what
is called the fracture mechanics triangle. In general terms this consists of the three
“vertex points”—material, load and crack—which have to be separately treated from
a methodological point of view. This is, however, difficult in the context of fracture
mechanics application to fatigue life. The corresponding fracture mechanics triangle
with special emphasis on weldments is schematically outlined in Fig. 16. Note that
the elements (vertices), when applied to the early crack growth stages, are not strictly
independent but interplay, e.g., with respect to defects which can be interpreted as
constituent elements of the material or as crack-like defects.

1.5.2 Material

The material “vertex point” includes basic material characteristics such as the
microstructure but also flaws such as inclusions or even slag when embedded in the
material. However, in a fracture mechanics analysis these are not explicitly consid-
ered but implicitly in that they influence the phenomenological properties da/dN-AK
curve, fatigue crack propagation threshold AKy,, monotonic fracture resistance, etc.
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Fig. 15 Potential welding defects of manual arc (stick) welding of typical mild steels from the
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Fig. 16 Fracture mechanics triangle in the context of fracture mechanics-based fatigue strength
determination. As can be seen, some of the features could be assigned to different “vertex points”

1.5.3 Load

With respect to loading, an (analytical) fracture mechanics analysis distinguishes
between primary and secondary stresses, oP and o®. Primary stresses are caused
by applied mechanical loads, secondary stresses by internal strain mis-match. Note
that typical secondary stresses are welding residual stresses but, vice versa, welding
residual stresses can be both, primary or secondary. The decisive characteristics of a
secondary stress are that the forces and moments behind them self-equilibrate across
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Fig. 17 a Definition of the parameters of the weld toe geometry; b coordinate system applied to
the weldment

the section potentially containing the crack. The definition of primary and secondary
stresses used here is in line with BS 7910 (2013). A more detailed discussion of the
residual stress problem is provided in Sect. 1.9.4 and in Hensel et al. (2018).

The local stresses at the potential crack initiation sites (in the present case along
the weld toe) are not only determined by the applied net section stress but also by the
weld geometry, e.g. notches, which cause stress concentration. Essential parameters
of the weld toe geometry (Fig. 17) are

the weld toe radius p,

the flank angle o,

the weld reinforcement h,

— the weld width L, and
secondary notches of depth k.

Secondary notches can be undercuts, roughness grooves of the base plate adjacent
to the weld toe or edge points of welding ripples.

1.5.4 Crack

In the absence of large defects such as lack of penetration, flaws can be microcracks,
e.g., next to spatter points, where they are caused by thermal stresses during spatter
cooling, but also inclusion clusters or secondary notches such as undercuts. The two
latter items again illustrate what the authors had in mind when they noted that the
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separate treatment of the triangle “vertex points” can be a problem in the present
context. Note that inclusion clusters may also affect the material properties and
secondary notches can act as stress concentrators at the “load vertex” but also be part
of an initial crack when their notch tip radius is smaller than the depth of the crack
emanating from them, for a more detailed discussion see Sect. 2.3.1.5.

What further complicates the matter is that only such cracks which are not arrested
are initial cracks in a fatigue life analysis, see Sect. 1.3. This brings up the next point:
When is an initial flaw an initial crack in a fracture mechanics context?

1.6 Initial Crack Size for Fracture Mechanics Analysis

A problem on its own is the definition of the initial crack dimensions for fracture
mechanics analyses, for a detailed discussion of this topic see Zerbst et al. (2018c).
In the context of damage tolerant design the initial crack size is usually provided
by the detection limit of non-destructive testing. This is, however, not possible with
respect to the total lifetime of an S-N curve analysis where the initial crack size is
usually far below this detection limit.

At this place, a remark regarding the current practice is due. A widely applied
concept for specifying an initial crack size in the context of fatigue life and strength
is the “equivalent initial flaw size” (EIFS) approach, for a brief review see John-
son (2010). The initial crack size is recalculated from or adapted to S-N data. The
calculations are usually based on the linear elastic AK concept, i.e., the long crack
da/dN-AK curve and the propagation of just one crack is assumed. Crack closure
and residual stress effects, if at all, are considered in a very simplified manner. In
documents such as the ITW guidelines (Hobbacher 2016) the results of such analyses
are generalized to a fixed initial crack depth and geometry, e.g. a crack depth of
100 pm or more is suggested to be used for linear elastic fatigue crack propagation
analyses. For more detailed overviews of such fixed crack depths and aspect ratios
a/c see Radaj et al. (2006) and Schork et al. (2018). It is clear, that this initial crack
size is a model parameter rather than a physically meaningful quantity. It reaches its
limits when transferability problems (e.g., between different component geometries)
come into play.

To avoid these shortcomings, the IBESS approach follows a different philosophy
which will be explained in detail in Sect. 2.4.5. Here it shall only be mentioned that a
lower bound initial crack size is determined by a crack arrest analysis in conjunction
with the fatigue limit of the material. If material (or welding) defects larger than this
minimum value exist, these take over the role of the initial crack size, i.e., IBESS
uses a two-parameter concept for defining the parameter.
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1.7 Multiple Crack Propagation

When the fatigue limit was defined above as that stress above which just one crack
is capable to grow, it must be added now, that there are many applications (including
welds) where multiple crack propagation occurs at load levels higher than this. As a
rule, the number of propagating cracks increases with the stress level (Lecsec et al.
1995; Schork et al. 2018). An example which was obtained within the IBESS project
is shown in Fig. 18 where cracks along the weld toe are visualized by heat tinting
after 1/4—1/3 of the overall lifetime known from S-N testing.

The multiple crack propagation phenomenon (Fig. 19a) is influenced by the geo-
metrical irregularity of the weld toe and it has an effect on the crack aspect ratio
a/c during fatigue (Fig. 19¢). Note that the latter abruptly changes due to successive
coalescence events of individual cracks. There might, however, be exceptions from
that rule in the presence of very large initial defects which not only dominate crack
initiation but also subsequent propagation.

o}
« 160 ) L All cracks %
X Visualization i
by heat tintin of =

§120 Yy 9 {, N/N; = 0.23
o
©
o 80
S
2

40

0

50 100 150 200 250

Net section stress amplitude o, in MPa

Fig. 18 Experimentally determined number of cracks along the 50 mm weld toe of butt welds,
obtained at 1/4—1/3 of the overall lifetime; according to Schork et al. (2018), see also Zerbst et al.
(2016a)
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Fig. 19 Development of the crack shape during multiple crack propagation. a Different patterns of
a manual and an automatic weld; b definition of crack depth and length at surface; ¢ comparison of
these results with frequently used literature equations for a/c development which are usually based
on the assumption of one instead of multiple cracks; according to Otegui et al. (1991), for more
detailed discussion see also Schork et al. (2018)

1.8 The Need of Probabilistic Assessment

As mentioned above, multiple crack propagation of cracks originating along a weld
toe is a consequence of the non-uniform geometry of the latter along its length dimen-
sion. An example from the IBESS project is provided in Fig. 20. It is immediately
evident that any multiple crack propagation analysis must consider the statistical
variability of the input parameters. The principle, how this is realized within the
IBESS approach, is described in detail in Sect. 2.4.2.

1.9 Factors Affecting Monotonic Fracture and Fatigue Crack
Propagation of Welds

1.9.1 Brief Overview

Besides geometrical aspects (the exact local weld geometry is usually unknown),
weldments are characterized by at least three specific features:

(a) Pronounced inhomogeneity of the microstructure across the weld seam and the
adjacent base metal,

(b) Strength mis-match between the different zones of the weld (not always) as one
consequence of (a), and

(c) Welding residual stresses.
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Fig. 20 Variation of the
weld toe radius and the flank
angle along the toe of a butt
weld of steel S355NL; (a) ‘
according to Schork et al.
(2018)
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A detailed discussion of the consequences of these issues on fracture mechanics
material testing and component assessment (predominantly for monotonic loading)
is provided by Zerbst et al. (2014a).

1.9.2 Inhomogeneous Microstructure and Material Properties
1.9.2.1 Inhomogeneous Microstructure

The inhomogeneous microstructure is the consequence of different cooling rates
at different positions in and adjacent to the weld seam such that the various posi-
tions experience different paths in the temperature-time-transition (TTT) diagram. In
multi-pass welds, local re-heating occurs which additionally causes temper effects.
Particularly the heat affected zone (HAZ) adjacent to the molten area shows a wide
variety of quite different microstructures which correspond to different strength,
ductility and toughness properties. An example is provided in Fig. 21. where the
author identified as many as six different microstructures exclusively in the HAZ of
a multi-pass weld of low alloy carbon-manganese steel.

Two examples taken from IBESS are provided in Figs. 22 and 23, where the
microstructures of base metal and HAZ and the hardness distributions across the
welds of two steels of significantly different strengths are shown. Whilst the base
metals are characterized by ferritic-pearlitic (S355NL steel) and martensitic (S960QL
steel) microstructures, the HAZ microstructure of both materials was martensitic-
bainitic. In addition, there was a difference between the two cap passes which expe-
rienced different welding speeds (30 and 35 cm/min) in combination with different
energy inputs (1200 and 1000 J/mm).
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Fig. 21 Schematic representation of the heat affected zone (HAZ) microstructure of a carbon-
manganese steel weld; from left to right: single-pass, two-pass and three-pass weld; according to
Toyoda (1989)

Weld toe: Overview Detail (HAZ) Detail (base metal)

S355NL

S5960QL

Fig. 22 Metallographic views of the microstructures near the weld toes for welded joints made of
steels S355NL and S960QL which have been investigated in IBESS; according to Kucharczyk et al.
(2018)

It is important for fatigue considerations that the crack usually initiates at the weld
toe and then propagates into a different material zone where it spends most of the
total lifetime of the weld. In Fig. 24, also taken from IBESS, this material zone is
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Fig. 23 Hardness distributions across the butt welds made of 10 mm thick plates of steel S355NL
and S960QL which have been investigated in IBESS; according to Kucharczyk et al. (2018)
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the HAZ. Therefore, it is most essential to base the (short) fatigue crack propagation
analysis on the mechanical properties of the HAZ which are usually different to those
of the base metal. Note that, within the IBESS project, all HAZ material data have
been obtained on test specimens consisting of thermally simulated microstructure,
see also Sect. 2.3.2. The technique performed for this will not be discussed here in
detail, however, some guidance is provided by Kucharczyk et al. (2018).
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Fig. 25 Monotonic stress-strain curves of different microstructures and cap passes of steel S355NL,
cf. Fig. 23; according to Kucharczyk et al. (2018)

1.9.2.2 Monotonic and Cyclic Stress-Strain Data

The different microstructures are correlated with different strength and deforma-
tion properties. Figures 25, 26 and 27 show the corresponding monotonic and—in
the present context more important—(stabilized) cyclic stress-strain curves of the
two steels under consideration. Besides the base metal, the properties of different
zones across the HAZ have been characterized. For more detailed information see
Kucharczyk et al. (2018).

1.9.2.3 Monotonic Fracture Toughness

An important effect of the different microstructures on the monotonic fracture resis-
tance was that the base metal specimens of the two steels failed on the upper shelf
whereas the HAZ specimens failed in the ductile-to-brittle transition range of the
fracture toughness-temperature curve (for the definition of these terms see Fig. 28).
The results are shown in Figs. 29 and 30.

Two remarks are due with respect to Figs. 29b and 30b. The determination of
the cumulative probability function Pf(Ki) of the three-parameter Weibull distribu-
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Fig. 26 Monotonic stress-strain curves of different microstructures and cap passes of steel S960QL,
cf. Fig. 23; according to Kucharczyk et al. (2018)

tion was based on the ASTM E 1921 (2010) test standard although two different
definitions of P were used such as shown in the legends. Note that the application
of the guideline is restricted to ferritic steels with yield strengths ranging from 275
to 825 MPa and welds with strength mis-match smaller than 10% (for the defini-
tion of the latter, see Sect. 1.9.3). However, as mentioned above, the HAZ materials
showed martensitic-bainitic microstructures and, largely, higher yield strengths (see
Sect. 1.9.2.2). Therefore, the applicability had to be demonstrated on an empirical
basis; in other words: it had to be checked whether the provided equation would
reasonably fit the measuring points. This was very roughly the case in the present
examples although the lower tail was underestimated. A more detailed discussion on
fracture resistance determination of HAZ material is provided in Annex A.

1.9.3 Strength Mis-match

Strength mis-match is one of the consequences of the inhomogeneous microstructure
across the weld. The term means that the different zones of the weld show different
stress-strain curves such as illustrated in the example of Sect. 1.9.2. Note, however,
that the phenomenon usually is defined in a simplified, less detailed way in that only
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Fig. 27 Stabilized cyclic stress-strain curves of different microstructures and cap passes of steels
S355NL and S960QL, cf. Fig. 23; according to Kucharczyk et al. (2018)
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the yield strengths of the base and weld material, oyp and oyw, are considered by a
strength mis-match factor M. Its common definition is given by

M= Gyw/O'YB (9)

with oyw and oyp being the yield strengths of the weld and base metal. The range
M>1 is designated as over-matching (OM), M =1 as even-matching, and M<1 as
under-matching (UM). Usually, in order to shield the weld, moderate over-matching
in the range between M=1.15-1.3 is targeted but there are also cases of much
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Fig. 29 Fracture resistance of steel S355NL investigated within IBESS; a base metal: resistance
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Fig. 30 Fracture resistance of steel S960QL investigated within IBESS; a base metal: resistance
against stable crack initiation; b HAZ: ductile-to-brittle-transition fracture toughness; according to

Kucharczyk et al. (2018)

higher values and also those of undermatching. Rather large and small M values,
i.e. pronounced OM and UM, are typical for electron and laser beam welds. Two
examples are shown in Fig. 31 where the hardness distributions, which correlate with
the strength, are reproduced. Note that undermatching occurs in highly metastable
materials such as aluminium alloys or high-strength steels with a high yield-to-tensile
ratio.

What is the nature of the effect of strength mis-match on the mechanical behavior
of a component? Imagine a plate consisting of two materials with different strengths.
When tensile loaded, the less strong material will yield first and it will experience
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Fig. 31 Hardness profiles of (a) a laser beam welded aluminium alloy (weld softened) and (b) a
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Fig. 32 Pattern of plastic deformation at the crack tip when affected by strength mis-match;
schematic view; according to Annex P of BS 7910 (2013)

the higher strain. If the configuration contains a crack, strength mis-match will affect
the formation of the plastic zone ahead of the crack tip. Its pattern will individually
depend on the location of the crack with respect to the different material zones
(Fig. 32). E.g., a crack at the center of an overmatched weld will be shielded (such
as intended). If it is, however, located at the fusion line, the crack driving force
will be increased due to the strain concentration in the less strength material. The
consequence is a detrimental effect on the integrity of the structure. The situation
becomes even more complex when the transition between the two materials is at a
stress concentrator such as the weld toe.

Strength mis-match has clearly an effect on the fracture resistance of the material
and on the monotonic failure load of the weldment; guidance on this will be given
in Annexes B and C. However, since strength mis-match is a problem restricted to
elastic-plastic deformation, the question arises whether there will also be an effect on
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small-scale yielding-controlled high cycle fatigue. Note that there are two indications
that this should be the case:

(a) The plasticity-induced crack opening effect (see Sect. 1.2.2) is caused by the
plastic zone ahead of the crack which remains as stretched material zone in
the wake of the crack when this propagates. It is easy to imagine that strength
mis-match will affect the shape and dimension of this plastic zone.

(b) In notched geometries such as weldments, residual stress relaxation can occur
under monotonic as well as cyclic loading due to local plastic deformation driven
by the stress concentration at the notch root. In this case too, strength mis-match
might have an effect in that it affects the plasticity pattern at the notch root and
the fusion line, see also the discussion in Sect. 1.9.4.2.

Note that both mentioned effects are much too complex to be treated in a manage-
able way by an analytical approach. Nevertheless, they are mentioned here because
they might explain some empirical effects which will be briefly addressed below.

194 Welding Residual Stresses
1.9.4.1 Two Types of Welding Residual Stresses

With respect to the welding residual stresses it has principally to be distinguished
between the two types of (a) medium-range and (b) long-range residual stresses.
Note that the original definition (Green and Knowles 1992) contains short-range
residual stresses as a third type. Since these generally refer to rather deep through-
thickness cracks (see also Budden and Sharples 2003) they do not play much a
role in the present context. Therefore, the following discussion is limited to types
(a) and (b).

(a) Medium-Range Residual Stresses

These can also be designated by near-weld self-equilibrating stresses and correspond
to what was named secondary stresses in Sect. 1.5.3. They are formed by two mecha-
nisms: (i) locally varying shrinkage during the cooling process in and adjacent to the
weld and (ii) phase transformation (e.g., from fcc to bec lattice in ferritic or bainitic
steels) with accompanying volume extension due to the lower packing density. Hin-
dered shrinkage or extension reappears as residual stresses.

(b) Long-Range Residual Stresses

These are also designated as reaction stresses and they are primary stresses in terms of
the nomenclature of Sect. 1.5.3 Different to the medium-range stresses the forces and
moments are in equilibrium across the overall structure but not across the section
potentially carrying the crack. They are formed due to structural mis-match (e.g.,
when a structural member is fitted into an assembly) which induces restraint. Usually
reaction stresses are released when a weld detail specimen is cut from the structure.
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Fig. 33 Transverse residual stresses at the surface of butt welded plates with and without restraint;
Steel S355; according to Farajian (2013)

@ x-ray defraction @ Neutron defraction © Finite elements

0 T T T T Tk ’ | T
! ® ©
27k Weld geometry 2 : ° o ]
. . I (0]
04l MeaS}:lnng point : ) |
@ @
o]
08 f : o &
I [ o
1 | I ! [ 1
0

06 04 02 02 04 ol/g, 08 1

Fig. 34 Depth profile of residual stresses in a MAG-welded plate with longitudinal gusset made
of S355NL investigated within IBESS; according to Hensel et al. (2018)

Note, however, that there might also be some kind of “internal restraint” in a weld
detail specimen, e.g. in a longitudinal gusset. Reaction stresses are affected by a
wide range of factors such as the geometry of the members to be joined, the use of
jigs and other fabrication aids during welding, the pass sequence in multi-pass welds
and the overall welding sequence when the structure comprises more than one weld
(Leggatt 2008). An example of superimposed medium- and long-range stresses is
provided in Fig. 33, an example for a residual stress profile in the thickness direction
of a self-restrained structure in Fig. 34.
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1.9.4.2 Redistribution and Relaxation of Residual Stresses

Welding residual stresses can be reduced by post-weld heat treatment (PWHT) or
post-weld mechanical treatment. Peening methods modify the near-surface state of
weldments by introducing compressive residual stresses. In any case, the basic mech-
anism of residual stress manipulation is plastic deformation which occurs when the
applied stress (increased by the notch effect at the weld toe) locally reaches the yield
strength of the material, i.e., when

o > oy —o; (10)

with oy being the yield strength of the material and o, the residual stresses. In PWHT,
this effect is reached by lowering the yield strength oy, in monotonic loading by a
oP high enough to fulfil Eq. (10).

Cyclic loading (beyond the first loading cycle) will have an effect in cyclically
softening materials for which the yield strength is gradually lowered until the stress-
strain response is stabilized. Moreover, cyclic mean stress relaxation (which is more
pronounced in loading with high amplitudes) leads in long term to a local stress
strain path which approaches the path of a material element without residual stress.
An example of experimentally determined residual stress relaxation due to cyclic
loading is shown in Fig. 35, a numerical analysis on the topic was performed within
the IBESS project on cruciform joints of S355NL. Besides the effect of the stress
amplitude (as expected the effect increases with higher load amplitude) this analysis
revealed an R ratio effect. Parts of the results are shown in Fig. 36. At R=—1
the relaxation of both initial tensile and compressive residual stresses was observed
whilst at R=0 a gradual built-up of compressive stresses was stated and that also
for both initial states. In both the experimental as well as the numerical analysis,
transverse residual stresses at the weld toes of butt welds of S355 steel grade were
investigated. For a more detailed discussion see Hensel et al. (2018).

1.9.4.3 Treatment of Residual Stresses in Fracture Analysis

1.9.4.3.1 Determination of Residual Stress Profiles

The determination of (welding) residual stress profiles in components is anything but
simple, in particular as the long-range or reaction stresses will vary from structure
to structure. Usually this information has to be provided by finite element simulation
or experimental determination on the structure. Documents such as BS 7910 (2013)
provide reference profiles of residual stresses at the plate surface as well as in the
thickness direction. However, these are often not really helpful for a couple of reasons:

(a) The compendium distributions are upper bound curves to the data of literature
reviews. They are not only conservative but can even be misleading. Figures 37b pro-
vides surface distributions of transverse residual stresses (acting as mode-I stresses in
fracture mechanics) across the weld for steels with yield strengths between 300 and
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Fig. 35 Cyclic residual stress relaxation in the middle of the weld seam of a MAG butt-welded
plate made from S355NL; according to Nitschke-Pagel (1995)
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Fig. 36 Finite element simulation of the modification of as-welded residual stresses at the weld toe.
a Initially tensile; b initially compressive residual stresses under cyclic loading at remote applied
stress 0, = 100 MPa; according to Hensel et al. (2018); see also Tchoffo Ngoula et al. (2018a)

1000 MPa (Fig. 37a) (Farajian 2013). As can be seen, there is a significant difference
between the residual stresses at the centre of the weld and at the weld toe. As a rule,
high tensile residual stresses are found at the first position whereas relatively low
tensile or even compressive residual stresses are determined at the weld toe. This
pattern was also found in IBESS. Note that all distributions refer to medium-range
residual stresses, i.e., long range or reaction stresses were absent.

In Fig. 38 transverse residual stress depth profiles below the weld toe of S355NL
steel are shown. The two experimental profiles which have been obtained in IBESS
by combined x-ray and neutron diffraction and hole drilling and are supplemented
by finite element simulation using the software SYSWELD® refer to MAG and TIG
welding. For comparison, the corresponding compendium profile of BS 7910 (2013)
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Fig. 37 Transverse residual stresses at the surface of butt welded plates. a Monotonic stress-strain
curves of the materials investigated; b residual stress profiles at different positions including base
plate, weld and weld toe; according to Farajian (2013)
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is inserted. A big difference is seen. Note that for the fracture mechanics-based
assessment of the fatigue strength the stress profile beneath the surface up to a depth
of Y2 or one millimeter is crucial which means that the compendium profile can simply
not be used for the present task. The main cause of the difference is that Eq. (11),
as an upper bound, covers the conditions at the center of the weld seam whereas the
fatigue crack, in the present context, is initiated at the weld toe.

(b) Atleast part of the information collected in the compendia is taken from exam-
ples with rather undefined mixtures of medium- and long-range residual stresses, e.g.,
some profiles have been obtained on tubular joints (Bate et al. 1997). This might not
only differ from the applications for which the profiles are to be used, it also brings
up the question on whether they are primary or secondary. Note, however, that some
sensitization had happened with regard to this issue and that recent updates of com-
pendia (BS 7910, 2013; R6, 2014) try to avoid or at least to minimize the long-range
residual stresses.
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1.9.4.3.2 Residual Stress Classification

Provided the residual stresses are known, they have to be classified as primary or sec-
ondary in the next step. The general definition in fracture mechanics is that primary
stresses contribute to plastic collapse but secondary stresses do not. As the conse-
quence, they will be treated in different ways in elastic-plastic fracture mechanics
assessment.

However, the classification must be based on criteria independent of its use. Some-
times, as shown in Fig. 33, the decision is easy, but there are many cases where the
distinction is a sophisticated task or even impossible. In doubt, the classification as
primary will be conservative. The situation can also be described by a phenomenon
called “elastic follow-up” which characterizes the ability of a structure to increase
local strains by plastic (or creep) deformation while under constant load or displace-
ment (McClung et al. 1999).

The basic idea is illustrated by the three-bar model shown in Fig. 39. In order to
fit the middle bar into the frame it has to be stretched whereas the two outer bars
are compressed (Fig. 39a). Under elastic conditions (the outer bars act like springs
on the middle bar, Fig. 39b) the stresses in the bars depend on (i) the initial misfit
in the bar’s lengths, (ii) the stiffness of the bars and (iii) the relative stiffness of the
assembly. Now let us assume that the middle bar is not a single entity but contains
a weld-like reinforcement (Fig. 39c). At this position the stiffness is different from
the rest of the bar and there are stress concentrations at the transitions. Although
the residual stresses acting at the middle bar are (elastic) long-range stresses, they
can cause plastic deformation at the local notches above a certain stress level. If we
think about a real weld, the near-weld self-equilibrating stresses can be affected this
way. In other words: the long-range residual stresses will interfere with the medium-
range stresses due to the elastic follow-up phenomenon. Note that the effect will
not only depend on the magnitude of the reaction stresses and on the local geometry
but also on potential stress relief due to plastic deformation and crack extension at
the notches. These reflections provide us with an alternative definition of primary
and secondary (residual) stresses in that primary residual stresses exhibit significant
elastic follow-up whilst secondary residual stresses do not.

Based on this definition, residual stresses exhibiting significant elastic follow-up
will generally be classified as primary. This is usually the case when they arise from
long-range restraint effects. If they are caused by self-restraint of the welding detail
(such as with longitudinal gussets) the situation may be more difficult (Budden
amd Sharples 2003) but classification as primary is at least at the safe side. With
respect to short cracks which are particularly in the focus in the present context
since they largely contribute to the total lifetime of the structure, IBESS follows the
proposal of BS 7910 (2013) to classify residual stresses generally as primary when
their spatial extent is large compared with the defect size. Note, however, since the
effects of elastic follow-up are reduced in the case of widespread plasticity this is
not recommended for low cycle fatigue (LCF).

Note further that the concept of elastic follow-up is also related to the proximity
of the weld to a load- or displacement-controlled situation in that it is high for the
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Fig. 39 Three-bar model for explaining the elastic follow-up phenomenon

first and insignificant for the latter one (BS 7910, 2013). A load-controlled situation
is expected when the locality of the weld is far from the displacements whereas a
displacement-controlled situation refers to a locality close to the displacements.

1.9.4.3.3 The Interaction Factor V

If residual stresses are classified as primary, things are straightforward in that they
are treated like any other applied load. If they are classified as secondary, they
are only considered in stress intensity factor determination but do not influence the
ligament yielding parameter L;, see Annex C. For small scale yielding conditions
the total stress intensity factor for mode-I loading, Kj, can simply be determined by
superposing the Ky factors Kf and Kj for primary and secondary loading:

K = Kl +K; (12)

However, in the general case, plasticity and relaxation effects must be considered.
Although they do not contribute to plastic collapse, secondary stresses (such as the
primary ones) cause ligament yielding with the consequence that the resulting crack
driving force exceeds Kf + Kj in the contained yielding regime. On the other hand,
the total Ky is reduced to a value below Kf +K; for net section yielding due to residual
stress relaxation. Both effects are considered by a factor V multiplied to K} such that
K} becomes

K=K +V.K (13)

The dependency of V on the degree of ligament yielding, expressed by L, is
schematically illustrated in Fig. 40. Besides this, V depends on the magnitudes of
the primary and secondary stresses and on the crack size.

V factors have been obtained by finite element analyses and they are provided
in table format, e.g., in Sect. 2.6 of R6 (2014) or as parametric equations such as
in Annex R of BS 7910 (2013). No detailed discussion will be provided here on
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the common approach since this is part of the two documents mentioned above.
Considerable effort was spent during the last decade to reduce the conservatism in
fracture analyses with residual stresses. Two new items are

(a) the use of the same ligament yielding correction f (L;) function for the plasticity
correction of K} which is also applied to the primary stresses, and

(b) the incorporation of elastic follow-up by a factor Z which is usually obtained
by finite element analyses. Advice on this is given in the RS document (2014).

Note that the advanced procedures provide alternative, less conservative options
to the treatment of the residual stresses as primary even in the case of elastic follow-
up in that they are treated as secondary but in conjunction with an increased value
of V.

Note further, that the relevance of these improvements in the present context, i.e.,
for fatigue strength determination is rather limited since the total lifetime is much
more controlled by the short crack propagation stage than by the criteria for final
fracture.

1.9.4.4 Treatment of Residual Stresses in Fatigue Crack Propagation

The discussion within this section is restricted to analytical analyses based on weight
function or similar solutions for the stress intensity factor, see Sect. 2.2.3.2.5. The
advantage of this kind of solution is that it is based on the stresses in the uncracked
body and no stress redistribution due to crack propagation has to be taken into
account. Within the linear elastic AK concept and in the absence of crack closure
effects, the principle how to consider residual stresses is straightforward. Whilst the
stress intensity factor range AK itself is not affected by the residual stress-induced

stress intensity factor K;, the latter modifies the mean stress K

Fig. 40 The V correction -
. Stress relaxation

term as a function of the |l 1

ligament yielding parameter effects

L; (schematic)

Factor V

-

Plasticity effects due

to residual stresses ]
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= 1 1
K= E[(Kmax + Ko)+(Kpin + Kr)]ZE[Kmax + Kmin] + K¢ (14)

and the R ratio

Kmin + I<r
R= _min® (15)
Kmax + Kr

which is then understood as an effective rather than the nominal R ratio exclusively
based on the applied loading. The crack propagation analysis in the structure uses
the da/dN-AK curve obtained for this effective R ratio.

However, when crack closure comes into play, simple linear superposition is not
adequate any more and both, the R ratio and AK.g are affected by the residual
stresses. In this case an additional correction for crack closure has to be performed
asitis, e.g., done by Newman’s approach which is also part of the so-called NASGRO
curve (Newman 1984; NASGRO 2000), see Sect. 2.2.4.2.

Note that BS 7910 (2013) offers a simplified solution for weldments in that it
always assumes high tensile residual stresses which increase R, this way keeping
the crack open. Consequently the document offers reference da/dN-AK curves for
R > 0.5 for use in conjunction with weldments, see Sect. 2.3.2.5.3. However, there
might also be compressive residual stresses which lower the crack opening load,
see, e.g. Beghini et al. (1994) and Sect. 1.9.4.2. In such a case the fatigue crack
propagation analysis would be conservative, i.e. the crack growth rate would be
overestimated.

1.9.5 Specific Aspects Concerning the Testing of Welds
1.9.5.1 Microstructural Inhomogeneity and Fracture Resistance

Microstructural inhomogeneity causes a scatter in fracture resistance, in particular if
the failure follows a weakest link mechanism. This is, e.g., the case in the ductile-to-
brittle fracture regime of materials with bce or hexagonal crystal lattice, see Figs. 29
and 30. A limited number of microstructural flaws is stochastically spread over the
uncracked ligament ahead of the crack. Note that most of the flaws which would have
triggered failure at the lower shelf are “defused”, i.e. the micro-notches are rounded
off due to the higher ductility of the material. A limited number of defects, however,
remains critical. When the structure is loaded, a stress peak forms at the ligament at a
distance 1.6-2.4 times the crack tip displacement (depending on the strain hardening
capacity of the material, Chen and Cao 2015) which is shifted into the ligament with
further load increase and crack extension. Failure is triggered when the stress peak
is shifted to the position of the one flaw the position of which is closest to the crack
front.

Due to the stochastic distribution of the flaws across the ligament the position of
this flaw differs from specimen to specimen. Thus, the amount the stress peak has to
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Fig. 41 a Probability that at least one low toughness value is obtained in a test set as a function of
the total length of the coarse-grained heat affected zone (CGHAZ) cut by the crack front and the
number of specimens tested; b required number of fracture toughness tests versus the total length
of the coarse-grained heat affected zone cut by the crack front; according to Toyoda (1989)

be shifted into the ligament up to fracture is also different and so is the energy to be
spent. This way, a significant scatter band of the fracture resistance is obtained. Note
that the probability of a flaw close to the crack front increases with the crack front
length such that the scatter band is “squeezed” towards its lower bound (statistical
geometry effect on monotonic fracture resistance).

In welds, local brittle zones, usually of coarse grain HAZ microstructure, may
act as microstructural flaws. As a consequence, the width of the scatter band reduces
and the probability to determine a lower bound fracture resistance value increases
with the proportion of the crack front located in brittle microstructure areas. This is
the background of requirements of test standards such as BS 7448, Part 2 (1997) and
ISO 15653 (2010) for pre- and post-test metallography for generating and validating
a sufficiently large percentage of brittle zone material sampled by the crack front and
of a sufficiently large number of tests.

Note that from the viewpoint of weakest link statistics an insufficient volume
of HAZ microstructure in one specimen can be compensated by testing a larger
number of specimens. The principle is illustrated in Fig. 41 (Toyoda 1989). Figure 41a
provides the probability that, in a test set, at least one low toughness value is obtained
as a function of both the total length of the coarse grain heat affected zone sampled
by the crack front and the number of specimens tested. This information is further
condensed in Fig. 41b where both parameters are plotted against each other.

In that context, the 2005 version of BS 7910 required a minimum of 12 valid test
results to characterize HAZ toughness distributions in structural steels with yield
strengths up to 450 MPa, whilst the 2013 update speaks about “a larger number
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Fig. 42 Pop-in events in the load-displacement record. a Types according to Dawes et al. (1989);
b example: Laser beam weld of a titanium alloy; according to Dos Santos et al. (2000)

of test results ... the number” of which being “dependent on the type of statistical
analysis”. In the upper shelf, three specimens are regarded as sufficient.

In principle, HAZ fracture resistance data can be determined in two different
ways:

(a) By testing weldment specimens prepared such that the front of the pre-crack
is located within the desired weld region and post test evaluation to test the
efficiency of this preparation. The methodology is described in test standards
BS 7448, Part 2 (1997) and ISO 15653 (2010), see also Zerbst et al. (2014a).

(b) By testing specimens consisting of thermally simulated microstructure.

When the HAZ microstructure is satisfactorily reproduced, option (b) offers vari-
ous advantages, i.e., a possible reduction of the number of specimens and the avoid-
ance of crack path deviation away from the brittle zones, e.g., in strength mis-matched
configurations.

A last point to be mentioned here is the susceptibility of many welds to pop-in
behaviour (Dawes et al. 1989). A pop-in is a discontinuity in the load-displacement
record in a fracture mechanics test such that the displacement temporarily increases
and/or the load decreases (Fig. 42). In weldments this phenomenon is usually caused
by crack initiation at local brittle zones followed by crack arrest in the surrounding
more ductile material but there might be other reasons as well, e.g., the formation
of splits or delaminations perpendicular to the fatigue crack plane, coalescence
between multiple cracks or cracks with other flaws (slag inclusions, pores), etc. The
treatment of pop-ins in monotonic fracture testing is also briefly addressed by Zerbst
et al. (2014a). Note that pop-in events may also occur in fatigue crack propagation
where they increase the slope n of the da/dN-AK curve. They are quite typical in
Region 3 of the diagram, see Sect. 1.4.1, Fig. 5.
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1.9.5.2 Strength Mis-match

Documents such as EFAM GTP (Schwalbe et al. 2002) and ISO 15653 (2010) provide
limits of the mis-match ratio M within which strength mis-match effects do not
have to be considered. Usually the accepted error in the J-integral is in the order of
10%. Beyond these limits, the EFAM GTP document (Schwalbe et al. 2002) offers
an option for mis-match correction of over- and undermatched SE(B) and M(T)
specimens in which the common J calibration function 1, in

K? 9]

P
E " "BW_a

(16)
is replaced by a mis-match corrected one, see Annex B. Figure 43 provides an
example of a crack resistance curve (J — Aa) corrected this way.

Strength mis-match has also an effect on the stress triaxiality, which controls the
constraint in the ligament of a cracked specimen (Schwalbe et al. 1997). An example
is provided in Fig. 44. Note that a higher constraint not only reduces the crack resis-
tance but may also affect the fracture mechanism. As the result, the failure regime of
materials with transition behaviour may change from the upper shelf to the ductile-to-
brittle transition regime, cf. Sect. 1.9.2.3. Another effect is crack path deviation such
that the crack tip during crack extension samples quite different material conditions.

1.9.5.3 Welding Residual Stresses

Welding residual stresses are treated on the crack driving force side in a fracture
mechanics analysis which means that they should be avoided on the material test
side. This makes sense since specimen preparation from a larger configuration already
causes some residual stress relief. Nevertheless, in addition, some special specimen
preparation is required by the test standards (BS 7448, Part 2, 1997; Schwalbe et al.
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Fig. 44 Effect of strength mis-match on stress triaxiality at the crack tips of a center crack in a
welded plate, example according to Schwalbe et al. (1997)

2002, [EFAM GTP]; ISO 15653, 2010) not only to remove (or at least homogenize)
the remaining residual stresses but also to provide baseline conditions for valid tests,
e.g., a largely straight crack front. The options for this are summarized in Fig. 45,
for a discussion see Zerbst et al. (2014a).

Note that these measures, in principle, allow the determination of monotonic crack
resistance but they fail with respect to fatigue crack propagation because potential
crack path deviation makes it almost impossible to provide the material characteristic
of a specific material zone such as the HAZ. In many cases, the only alternative is

to use specimens with thermally simulated microstructures such as briefly addressed
above.

2 The IBESS Approach
2.1 Basic Philosophy

Comparable to existing procedures, e.g. R6 (2014), BS 7910 (2013) or SINTAP
(1999), see also Webster and Bannister (2000) and Zerbst et al. (2007) the IBESS draft
document is organized along various analyses levels which differ in the quality of the
input data, the complexity of the analysis and the conservatism of the results. Note
that the structure of the procedure presented here is tentative and that comprehensive
validation is still lacking. In its current state it will undoubtedly need improvement.
In some cases, significant effort must be driven at the higher analysis levels which
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is difficult to achieve under normal conditions. For the latter, simplified estimation
methods at a lower analysis level are provided. The following sections will mainly
describe what the authors call the IBESS basic procedure whilst proposals for lower
analysis levels will be added by inserted subsections, e.g., 2.3.1.7,2.3.2.2b, 2.3.2.3b,
23.2.4.3,2.3.25.3,2.4.7 and 2.7 4.

2.2 Cyclic Elastic-Plastic Crack Driving Force

2.2.1 Monotonic J-Integral—Basic Definition

As mentioned in Sect. 1.1.3, the crack driving force of mechanically short cracks
cannot be based on linear elastic fracture mechanics, i.e., the AK parameter common
for long fatigue crack propagation has to be replaced by an elastic-plastic counter-
part. In IBESS, this is the cyclic J-integral which is determined by finite elements
and, preferentially, by analytical equations. Within this section, some background
information on AJ will be provided.

Excessive crack front
curvature (example)

(d) |

R=0.1(Aa=1mm)
—pR=07
o
1]
Q
.|
0
Time

Fig. 45 Methods proposed for reducing and redistributing residual stresses in test specimens prior
to and during pre-cracking; a example for excessive crack front curvature due to welding residual
stresses (Figure according to Kogak et al. 1990); b local compression method; ¢ reverse bending
method; d stepwide high R ratio method; for details see Zerbst et al. (2014a)
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The basic definition of the (monotonic) J-integral is given by

Bui
J:[(Wdy—Ti—dS) (17
0x
r

Rice (1968). In Eq. (17), W is the strain energy density
&jj
W= /Gijdgij, (18)
0

T; are the components of the traction vector normal to the contour I', u; are the
components of the displacement vector, ds marks an infinitesimal arc length along
I' surrounding the crack tip in the counter-clockwise direction from the lower to
the upper crack face and oj; and ¢;; are the stress and strain tensor components
(Fig. 46a). The parameter is contour-independent, i.e., identical values are obtained
by integrating along different contours (in the Fig. I}, I'; and I'; as examples) as
long as these do not pass through the process zone immediately at the crack tip or
touch the outer edge of the body.

Note that J is defined for nonlinear elastic deformation behavior (Fig. 46¢). Its
determination requires a unique stress-strain relation which obviously is not given
for elastic-plastic deformation behavior (Fig. 46b) where the unloading path is dif-
ferent compared to the loading path. Because of this, J is defined for monotonically
increasing loading only where the non-linear elastic and the elastic-plastic curve
branches are identical. Unloading as it, e.g., occurs in the crack wake of a propagat-
ing crack is not permissible. When the J-integral, nevertheless, is used in monotonic
R-curve testing, stable crack extension is restricted to small amounts to ensure that
the unloading is confined to a small region at the crack tip.
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2.2.2 Cyclic J-Integral AJ
2.2.2.1 Numerical Determination

The cyclic J-integral follows the definition of the monotonic J-integral, however,
includes some specific requirements:

d(Au;
Al = / <AWdy—ATi ( ul)ds) (19)
AX
r
with
ASij
AW:/AO'ijd(Aéij) (20)
0

Lamba (1975), Dowling and Begley (1976). The A symbol preceding the stress
and strain tensors as well as the traction and displacement vector components des-
ignates the changes of these quantities

Acjj = o™ — oirj‘-“i“, (21)

Agjj = ™ — e, (22)

AT} = T — Tmin (23)
and

Auj = u™ — gin, (24)

however, in AJ and AW it does not represent changes of J and W; instead AJ and
AW are functions of their arguments as defined by Egs. (19) and (20). In other words:
Different to the K-factor range there is no J-integral range such that AJ # Jx —
Jmin. Instead the term cyclic J-integral is common.

Note that for linear elastic deformation behavior things are easier in that an elastic
AJ, AJ., can simply be correlated to AK by

AJ. = (AK)*/E/ (25)

with E’ being E for plane stress and E / (1 — \)2) for plane strain conditions.

The AJ parameter defined in the proper way has successfully been applied as a
parameter for the cyclic crack driving force. Nevertheless, it has also been faced with
objections. The most serious one referred to the exclusion of crack growth in the basic
definition of the J-integral (Eq. 17). How can AJ, as an extension of this parameter,
be used for fatigue crack propagation where the loading path shows a hysteresis loop
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Fig. 47 Stress-strain hysteresis and the determination of AJ in the presence of the crack closure
phenomenon, schematic

(Fig. 47) which means that the requirement for one unique stress-strain relation is
definitely violated?

The argument is certainly correct, however, the problem is avoided if only the
ascending (or the descending) branch of the stress-strain hysteresis with the reversal
points as the reference states is used for the determination of AJ, for a more detailed
discussion see Tchoffo Ngoula et al. (2018a, b). Both options are equally legitimate
and yield identical results as long as the hysteresis loop exhibits symmetric behavior
in tension and compression.

A second objection refers to crack closure. Note that the path-independency of J
is violated when there are stresses at the crack faces which is the case when these are
in contact. Note further that material points at various locations near the crack tip and
in the far field correspond to different positions at the ascending hysteresis branch
at the moment of crack opening (Vormwald and Seeger 1991). Because of this, the
treatment of the crack closure phenomenon in AJ is not practicable when based on
the lower reversal point, but the upper reversal point offers a possibility when, instead
of the ascending, the descending branch down to crack closure is used (Vormwald
and Seeger 1991; Vormwald 2014), see also Tchoffo Ngoula et al. (2018a, b).

Finally, it has to be mentioned that the path independency of AJ is not given any
more if a material is not completely cyclically stabilized because no single equation
describes the stress-strain behavior in the transient regime of cyclic hardening or
softening. For similar reasons, path-independency should not be expected in the
presence of temperature gradients (Saxena 1998).
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2.2.2.2 Analytical Determination

With respect to approaches for the analytical determination of AJ an overview has
been provided by Zerbst and Madia (2018a). Its determination in IBESS follows a
similar philosophy as outlined above in that the A symbols do not wrongly designate
a change in J but refer to changes in the arguments which are the K-factor and the
applied stress o,y in that case.

2
A = % -[f(ALp)]? (26)
Zerbst et al. (2012b), Madia et al. (2017b). This expression is based on the ref-
erence stress approach of Ainsworth (1984). Note, however, that deviating from
the latter, the parameter Aoy, is given as the applied cyclic stress (referring to the
gross cross-section) and o is the reference yield stress which has been introduced
to improve the accuracy of the estimate (Madia et al. 2014), see Sect. 2.2.3.2.6. With
respect to basic aspects of this parameter see also Zerbst et al. (2012a). The function
f (AL;) is a cyclic plasticity correction function based on a cyclic ligament yielding
parameter AL, defined as

_ Aoy

AL, 27)

a 2- (o)

The f (AL,) function is taken from its monotonic counterpart in R6 (2014), BS
7910 (2013) and SINTAP (cf. Zerbst et al. 2007). Within IBESS, the highest analytical
analysis option is applied:

E-A 1 AL2 2
* Okl | v } (28)

f(ALr) |: AGref 2E- AErf:f/ AO—ref
The stresses Oy, respective Acyer, and strains €, respective Agg, refer to the
stabilized cyclic stress-strain curve, see Sect. 2.3.2.3.
The factor 2 in the denominator of Eq. (27) is formulated for materials showing
a symmetric hysteresis in tension and compression. Note that the AJ determined by
Eq. (26) is formally transferred into a “plasticity-corrected” AK, designated by AK,

AK, = VAJ - E (29)

for its use in fatigue crack propagation analyses. Figure 48 shows an example for the
comparison of numerically and analytically determined AJ values, for more detailed
information see Tchoffo Ngoula et al. (2018b) and Madia et al. (2017b).
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Fig. 48 Comparison between analytical and finite element based AK,, = +/AJ - E’ for a cruciform
joint of steel S355NL investigated within IBESS

2.2.3 IBESS Basic Procedure for AJ and AK,, Determination
2.2.3.1. General Scheme

A scheme for the determination of AJ and AK,, within the IBESS basic procedure
is provided in Fig. 49. It comprises different steps which will be outlined in the
following. Note that Steps 2—3 can be replaced by two-dimensional finite element
calculations at an advanced analysis level. An example is provided in Fig. 50. Like-
wise, the K-factor (Step 5) can be obtained numerically. At the highest analysis level,
AlJ is determined by finite elements based on Eq. (19)ff. Guidance on this is given
by Tchoffo Ngoula et al. (2018Db).

2.2.3.2 Analysis Steps

2.2.3.2.1 Selection of the Geometric Parameters of the Weld Toe

These parameters comprise the weld toe radius p, the flank angle «, the weld rein-
forcement h, and the secondary notch depth k, see Fig. 17 in Sect. 1.5.3. No guidance
will be given at this point on the determination of these parameters, see, however,
Sect. 2.3.1. Note that the parameters will be provided as statistical distributions for
the IBESS basic procedure and as lower bounds, e.g., based on an extended weld
quality catalogue at a lower analysis level, see Sect. 2.3.1.7.
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Step 1

Choose weld toe geometry (T, h, a, p k)
for the section under consideration

Stochastic
process

Step 2 D

Determine elastic stress concentration
factor SCF (Eqn. 30)

Step 3 O

Determine elastic stress-depth profile
a,(z) (Eqs. 31 - 34)

Step 4 D not in any case

Convert to polynomial (Eqgn. 35),
determine o, coefficients
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functions for K

J

Step 5

When combined with
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S

% %////'//Z/y o

.

¢

Ce

49
Step 6
Determine reference stress o,
(Egs. 74 - 79)
Step 7 O
Determine ALr (Eqgn. 27)
For the applied load Acapp

Step 8

under consideration

4

Determine f(ALr) (Eqn. 28)

Step 9

J

Determine AJ (Eqn. 26)

Step 10

4

Determine AKp (Egn. 29)

Fig. 49 Working steps for the analytical determination of AJ and AK,, in IBESS

a=10° p=0.1 mm
a=10° p=0.5 mm
a=10° p=1.0 mm
a=30%p=0.1mm
a=30° p=0.5mm
a=30°p=1.0 mm
a=45° p=0.1mm
o =45% p=0.5mm
a=45°p=1.0mm

0.

2
zin mm

0.5

Fig. 50 Examples of finite element based through-thickness stress profiles (normalized) for some

of the weldments investigated in IBESS
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m IPararrleters considered
z ‘\. Tension and bending loading
/ Weld toe radius 0.01<p/T <0.4 mm
y l Plate thickness T= 10 mm
X Weld toe angle 10°<a <60°
Weld width L = 14.6 mm
Excess weld metal h/T = 0.075; 0.25

Single-V butt weld Single-V butt weld

Fig. 51 Application range of the IBESS stress concentration factor (SCF) through-wall stress
profile solutions (Egs. 30 and 31ff)

2.2.3.2.2 Determination of the Elastic Stress Concentration Factor

This is needed for the analytical determination of the through thickness stress profiles
in Step 3. Various parametric equations exist in the literature but a new variant was
developed within IBESS which covers a wider range of geometry, particularly with
respect to the weld toe radius p and the flank angle a (Kiyak et al. 2016). The
application range is given in Fig. 51.

The IBESS solution is provided by Eq. (30) which is a modification of the solution
of Brennan et al. (2000):

h Py —0.295-a -p
SCF:1+p1-(T> ~0LP3~e_P4'°‘~(%) .(0.021+%) TG0

with the coefficients p;—ps being given in Table 1. The angle o is used in radians.
For a weld reinforcement h considerably higher than 2.5 mm (e.g., T or cruciform
joints) a maximum value of h=2.8 mm is chosen. This is assumed to give a rather
conservative value of the SCF.
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Table 1 Coefficients of Eq. (30)

Configuration P1 p2 p3 P4 p5

Double-V, tension 1.9220 0.3224 1.1257 1.5481 0.4002
Double-V, bending | 1.1399 0.2062 1.0670 1.6775 0.4711
Single-V, tension 1.3905 0.2081 1.0756 1.7483 0.4413
Single-V, bending 1.5326 0.2857 1.1036 1.5436 0.4287

2.2.3.2.3 Determination of the Through-Thickness Stress Profile

As with respect to the stress concentration factor of Step 2, parametric equations
for the stress-depth profile have been obtained in IBESS (Kiyak et al. 2016) as an
extension of an earlier equation of Monahan (1995). The application range is the
same as in Fig. 51. The stress refers to the first principal stress o; which acts as
mode-I stress in the present configurations.

—1/2 -3/2
S(ZZ\FF;H ) [(% i %) + %(% + %) } . GL[ for tension
o1(z) =
SCF.o z I\ 1z 1\ 1 z .
S [(5 + i) + 5(5 + 5) G (1 — 2T> for bending
(€1))
with
| it 2/ = (2/0),
Gy = e-ET ; (32)
q,-e =l .
qwmlf z/ 0> (z/0),
z z P
Tr==—(-) - =, 33
=2 (p) £ 33)
and
p Qg0 ) h due h-a
E/=qs5- (T> ‘ + 1,509 — 0 - <f) —qi2- T (34)

The coefficients q;—q;, are given in Table 2.

Note that the same equations are used for single-V butt welds and T joints on
the one hand and for double-V butt welds and cruciform joints on the other hand.
Justification for this is provided in Fig. 52. A major advantage of using parametric
equations for through-wall stress profiles is that this, compared to finite element
analyses, provides a convenient and numerically efficient option for the probabilistic
assessment when the weld toe geometry varies along its length dimension.
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Table 2 Coefficients of Egs. (31-34)

Weld geometry Double-V Single and double-V | Single-V
Loading (¢£) Tension (m) Bending (b) Tension (m)
(x/p)o 0.10 0.12 0.12
qi 0.081 0.080 0.060
Q2 0.919 0.920 0.940
Q3 3.0 25 25

qQ4 0.8 0.8 0.8

qs 0.6199 1.8240 1.7872
ds —0.2210 —0.1340 —0.1105
q7 —0.1541 —0.1805 —0.2309
qs —0.1939 —0.2011 —0.1441
Qo —0.2346 —0.3214 —0.4331
qi0 1.7375 3.1312 2.7871
qi1 0.1502 0.0567 0.0800
qi2 0.0081 0.0052 0.0016

Dimensionless first principal stress

1 2 3 4
Depth below weld toe in mm

Fig. 52 Finite element based stress-depth profiles for symmetric (double V butt and cruciform)
and asymmetric (V but and T joint) welds; according to Brefler (2014)
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2.2.3.2.4 Approximation of the Through-Thickness Stress Profile

For some of the K-factor solutions introduced in the next step the through-thickness
stress profiles of Step 4 have to be provided in polynomial format:

o)=Y 0 (2) movtor- (L) va () 4o (2) G9)

i=0

with o; =0y, 01, ..., 0, are the polynomial coefficients. Note that the quality of the
polynomial approximation should always be tested, e.g., by eye.

2.2.3.2.5 Determination of Stress Intensity Factors Ky and K¢

Stress intensity factors must be separately determined for the center (A) and the
surface points (C) of the semi-elliptical surface cracks in order to enable the individual
determination of the depth and length growth of the crack and the crack aspect ratio
a/c. Various analytical approaches can be applied to K determination:

(a) The most common approach corrects the K solution for a flat tension plate by
a magnification factor My for the weld. This principle was first introduced by
Maddox (1975) and is also part of Annex M of BS 7910 (2013), for an overview
on existing solutions see Madia et al. (2017b, 2018). Although the use of these
K solutions is possible within the frame of IBESS, it is not recommended as
the first option. As with the stress concentration factors and through-thickness
stress profile solutions (Steps 2 and 3), the application ranges of the My factor
based stress intensity factor solutions are rather limited particularly with respect
to small flank angles and weld toe radii.

(b) K-factors of weldments can also be obtained by the influence coefficient method
in which the non-linear stress distribution is reduced to basic load cases, usu-
ally constant, linear, quadratic and cubic distributions. For each of these, stress
intensity factors are determined by finite element calculations for a finite plate
with semi-elliptical surface crack. Two solutions of that type (Fett et al. 1990;
Shiratori et al. 1987) have been implemented within IBESS, see Madia et al.
(2018).

The K-factor is then determined for a substitute geometry (Fig. 53) but in combi-
nation with the stress profile acting in the real structure which is provided in terms
of Eq. (35).

- a\i a a\?2 a\n
KI = «/ﬁ gﬁiFi . <T> = \/ﬁ |:00F0 +01F1 (T) +02F2<T> + - +GHFH<T> :| (36)

The influence functions F; for the deepest and the surface points (A and C) of
the semi-elliptical surface crack according to the solution of Fett et al. (1990) are
provided in Tables 3 and 4. Their validity range is 0 <a/T < 0.8 and 0 < a/c < 1.
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Fig. 53 Geometrical configuration used for the determination of stress intensity factors of semi-
elliptical surface cracks for arbitrary stress distributions in the thickness direction

In addition, the crack dimensions should be small compared to the cross section in
terms of the plate width.

Note that the component to be assessed and the substitute geometry should not
be too different with respect to their stiffness. If the component is stiffer than the
substitute geometry, the K-factor of the latter will be conservative. i.e., it will be
over-estimated. As the consequence, tubular welds should make use of a cylindrical
substitute geometry rather than of a plate as long as their wall thickness-to-diameter
ratio is rather small.

An advantage of the influence functions as well as of the weight functions dis-
cussed below compared to the solutions based on the magnification factor My is
that they are generally two-dimensional (2D) whereas some of the latter are three-
dimensional (3D). This statement requires an explanation. The 2D solutions have a
much wider application range since they refer to a substitute geometry which is a
flat rectangular plate in most cases. In contrast, the My solutions have to be obtained
for specific weldment geometries and they are only applicable for the range of geo-
metrical parameters for which finite element solutions have been performed. This is
restricted for reasons of effort particularly in the 3D case. One limitation has been
mentioned above, namely that no solutions are available for small flank angles.
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Table 3 Geometry functions F; of Eq. (36) for the deepest point (A) of the semi-elliptical surface

crack

n alc a/T=0 a/T=0.2 a/T=04 a/T=0.6 a/T=0.8
0 0.0 1.1225 1.3801 2.1061 4.0246 11.918
0 0.2 1.0532 1.1061 1.3051 1.5716 1.7011
0 0.4 0.9385 0.9570 1.0460 1.1460 1.1900
0 0.6 0.8330 0.8410 0.8845 0.9300 0.9600
0 0.8 0.7410 0.7460 0.7710 0.8000 0.8200
0 1.0 0.6590 0.6630 0.6780 0.6920 0.6970
1 0.0 0.6817 0.7837 1.0592 1.7504 4.4367
1 0.2 0.6063 0.6397 0.7244 0.8148 0.8796
1 0.4 0.5796 0.5945 0.6310 0.6680 0.6978
1 0.6 0.5487 0.5539 0.5680 0.5868 0.6050
1 0.8 0.5100 0.5120 0.5190 0.5310 0.5480
1 1.0 0.4705 0.4730 0.4794 0.4864 0.4965
2 0.0 0.5240 0.5820 0.7347 1.1046 2.4838
2 0.2 0.4434 0.4674 0.5245 0.5711 0.6140
2 0.4 0.4337 0.4459 0.4764 0.4954 0.5214
2 0.6 0.4254 0.4301 0.4419 0.4543 0.4755
2 0.8 0.4110 0.4125 0.4160 0.4220 0.4360
2 1.0 0.3874 0.3877 0.3896 0.3960 0.4048
3 0.0 0.4395 0.4781 0.5779 0.8137 1.6651
3 0.2 0.3570 0.3741 0.4198 0.4483 0.4807
3 0.4 0.3525 0.3633 0.3886 0.4068 0.4276
3 0.6 0.3510 0.3588 0.3707 0.3805 0.3994
3 0.8 0.3460 0.3520 0.3555 0.3620 0.3750
3 1.0 0.3365 0.3370 0.3385 0.3419 0.3487
4 0.0 0.3855 0.4135 0.4850 0.6510 1.2352
4 0.2 0.3020 0.3142 0.3480 0.3770 0.3990
4 0.4 0.3015 0.3104 0.3323 0.3500 0.3672
4 0.6 0.3005 0.3090 0.3200 0.3313 0.3461
4 0.8 0.2997 0.3060 0.3090 0.3165 0.3260
4 1.0 0.2990 0.2994 0.3000 0.3037 0.3088
5 0.0 0.3473 0.3688 0.4233 0.5477 0.9772
5 0.2 0.2685 0.2770 0.3040 0.3270 0.3430
5 0.4 0.2675 0.2733 0.2917 0.3093 0.3239
5 0.6 0.2665 0.2710 0.2850 0.2951 0.3101
5 0.8 0.2662 0.2700 0.2782 0.2840 0.2950
5 1.0 0.2660 0.2690 0.2710 0.2735 0.2777
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Table 4 Geometry functions F; of Eq. (36) for the surface points (C) of the semi-elliptical surface
crack

n a/c a/T=0 a/T=0.2 a/T=0.4 a/T=0.6 a/T=0.8
0 0.0 0.0000 0.0000 0.0000 0.0000 0.0000
0 0.2 0.5159 0.5540 0.6549 0.8396 1.1433
0 0.4 0.6727 0.7039 0.7917 0.9212 1.1472
0 0.6 0.7232 0.7474 0.8031 0.9339 1.0702
0 0.8 0.7300 0.7490 0.7951 0.9010 0.9950
0 1.0 0.7156 0.7289 0.7767 0.8391 0.9174
1 0.0 0.0000 0.0000 0.0000 0.0000 0.0000
1 0.2 0.0685 0.0762 0.0990 0.1571 0.2427
1 0.4 0.1043 0.1138 0.1391 0.1825 0.2442
1 0.6 0.1175 0.1246 0.1449 0.1802 0.2178
1 0.8 0.1240 0.1260 0.1440 0.1670 0.1930
1 1.0 0.1178 0.1229 0.1331 0.1483 0.1668
2 0.0 0.0000 0.0000 0.0000 0.0000 0.0000
2 0.2 0.0171 0.0219 0.0390 0.0628 0.0990
2 04 0.0322 0.0382 0.0530 0.0739 0.0973
2 0.6 0.0392 0.0439 0.0564 0.0721 0.0870
2 0.8 0.0410 0.0455 0.0542 0.0655 0.0763
2 1.0 0.0414 0.0446 0.0503 0.0579 0.0662
3 0.0 0.0000 0.0000 0.0000 0.0000 0.0000
3 0.2 0.0086 0.0114 0.0190 0.0324 0.0552
3 0.4 0.0152 0.0183 0.0265 0.0382 0.0521
3 0.6 0.0192 0.0219 0.0290 0.0372 0.0470
3 0.8 0.0210 0.0230 0.0282 0.0332 0.0416
3 1.0 0.0216 0.0229 0.0255 0.0293 0.0350
4 0.0 0.0000 0.0000 0.0000 0.0000 0.0000
4 0.2 0.0053 0.0074 0.0121 0.0201 0.0343
4 0.4 0.0088 0.0107 0.0159 0.0241 0.0315
4 0.6 0.0114 0.0135 0.0176 0.0230 0.0286
4 0.8 0.0130 0.0138 0.0173 0.0205 0.0255
4 1.0 0.0136 0.0143 0.0154 0.0178 0.0223
5 0.0 0.0000 0.0000 0.0000 0.0000 0.0000
5 0.2 0.0038 0.0051 0.0078 0.0133 0.0226
5 0.4 0.0058 0.0071 0.0109 0.0168 0.0209
5 0.6 0.0078 0.0095 0.0120 0.0157 0.0197
5 0.8 0.0095 0.0100 0.0120 0.0145 0.0172
5 1.0 0.0096 0.0101 0.0106 0.0119 0.0153
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There is, however, also a weakness of the solutions based on 2D through thickness
stress profiles in that they implicitly assume the same stresses at any position in x
direction (see Fig. 53). This is usually no problem for butt welds, T joints or cruciform
joints. The assumption is, however, wrong with respect to joints with longitudinal
stiffeners (longitudinal gussets) where additional conservatism is introduced when
the stresses of the highest loaded section are taken into account.

(c) Besides the solutions of Fett et al. (1990, shown above) and that of Shiratori
et al. (1987), a weight function solution according to Wang and Lambert (1998)
is implemented in IBESS. The general expression of this is

K= / [o(z) - m(z, a)] dz, 37
0

i.e., the stress intensity factor is determined as the product of the stress distribution
o(z) and the weight function m (z, a). Separate solutions have to be applied for the
deepest (A) and the surface points (C) of the semi-elliptical surface crack.

Deepest Point of the Crack, A

The weight function solution m* is given by

0= g (=) (- o1

(38)
with
b 24
M} = ——(4Y2 —6Y2) — =, 39
1 m( m b) 3 ( )
My =3 (40)
and
T
MA:2<—Y;§§—MA—4) (41)
3 m 1

The indices m and b stand for membrane and bending loading. In terms of a
polynomial such as Eq. (35) they would refer to oy and o,. The auxiliary functions
for YA

YA =B, +B (3)2+B (3)4+B (3)6 (42)
m=Bo+Bi( 2\ 7 3\

are

Bo = 1.0929 +0.2581 (2) — 0.7703(2)2 + 0.4394(%)3, (43)
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By = 0.456 — 3.045(3) + 2.007(2)2 ¥ 1/ [0.147 ¥ (2)0'688],
By =0.995 — 1/ [0.027+ (g)] +22[1 _ ((;3:1)]9.953’

and

By=—-1459+1/[0.014+ (g)] —24.211[1 - (g)]gml,

those for Yi

YA = Ag+A (a)2+A (3)4+A (a)6
b = Ao+ Al 2\ 7 37
are

Ay = 0.4537 +o.1231(g) - 0.7412(2)2 +O.4600< )
0.8

A = —1.652+1.665(9) _0_534(E>2+1/[0.198+< ) }
Ay =3418-3.126(3) = 1/ [0.041+ (3) [+ 17.259]1 - (z)]m%

and

Ay = —4.228 +3. 643( ) + 1/ [0 020 + ( )] - 21.924[1 - (2)]9.203‘

Surface Points of the Crack, C

The weight function solution m€ is given by

2w () s () s ()]

mC(z, a) =

with
MC = — 2 (30FC — 18FC) — 8
1 — m( b m) ’
T C
MS = JT_Q(éoFm —90F§) + 15
and

M§ = —(1+MS +M5)

(44)

(45)

(46)

(47)

(43)

(49)

(50)

(51

(52)

(53)

(54)

(55)
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The auxiliary functions for Fg

= [ (G v

are
Co=1.2972 — 0.1548(2) - 0.0185(2)2, (57)
C, = 1.5083 — 1.3219(2) +O.5128(§)2 (58)

and
C2=—1.101+%, (59)

those for F§

o= om0 3) ) )

are
a a\2 a\3
Dy = 1.2687 — 1.0642(5) + 1.4646(;) - 0.7250(5) , 61)
a a\2
D, = 1.1207 — 1.2289(-) + 0.5876(—) (62)
C C
and
ay  0.199
D, = 0.190 — 0.608( 2 ) + —— 63
: (c) 0.035+¢ ©)
The shape factor for elliptical crack Q is
1.65
Q=10+ 1.464(5‘) for 0< =<1 (64)
C C

Some words are due with respect to the integration algorithm. (i) Following
Moftakhar and Glinka (1992) the stress profiles and the weight functions are
subdivided into intervals and approximated by piecewise linear functions. This has
the advantage of avoiding numerical problems associated with the interpolation
of stress gradients by higher order polynomials. (ii) A specific problem is that the
weight function contains a singularity in the last integration interval. To avoid this,
closed form solutions K* are applied in IBESS for the last integration interval which
is generally chosen as 0.95 < z/a < 1. K is determined by
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A=a. Zoj m(a, Uf) + KA* (65)

for the deepest point of the crack. For its surface points (C), the closed form solution
K" has to be applied in the first interval which is generally chosen as 0<z/a<0.05.

C—a. Za m(a, Uf) + K™ (66)

for the surface points of the crack. With u=z/a the K* terms are determined as

a
KA = ou=1)-(0.894+0.1 M +0.015 M5 +0.0025 M4
/—zm[ ( ) ( 1 2 3)
=1) —o(u=0.95
_o 1) g(;ls ). (0.015 +0.0025 MP +0.00045 M% +0.000082 Mg*)] (67)

and
KO = 22 [G(u = 0)- (0447214 +0.05 M +0.007454 MS +0.00125 MS )
A/ Tta

o(u=0.05) —o(u=0)
B 0.05

. (0.007454 +0.00125 M +0.000224 MS +0.000042 Mg)]
(68)

The terms o} and U} in Eqs. (65) and (66) are defined by
1
of = 5[0(111) +o(u— D] (w —ui-y) (69)

and

Ui* —u — [2°(ui—1) +0(ui)] - (u —ui_y) a0)
3[0(ui) + o(ui_l)]

Note that a great advantage of both the influence coefficient and weight function
methods is that they allow for highly non-linear through-thickness stress profiles.

Superposition of K-factors

A principle which can simplify K-factor determination is superposition. As long
as the crack opening modes (I, II, III) are identical, K-factors can be determined
by simply adding the K-factors which have been obtained separately before for
individual load cases. The influence coefficient method (explained under point b)
makes use of this. In this sense, the coefficients Cy and Fy in Egs. (35) and (36) stand
for membrane loading (i.e., tension = constant across the section), C; and F; stand
for bending loading (linear across the section) and the higher coefficients stand for
nonlinear stresses e.g., due to a notch. When, e.g., residual stress depth profiles are
given by a polynomial, K-factors can be calculated for these and added to the applied
loading stresses when both, in relation to the crack, act in the same direction.
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Fig. 54 Geometrical configuration used for the determination of stress intensity factors of extended
surface cracks for arbitrary stress distributions in the thickness direction

Table 5 Geometry functions F; of Eq. (71) for the extended surface crack

a/T £ £ 2 2 2

0.0 2.000 0.977 1.142 —0.350 —0.091
0.1 2.000 1.419 1.138 —0.355 —0.076
0.2 2.000 2.537 1.238 —0.347 —0.056
0.3 2.000 4.238 1.680 —0.410 —0.019
0.4 2.000 6.636 2.805 —0.611 0.039
0.5 2.000 10.02 5.500 —1.340 0.218
0.6 2.000 15.04 11.88 —3.607 0.786
0.7 2.000 23.18 28.03 —10.50 2.587
0.8 2.000 38.81 78.75 —36.60 9.871
0.9 2.000 82.70 351.0 —207.1 60.86

After a while all individual surface cracks along the weld toe have coalesced and
form an extended surface crack such as shown in Fig. 54. With the ¢ dimension of
the cracks disappearing (or being infinite) the K-factor has to be determined for the
crack depth only (Point A in the figure). In IBESS this is realized with a weight
function solution provided by Wu and Carlsson (1991):

5
K; o) Y Fi(a/T)- (1 —wa)/*du (71)
i=1

a

_ | /
~ V2ma ;
The geometry functions FiA are provided in Table 5.

2.2.3.2.6 Determination of the Reference Yield Stress oo

It has already been mentioned in Sect. 2.2.3.2, that the IBESS basic procedure deter-
mines the plasticity correction factor as L; = o,p,/0¢ for monotonic and AL, =0.5
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Ao,pp/og for cyclic loading. In principle, the use of the BS 7910 Annex P oy solu-
tions for L; = ort/oy, the use of yield load solutions Fy in L, = F/Fy (Schwalbe et al.
1997, 1998), the use of predefined L, solutions of the SRSA handbook (Dillstrom
et al. 2008) and other formats such as provided in R6 (2014), Chapters I'V.1 and VI.2
or the SINTAP compendium (Laham 1999) could be used as well. This brings up
the question: Why then a new option?

(a) Background Information

The demands on accuracy of the model parameters K-factor and ligament plasticity
factor L; are much higher in the context of fatigue crack propagation analyses than
for fracture. This is easily explained if small scale yielding conditions are assumed.
In that case the crack propagation rate correlates exponentially with AK with the
exponent being of the order of three for steels. In other words: Any error in AK
or (AK,;) will be inflated on the level of the crack propagation rate and lifetime.
Therefore AK,, (and thus L) should be determined as exact as possible.

The main advantage of the oy based AL, is its optimized accuracy. The principle
is illustrated in Fig. 55 where an example is provided for the definition and deter-
mination of o( for biaxial tensile loading (Madia et al. 2014), see also Zerbst et al.
(2012a, 2013). Instead of being a limit stress such as in the common approaches,
oo is a reference yield stress adapted to the f(L,) function. Note that this is compa-
rable with the original approach in the EPRI method (Shih and Hutchinson 1976;
Kumar et al. 1981; see also Zerbst et al. 2000; Schwalbe and Zerbst 2003) and, for
an overview, Sect. 2.2.9 in Zerbst and Madia (2018a) where a reference load Py was
chosen such that, on its basis, the J-integral obtained beforehand by finite elements
was reproduced.

For semi-elliptical cracks of varying size in plates loaded in tension, bending,
combined tension-bending and biaxial tension the elastic plastic and the linear elastic
J-integral, J and J., have been determined by finite elements. Based on the monotonic
counterpart of Eq. (26) which can be rewritten as

1/Je = [f@L)]~* (72)

the reference yield stress oy can be determined as that stress at which L; = 1. For this
value of L; the stress oy refers to the yield strength R0, and e refers to the yield
strain (Rp0.2/E+0.002). When inserting these into

—1/2

E-ge 1 L2

f(L,) = + 3 . (73)
Oref | SR / O'ref

a material dependent value of f (L, =1) is obtained which defines the J/J. ratio for
which o, =0¢. Complementary to its cyclic counterpart Ac,p, in Eq. (27), ogpp is
given as the applied stress referring to the gross section (without crack).
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Fig. 55 Determination of the reference yield stress og, Example

In the context of the IBESS method the solutions for tension, bending and com-
bined tension-bending are relevant. With the indices m and b standing for membrane
(tensile) and bending loading, the parametrized solutions for these cases are:

(b) Parameter Equations for o,

Plate Subjected to Membrane Loading (o =0,

—lc,+cC i C ac T’ 74
O0,E = oty - m +0Co - m + 0y (74)

with

Co = min(Coo + 2 1> (75)
Coi

Validity range: 2 - 107* < % < 0.3644

The coefficients Cyg, Co;, C; and C, are given in Table 6.



64

Table 6 Coefficients of Egs. (74) and (75)

Fatigue and Fracture of Weldments

Deepest point of the crack Surface points
Coo [-] 0.9245 0.9491
Co1 [MPa] 5419 5863
Ci [-] —0.5297 —0.3050
Cs [-] 0.3863 —0.5000

Table 7 Coefficients of Eq. (76)

Deepest point of the crack

Surface points

Co [-] 1.4374 1.5966
Cy [-] —1.2067 —0.6823
Plate Subjected to Bending Loading (6, =0,)
a-c
=1Co+Cy | ——m | ¢ - 76
00.b { 0+C |:T~(T+c)i“ oy (76)
Validity range: 2 - 107* < % < 0.2218

The coefficients C; and C, are given in Table 7.
Plate Subjected to Combined Tension-Bending Loading

When the plate, in addition to tension (o), is also subjected to bending (op) the
consequence will be a lowering of the reference yield strength for membrane loading
oo,m and vice versa. The reduction factor is obtained by an equation

2 3
&=1+C1-(0—m>+cz-(0—m) —(1+C1+Cz)-<0—m> an
0.0 00,m 0,m 00,m

with

Ci =Cip+Cyy - |: (78)

a-c
T'(T+c)i|

and

Cr =Cy+Cy - [ (79)

a-c a-c
T-(T+c) || T-(T+¢) ]
The coefficients Cyg, C1, Cp9 and C;; are given in Table 8.

- <0.2218

Validity range: 2 - 107 < g

The principle of the correction is provided in Fig. 56.
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Table 8 Coefficients of Egs. (77)—~(79)

65

Deepest point of the crack Surface points
Cio [-] 0.0167 0.0113
Ci [H] —1.8496 —0.4266
Cao [-] —1.5310 —0.9405
Ca1 [-] 3.5736 2.8513
Fig. 56 Determination of (a)o ——  Eqn. (77)
the reference yield load o & 1 /
for combined tension and ) —\:
bending loading;ga Y L >e.--- op (applied)
non-proportional loading; b i
proportional loading !
I
i
0 0
0 1
OmlSm o
b Eq () ——— e
2 \ \%m %op
./".'.
Omax,b s o
2.1, FRC.
Sob //?
w2
~ |
0L O
0 o,
EER

2.2.3.2.7 Determination of the Cyclic Ligament Yielding Parameter AL,

Using the reference yield stress of Step 6, the cyclic plasticity correction parameter

is determined by Eq. (27)

2.2.3.1.8 Determination of the Plasticity Correction Function f{AL,)

The plasticity correction function is determined by Eq. (28).

2.2.3.2.9 Determination of AJ

The cyclic J-integral is obtained by Eq. (26).

2.2.3.2.10 Determination of AK,

Finally, AJ is formally transferred to AK,, by Eq. (29) for its use in IBESS fatigue

crack propagation analysis.
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2.2.4 IBESS Procedure for Crack Closure Correction
2.2.4.1 Fatigue Crack Propagation and Crack Closure Function U

By now the crack driving force has been determined without any correction for
crack closure. The effect is usually provided by a crack closure term U such that the
effective stress intensity factor range is written as AK = U - AK, see Sect. 1.2.1.
Based on this convention, fatigue crack propagation, within IBESS, is described by

da n AKg TP
— =C-|U-AK,| [l = —
ax = C U AK) [ 2K, ] (80)
with U being
Usc(a) physically short cracks
= . 81)
Uc = [(1 — f)/(l — R)] long cracks

The indices SC and LC describe the (physically) short and long crack stages.
Whereas U ¢ is independent of the crack size, Usc (a) decreases during crack prop-
agation such as illustrated in Fig. 57.

Note that, in Fig. 57, Ugc at the beginning of crack propagation is assumed to
be 1, i.e., no crack closure effect has happened by then. This is certainly correct
with respect to the crack closure mechanisms discussed in Sects. 1.2.2-1.2.4, i.e.,
the plasticity-, roughness- and oxide debris-induced ones. There is however, also the
“geometric” effect mentioned at the beginning of Sect. 1.2.1. Even without the other
mechanisms U should be smaller than 1 for loading at R <0. This condition is fulfilled

Gradual build-up

of crack closure 5
effects ©
: I
_———— ’  |AK ff
Kl}- y x by 7L crack opening
& AK
-]
X
=
[
D Usc(@)
' s | Ue
Initial crack T
dept Short crack*Long crack
©
a Crack depth a

-

|' Crack extension Aa

Fig. 57 Schematic crack size dependency of the dimensionless closure parameter U
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for the long crack Upc and also at the transition point from Ugc to Upc but not in
the first part of the Ugc(a) function starting at Aa=0. Note that Usc =1 at a=g;
is chosen as a conservative option since the geometrical crack closure conditions are
rather undefined for very short cracks.

2.2.4.2 Crack Closure Function Uy ¢ for Long Cracks

With respect to long cracks, IBESS follows Newman’s approach, also referred
to as NASGRO curve (Newman 1984, NASGRO 2000). As given in Eq. (81),
Urc = [(1 — f)/ (11— R)] with the function f being

f=

Oopen _ {Ao + AR+ AR+ AR for R>0 )

Ao+ AR for —2<R <0

Ow[l'lél)(

and the coefficients A; are

11:/2 o (1/ @)
Ay = (0.825 — 0340, + 0.050@) [cm(—“‘“ﬂ (83)

of

A; = (0.415 — 0.0710) Omax (84)
ot

Ay=1—Ag— A — A (85)

and Ay = 2A0+ A, — 1. (86)

Different to the original approach, the oy,,x/0; ratio in Egs. (83) and (84) is replaced
by a term K,,x/K¢ according to a slightly modified proposal of McClung (1994)
which enables a wider application range of Eq. (82) which was originally obtained
for tensile loading.

Kmax _ Kmax
-
Ky Oy+/Ta

In Egs. (83) and (84) of (which in the original NASGRO curve is the so-called
flow stress, i.e. the average of the monotonic uniaxial yield and tensile strengths) is
replaced by the cyclic yield strength o,

In order to avoid a negative expression in the cos (...) term of Eq. (83) a minor

modification was made replacing Eq. (83) by
]/otg T+ Omax
- sign| [cos<2—>i|
of

(T[ . o'max)
CoOS| ———
2(‘5f
(88)

87)

Ao = (0.825 — 0.340, +0.05a2) -
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2.2.4.3 Background Information About the NASGRO da/dN-AK Curve

Some background information is due with respect to Egs. (82)—(86):

(a)

(b)

()

The equations have been derived as an approximation of results obtained by an
extended Dugdale or strip yield model introduced by Newman (1981) and imple-
mented in the computer code FASTRAN (Newman 1992). The basic model is
shown in Fig. 58. The crack tip region comprises three areas designated by (1),
(2) and (3). Area (1) is an elastic continuum. Area (2) is a strip ahead of the
crack tip which models the plastic zone. It consists of bar elements of perfect
plastic material. When the crack propagates, these bars are cut but they remain
at the crack faces of the crack wake in area (3). Different to the intact bars in
area (2), the split bars can only transmit compressive but no tensile stresses.
Let’s assume a tensile overload during crack propagation. The bars in area (2)
are stretched more than at the lower load cycles before. Due to crack propaga-
tion the elongated bars are “shifted” into the crack wake where they cause an
increase in the crack opening stress or K-factor. Vice versa, a compression over-
load causes the contraction of the bars both in areas (2) and (3) and lowers the
subsequent crack opening stress or K. This way the crack closure phenomenon is
modeled, however, only the plasticity-induced effect, see Sect. 1.2.2. As the con-
sequence, da/dN—AK curves for different R ratios and also a closure corrected
da/dN-AK curve can be obtained by the modified strip yield model respectively
its approximation by Eqgs. (82)—(86) as long as the plasticity-induced mecha-
nism dominates. This is usually the case in the Paris regime of the da/dN-AK
curve, see Sect. 1.4.1 (Region 2 in Fig. 5) but, depending on the material, not
necessarily also in the threshold region of this curve.

Like the original Dugdale model, the modification was obtained for the semi-
infinite tension plate with a center crack. That is the reason for McClung’s
modification (Eq. 87) replacing the stresses by K-factors, which extends the
application range to loading types other than tension.

There is, however, an even more fundamental point: the two-dimensionality of
the Dugdale model requires the introduction of a constraint factor a, to account
for the three-dimensional reality. Note that this is common practice in fracture
mechanics where a value of 1 is used for plane stress and a value of 3 for plane
strain conditions.

Although a mechanical definition of o, is available (Newman 1984)

1 M
o (ﬂ) An (89)

T Ar o
T 2=\ 00

(with Ay, being the projected area of a yielded element m on the uncracked liga-

ment, oyy / oo being the normalized crack opening stress for the element m, and Ay
the total projected area of all elements (M) which have yielded)—for applications
see Beretta et al. (2006), Zerbst et al. (2012), and, in more detail, Madia (2008)—its
determination usually follows another way in that o, is fitted to constant amplitude
da/dN-AK curves determined at different load ratios R.



2 The IBESS Approach 69

ftetts

|
|

-
-
‘.
<
<

!
'
!
L

e
D
>

O-Gf

N
|
0§ fFemmemee

Fig. 58 Modified strip yield model. Equations (82)—(86) are based on results obtained by this

Note that uncorrected da/dN-AK curves show an R ratio dependency in that a
higher R ratio (corresponding to a higher mean stress) increases the crack propagation
rate for a given AK. This is explained by a lower (plasticity-induced) crack closure
effect at high R. If the crack closure effect is factored out, e.g., by Eqgs. (82)—(86), all
curves should be fitted correctly or, if plotted as da/dN versus AK.¢, should coincide
at a common upper bound provided by the closure free da/dN-AK curve. Since o,
is the only free parameter, it can be adapted such that it is used as a fitting parameter
to optimize the regression of the fatigue crack propagation data at different R ratios.
This is the basic approach adopted in the NASGRO computer code and it is also
taken over by the IBESS basic procedure.

Examples for the two steels investigated are shown in Figs. 59 and 60. Note that
only the base metal data have been determined since little effect of the microstructure
is expected in the Paris regime. In both cases optimum results were obtained for
ag =2.5. Figure 59 is an example for the case that the curves corresponding to
different R ratios coincide in the Paris range but not so in the threshold range.
This is not surprising since, as noted above, only the plasticity-induced crack
closure effect is covered by the NASGRO equation whilst other effects such as the
roughness-induced one frequently dominate this region of the da/dN-AK curve.
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Fig. 59 Crack propagation curves da/dN-AK for steel S355NL, base metal. a Data for different
R ratios; b data corrected for crack closure according to Eq. (80)ff. The intrinsic threshold AKp efr

is used for AKy, in Eq. (80)
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Fig. 60 Crack propagation curves da/dN-AK for steel S960QL, base metal. a Data for different
R ratios; b data corrected for crack closure according to Eq. (80)ff. The intrinsic threshold AKp efr

is used for AKy, in Eq. (80)

Note that the curve fit in the threshold regime is provided by the second term,
1 — (AKpn/ AK,)® of Eq. (80), i.e., it is based on the fatigue crack propagation
threshold AKy, and on the exponent p. The determination of AKy, has been discussed
in Sect. 1.4.2. The exponent p is fitted such that the curve starts at AKy, . and then
passes into the da/dN-AK, curve of the Paris regime. The fan out of the da/dN-AK
curves in Fig. 59b is considered as an artefact due to premature crack closure (in load



2 The IBESS Approach 71

Crack closure function Fatigue crack propagation threshold
|
X 1 AK, sc(@)  Short | Long crack
"‘55 : -
X A e 1
n 0 »
- Short | L k
RO e - AKy, oy (intrinsic threshold)
|Aa Crack depth Crack extension Aa

Fig. 61 Parallel development of the short crack closure factor Ugc and the short fatigue crack
propagation threshold with increasing crack depth, schematic view

reduction) and the application of the NASGRO equations to a range where effects
other than the plasticity crack closure effect play a role.

A last point to be mentioned in this context is that adequate experimental data, i.e.
da/dN-AK curves at different R ratios will frequently be missed. In such cases, NAS-
GRO (2000) provides fixed values for a,, namely oz =2.5 (or higher) for materials
with low toughness/yield strength ratios such as high-strength steels and o, = 1.5-2.0
for materials with higher toughness/yield strength ratios, e.g. aluminium alloys.

2.2.4.4 Crack Closure Function Ugc (a) for Physically Short Cracks

It has long been recognized (Minakawa et al. 1983) that the crack closure effects and
the fatigue crack propagation threshold are phenomena closely related to each other.
This offers the possibility to model the development of crack closure of physically
short cracks by the corresponding crack size dependency of the fatigue crack prop-
agation threshold AKy,, i.e. by the cyclic R-curve, e.g. Bruzzi and McHugh (2002),
McEvily et al. (2003), Chapetti et al. (2004). In IBESS, the crack closure function
Usc (a) for the physically short cracks is obtained from the long crack Uy ¢ and the
cyclic R-curve AKp sc (2) by a function

1 —Usc(a)  AKusc(a) — AKinesr
1 —-Urc AKprc — AKierr

(90)

with AKy1c and AKy, o being the long crack and intrinsic or opening-free fatigue
crack propagation thresholds. In other words: the development of the short crack
closure function Ugc is mirrored by the cyclic R-curve. The short crack stage is
terminated when the crack becomes a long one in both diagrams, such as illustrated
in Fig. 61.
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Fig. 62 Measurement of the weld seam geometry. a Coordinate system; b scanning pattern of the
line scans; ¢ example of a surface topography by means of optical 3D scans; according to Schork
et al. (2018)

2.3 IBESS Input Data

2.3.1 Weld Toe Geometry
2.3.1.1 Brief Overview

It is known that the weld toe geometry is of paramount importance for the fatigue
lifetime of a weld. The relevant geometrical parameters have already been introduced
in Sect. 1.5.3, Fig. 17 together with the coordinate system applied in IBESS. It has
also been shown in Sect. 1.8, Fig. 20 that there was a significant variation of two
of the parameters, the weld toe radius and the flank angle along the weld toe which
also showed up in the variation of the through-thickness stress profiles at different
positions (Sect. 2.2.3.1, Fig. 50). Since the parameters have to be stochastically
introduced in the model, see Sect. 2.4.2, they have to be provided as statistical
distributions (IBESS basic procedure) or as lower (respectively upper) bounds in
simplified analyses, Sects. 2.3.1.7 and 2.7.4.

Figure 62 shows the determination of the weld geometry parameters by line scans
along the dotted lines within the IBESS project, for more detailed information see
Schork et al. (2018) where the results of 13 configurations are provided. Note that
the examples in Sects. 2.3.1.1-2.3.1.5 all refer to S355NL butt welds with a plate
thickness of T=10 mm
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Fig. 63 Problems in defining the weld toe radius. The zoomed view shows various radii dependent
on the scale to be considered; according to Lindgreen and Stenberg (2011)

Fig. 64 Definition and
separation between the weld
toe radius (as the primary
notch) and a secondary
notch, e.g. an undercut,
schematic view

Base K \ .
plate Primary notch

Id t
Secondary notch {weid toe)

(e.g., undercut)

2.3.1.2 Weld Toe Radius p

With respect to the weld toe radius, a problem of principle must be solved. Depending
on the level of zooming, quite different radii can be identified at one weld toe site such
as illustrated in Fig. 63. This brings up the question how to define the radius in the
correct way in the context of fatigue life consideration. Note that, in spite of a large
number of weld toe radii published in diverse case studies, this question is usually
not addressed. Nevertheless, it is an essential one since the local notch geometry at
the weld toe strongly affects the lifetime-determining short crack growth stage.

In IBESS, the problem is solved in that it distinguishes between the weld toe
as the primary notch and, next to or inside this, secondary notches which can be
undercuts, surface roughness or weld ripple edges, Sect. 2.3.1.5, Fig. 64. Thus, the
weld toe radius is defined as a “global” parameter. Note that the conditions in Fig. 64
are idealized. In practical application, the weld profile will be less smooth because of
which assessment by eye will usually be necessary. This is, however, not considered
as critical because the scatter generated this way is rather small.

Figure 65 provides an example of a histogram and a statistical distribution of weld
toe radii. As for the following geometric parameters discussed in Sect. 2.3.1 as well,
a lognormal distribution is used because of the satisfying fitting of the experimental
data but also in order to avoid negative percentile values. Note that the variation of
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Fig. 65 Example of the
statistical distribution of the
weld toe radius p along the
weld toe as obtained in
IBESS; steel S355NL, butt
weld; according to Schork
etal. (2018)

Lognormal
distribution

Frequency of occurrence
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Fig. 66 Schematic view of
the determination of the
flank angle at the weld toe

Base plate

Fig. 67 Example of the

< P Lognormal
statistical distribution of the distribution
flank angle o along the weld —
toe as obtained in IBESS; ]
steel S355NL, butt weld; =y

according to Schork et al.
(2018)

Frequency of occurrence
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the geometrical parameters in the IBESS analyses, is exploited only within the 10
and 90% percentile limits (Sect. 2.4.2)

2.3.1.3 Weld Toe Flank Angle o

The definition of this parameter is provided in Fig. 66. As for the toe radius, some
judgement by eye will usually be necessary. A histogram and the statistical distribu-
tion based on this is shown in Fig. 67.
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Fig. 68 Schematic view of
the determination of the weld
reinforcement of a butt weld

Base plate
Fig. 69 Example of the Normal
statistical distribution of the distribution

weld reinforcement h of a
butt weld as obtained in
IBESS; steel S355NL;
according to Schork et al.
(2018)

Frequency of occurrence

-
2 1.4 1.6 1.8 20 22
Weld reinforcement h in mm

—-

2.3.1.4 Weld Reinforcement h

The definition of reinforcement is provided in Fig. 68, an example for statistical
processing in Fig. 69. Note that in this case a normal distribution has been used. As
mentioned above, this is permissible in IBESS as long as the 10 and 90% percentile
values do not become negative.

2.3.1.5 Secondary Notch Depth k

In IBESS different crack initiation sites along the weld toe have been identified, an
example is provided in Fig. 70 where cracks have been visualized by heat tinting
after about one third of the overall lifetime of the weldments. It was found that cracks
were initiated at base plate surface roughness features next to the weld toe (from the
hot rolling process) as well as at welding ripple edges. Cracks were also initiated
in the weld seam at some distance from and parallel to the toe, but these tended to
arrest or soon to coalesce with the main crack, for details see Schork et al. (2018).
Roughness “dimples” at the base plate of S355NL next to the weld toe are shown in
Fig. 71. The topic of roughness specification close to the weld toe will be separately
addressed in Annex D. Figure 72 provides the statistics of the secondary notch depth
k based on roughness measurements.

With respect to the treatment of secondary notches in fracture mechanics analysis,
two options are conceivable, see Zerbst et al. (2018b, ¢), Fig. 73.
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Fig. 70 Typical pattern of crack initiation and early crack growth. a Weld ripple structure inves-
tigated within IBESS; b schematic illustration of early crack evolution according to Verreman and
Nie (1991); ¢ typical crack initiation sites found in IBESS (marked as hatched areas); according to
Schork et al. (2018)

- 3

Surface roughness features next to the weld toe

Fig. 71 Base plate surface roughness close to the fusion line of welds investigated in IBESS;
according to Madia et al. (2018)

(a) The defects are treated as notches at the crack driving force side of the com-
ponent. This option requires the determination of the local stress-depth profiles
ahead of the secondary notches usually by finite element analyses. In IBESS,
finite element based solutions of the through-thickness stress profiles available
for primary notches are provided in table format for single- and double-V butt
welds of 10 mm thick plates loaded in tension or bending (Zerbst 2016).

(b) The defects are considered as parts of the cracks, i.e., k contributes to the initial
crack depth a;. The realization of this option is much easier than those of option
(a) because of which it is chosen for the IBESS basic procedure.
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Fig. 72 Example of the T T  — r—
statistical distribution of the
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In principle, the question which of the two options is appropriate, depends on the
ratio of the crack depth ahead of the notch and the notch radius, a/p. Murakami (2002),
based on linear-elastic considerations, concluded that a notch with a small crack at
its tip may usually be regarded as a crack. Figure 74 shows the boundary correction
functions Fj (referring to Kj) of cracks emanating from an elliptical hole. Values
other than F; =1 are an indication of a notch effect on the stress intensity. However,
when a value of 1 is approached, no difference is stated between the analyses with
and without explicit consideration of the notch. In other words: adding the notch
depth to the crack (option b) provides correct results of K; in such a case. As can
be seen, besides a/p the notch geometry, i.e., its b/k ratio also plays a role. If we
accept an underestimation of K; by no more than 2.5%, option (b) generally yields
satisfying results when the crack length a exceeds the notch radius by a factor of
2.2, for narrower notches this ratio becomes even smaller (0.5 for b/k =4 and 0.9 for
b/k=2). If a 5% error in K; were accepted, option (b) would be generally acceptable
even for a crack depth of only 0.8 times the notch root radius.

Note that these considerations are valid for an elliptical notch in an infinite plate.
However, in the IBESS case, we have a multiple stress concentration problem because
of the two stress raisers of the weld toe and the secondary notch. Figure 75 shows the
dependency of the K factor of short cracks controlled by the notch stress field and
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those of the long crack due to the remote tensile stress along with the numerical K
factor as a function of the crack depth normalized with the secondary notch depth k,
for details see Dowling (1979), also Suresh (2003) and Madia et al. (2018). As can
be seen there is a transition crack depth a;; above which the secondary notch can be
treated as part of the crack. Based in the equations given in Fig. 75 this is obtained
as

K
i = 1)
© (112-SCF/Y)’ -1

Whether the notch is a blunt or a sharp one is taken into account by the elastic
stress concentration factor SCF. For the deepest secondary notch depth found in
IBESS in the order of k = 100 wm (Schork et al. 2018), the equation a; — a; +k is
almost universally applicable.
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Fig. 76 Empirical notch root radius of secondary notches at the weld toe, example, steel S355NL,
butt weld, data from IBESS

Note that, with respect to the notch root radius, the same problem emerges as
with the toe radius in that quite different values can be obtained at slightly different
positions, Fig. 76, and it is not clear beforehand at which position a crack will initiate.
As the consequence, some uncertainty remains about the applicability of option (b),
however, the potential error, if it occurs at all, is rather small. For further discussion
see Madia et al. (2018).

In the present approach, the secondary notch depth k referring to the surface
roughness of the base plates, such as statistically processed in Fig. 72, is equated
with the roughness measure P;. This is regarded as a conservative measure. For a
brief discussion of this parameter see Annex D.

2.3.1.6 Further Geometry Parameters

Further geometry parameters are the plate thickness T (which shows only low vari-
ability within the manufacturing tolerances) and the weld width L. The statistical
distribution of the latter is shown in Fig. 77 for a typical S-N curve data set in
IBESS. Note, however, that L is not implemented as a stochastic parameter in the
IBESS basic procedure for now.

2.3.1.7 Weld Geometry and Extended Weld Quality Categories

With respect to the quality standard system of weldments a change in thinking is
currently to be stated. The common system follows what may be designated as a
“good workmanship” philosophy. Any flaw should be avoided. Thus, a comprehen-
sive list of different types of weld imperfections is provided in ISO 5817 (2014).
These include cracks, porosity, inclusions, lack of fusion, undercuts, misalignment,
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Fig. 77 Example of the
statistical distribution of the
weld width L as obtained in
IBESS; steel S355NL, butt
weld; according to Schork
et al. (2018)
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arc strikes and others items which, from the perspective of mechanical integrity, can
be assigned to distinct groups, see Zerbst et al. (2014a):

(a) Long cracks and crack-like imperfections (i.e. hot and cold cracks, lack of fusion,
incomplete penetration etc.): These are not permitted. If they, nevertheless, occur
they are immediately subject to (long crack) fracture mechanics analysis.

(b) Material imperfections which act as crack initiation sites (i.e. microcracks, slag
or oxide inclusions): These are of paramount importance for fatigue strength and
fatigue life analyses. Depending on the quality level they are partly permissible
but their sizes are restricted to certain limits.

(c) Geometric discontinuities such as misalignment (e.g., edge offset or angular
distortion) which, in axially loaded joints, increase the local stresses by adding
(local) bending stresses: Note that a relatively large degree of misalignment is
permitted in the current guidelines which may cause considerable scatter in the
corresponding S-N data. Therefore, it is suggested not to treat misalignment as
a weld quality criterion but to treat it as part of the structural stress, e.g. Bjork
et al. (2008).

(d) Finally there are imperfections which will have no or a minor effect on the fatigue
life. This is, e.g., the case with porosity or inclusions in low stress regions of
the component. However, caution is advised with respect to clustered porosity
or inclusions or pore/inclusion chains, particularly if they are located close to
the surface.

The difficulty with the existing system is that it refers to almost any flaw regardless
of whether it would negatively affect structural integrity or not. Nevertheless, the final
quality level is based on the worst flaw of the weld with the consequence of unjustified
conservatism in some cases. To improve this situation, proposals have been made to
develop a revised weld quality system restricted to parameters which are known to
influence structural integrity, particularly the fatigue strength.

The Volvo Standard STD 181-0004 (2008), see also Jonsson et al. (2011), defines
three quality levels for cyclic loading (VD for normal quality, VC for high quality
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Fig. 78 VOLVO STD 181-0004 quality system: quality classes along with empirical data for weld
toe radii and flank angles; according to Barsoum and Jonsson (2011)

and VB for post treated welds) and one (VS) for static loading. The underlying char-
acteristics comprise eight parameters including the weld toe radius, the flank angle,
weld reinforcement and undercuts. An example with respect to the radius is shown
in Fig. 78. Likewise, the latest update of ISO 5817 (2014) contains an (informative)
annex with additional requirements for fatigue. Essentially, these combine the ISO
quality levels with the ITW FAT classes (for the latter see Hobbacher 2016). So far,
the annex is limited to FAT 63, 90 and 125 in combination with quality levels. One
of the resulting classes, B125, is partially reproduced in Table 9.

In principle, the limit values of the parameters constituting the revised weld quality
categories can be used as input data to an IBESS analysis instead of the experimentally
determined values of Sects. 2.3.1.2-2.3.1.6. Some limited validation will be provided
in Sect. 2.7.4. Note, however, that further discussion regarding this issue is necessary.

2.3.2 Material Data
2.3.2.1 Brief Overview

The material data needed for an IBESS analysis comprise:

— the material fatigue limit,
— the cyclic stress-strain curve,
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the da/dN-AK curve for long crack propagation,

— the long fatigue crack propagation threshold AKy,1c,
the intrinsic fatigue crack propagation threshold AKy, ef,
— the cyclic R-curve, and

the monotonic fracture resistance (optional).

As mentioned above, the data are needed for the material section in which the
short crack propagation mainly takes place. This is usually the heat affected zone
(HAZ) or a specific part of it. The determination of these data is not an easy task
because, depending on the heat input, the width of this zone is of the order of no
more than a few millimeters or less and even over this distance a material gradient
exists. For the welds under consideration within IBESS the coarse grain HAZ was
not larger than about 0.5 mm (Kucharczyk et al. 2018). To circumvent the problem,
specimens completely consisting of HAZ microstructure were produced by suitable
thermo-mechanical treatment, see Kucharczyk et al. (2018). These were then used
for the determination of all the parameters listed above.

The hardness profiles, monotonic and cyclic stress-strain curves and monotonic
fracture resistance data of the two steels S355NL and S960QL and their HAZs inves-
tigated within IBESS have already been presented in Sect. 1.9.2. Figure 79 compares
the HAZ microstructures in the weld with those obtained in the thermo-mechanically
simulated specimens. Besides the comparison of the hardness in the weld and the sub-
stitute specimens the evaluation of the success of the thermo-mechanical simulation
was based on this information.

Next to the statistical specification of the geometrical parameters of the weld
toe, Sect. 2.3.1, the determination of the material data is the most expensive and,
therefore, also the most limiting part of an IBESS analysis from a practical point
of view. This is the reason why proposals have been developed for the simplified
determination of almost all the parameters listed above. Note, however, that only
parts of these have been comprehensively validated to date.

Table 9 Excerpt of ISO 5817:2014-06, Annex C (2014)

Parameter Designation Main document Annex C
Current No. ISO 6520-1 B B125

Excess weld 1.9 502 <1 mm+0.1L <0.2mm+0.1L

metal h max. 5 mm max. 2 mm

Toe radius p 5052 - >4 mm

‘Weld opening 1.12 505 >150° >150°

angle 180° — a

Axial 3.1 5071 <0.2 mm+0.1 T? <0.05T

misalignment max. 1.5 mm

Spatter 1.23 602 Permissibility depends on | Not permissible

the application

aFor T=0.5-3 mm, above T=3 mm: <0,1 T; but max. 3 mm
Additional requirements for correlating the quality criteria with IIW-FAT classes (for butt welds with a

thickness of T > 0.5 mm)
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Fig. 79 Comparison of the HAZ microstructures of steels S355NL and S960QL in the coarse grain
region of the welds with the thermically simulated microstructures in the substitute specimens;
IBESS investigations; according to Kucharczyk (2018)

2.3.2.2 Fatigue Limit

(a) IBESS Basic Procedure

Not much has to be explained in general about the determination of the material
fatigue limit o, (or its equivalent referring to, e.g., 107 loading cycles). The param-
eter is determined with smooth specimens (usually of “hourglass” type) for a load
ratio of R=—1 (ISO 1099, 2006). As mentioned above, the material fatigue limit was
determined also on specimens with thermo-mechanically simulated HAZ microstruc-
ture. Using the staircase (or “up and down”) method, fatigue limits were determined
as statistical parameters for the base metal and HAZ conditions of the two steels
investigated, for details see Kucharczyk et al. (2018).

(b) Simplified Approach

A common method for the simplified determination of o, is the correlation with the
(monotonic) ultimate tensile strength R, or—for HAZs more suitable—the hardness.
A simple correlation with Ry, is provided by the German FKM Guideline for the “An-
alytical strength assessment of components made of steel, cast iron and aluminium
materials in mechanical engineering” (Rennert et al. 2013):

oc(R=—-1) =1f;-Rp 92)
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Fig. 80 Estimation of the materials fatigue limit o, (for R=—1); a from Vickers hardness (Eq. 93);
b from ultimate tensile strength (Eq. 92) for the two steels S355NL and S960QL, base metals and
coarse grain heat affected zones (HAZ), according to Kucharczyk et al. (2018)

with the coefficient f; being

+ 0.4 for case hardened, austenitic stainless and forging steel (for the two latter:
preliminary),

« 0.45 for other steels,

+ 0.34 for steel casting, spheroidal graphite cast iron and cast iron with lamellar
graphite, and

+ 0.3 for malleable cast iron, wrought aluminium alloys and aluminium casting.

Estimates for further materials are provided by Radaj and Vormwald (2007). A
correlation with Vickers hardness HV for steel is published in Murakami (2002)

0e(R = —1) = 1.6 HV £ 0.1 HV for HV < 400 (93)

In Fig. 80, Egs. (92) and (93) are applied to the two steels investigated within
IBESS, i.e., its base plate and HAZ fatigue limits including the scatter. The coefficient
f, was taken as f, = 0.45. As can be seen, the equations provide quite satisfying results
except for the coarse grain HAZ of S355NL where the hardness correlation gave a
more pronounced underestimate of o..

Equation (92) can also be applied in combination with experimentally obtained
R,, values from micro-tensile tests or from notched cross weld tensile tests. These
were not applied within IBESS, some discussion is, however provided by Zerbst
et al. (2014a).



2 The IBESS Approach 85

(a) Strain controlled
loading
Cyclic hardening I ——ﬂ——ﬂ——ﬂ- Cyclic softening I
b —==
P
U U VTlme (b) lozoa )
Mo MM )%- Bl A J
1 ) 4 !l
i r ot 7
b P ! = 4
@ Stress b £ !
% response P P A
A ] ’ ’f ;’
& o fFt
L L L
] ! 1 y
S g / Straine
=] ’ ’ ," ! ;’ 7
W L !
8 2 s ! 1
fed I [ I )
= F L I )
n - L L P
T ” 4 s
[ g e
: ’ I 4
- Hysteresis i f t=n —_’:— =
Strain & Straing J __&==-"
I /
1

Fig. 81 a Cyclic hardening and softening, figure based on Landgraf (1970); b cyclic stress-strain
curve

2.3.2.3 Cyclic Stress-Strain Curve

When subjected to repeated plastic strains, metallic materials may experience what
is designated by “cyclic hardening” and “cyclic softening”. Cyclic hardening means
that the yield strength and the corresponding region of the stress-strain curve increases
under strain controlled cyclic loading whereas cyclic softening describes the opposite,
i.e., the yield stress decreases (Fig. 81). Usually after some ten or hundred loading
cycles a stabilized state is reached.

(a) IBESS Basic Procedure

Cyclic stress-strain curves are determined with unnotched specimens at a load ratio
of R=—1 (ISO 12106, 2017). The stress amplitudes used for determining the cyclic
stress-strain curves are usually measured at half lifetime with respect to the number of
loading cycles at fracture. In IBESS, the curves were determined in so-called single
step tests where multiple test pieces are tested at different fixed strain amplitudes. The
alternative consists of incremental step tests where the strain amplitude is repeatedly
incrementally increased every half block cycles and, when a certain maximum strain
is reached, decreased again. The results have already been shown in Sect. 1.9.2.2.
It showed up that all investigated steels, i.e., their base metals and different HAZ
regions, except S355NL base material experienced cyclic softening. An example is
provided in Fig. 82.

For the use within the IBESS approach the cyclic stress-strain curve is fitted by a
Ramberg-Osgood expression
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Fig. 82 Comparison a between monotonic and cyclic stress-strain curves of steel S960QL, base
metal and b with literature data of a similar steel (Pusch and Hiibner 1998)

Oa o,/
w=pt[m] (94)

for the stress and strain amplitudes or by

/v
Ae— %u[fg] (95)

for the stress and strain ranges when either branch of the cyclically stabilized stress-
strain loop is geometrically similar to the Ramberg-Osgood equation by a scale factor
of 2 (Masing’s hypothesis).

(b) Simplified Approach

Various equations have been proposed for estimates of the parameters K and n’ in
the literature (for those based on monotonic stress-strain curve data, see Marohnic
et al. 2017). With

oy = K'(0.002)" (96)

which is obtained when the plastic part of Eq. (94)—i.e., the term o,/E is omitted—is
solved for o, and the plastic strain amplitude is substituted by a value of 0.002
corresponding to the 0.2% offset definition of the cyclic yield strength o7, .

Since the HAZ properties are at the focus of the present considerations, only
correlations based on hardness will be discussed in the following. An estimate for
K’ has been proposed by Basan et al. (2010)

K’ = 0.009(HB)2 +0.1173(HB) + 376.75 97)
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and modified by Lopez and Fatemi (2012)

o 9.8 1073(HB)? — 1.26(HB) + 705 for Rp/oy < 1.2 o8)
B 4.09(HB) + 613 for Rp/oy>12

who also provide an equation for the cyclic yield strength
oy = 2.5-107°(HB)? + 1.49(HB). (99)

Equations (97)—(99) are based on Brinell hardness. For steels, a simple translation
to Vickers hardness is given by

HV = 8.716 + 0.963(HB) + 0.0002(HB)* (100)

JSMS (1998). Use can also be made of hardness conversion tables, e.g. ASTM E
140 (1997). Based on K’ and o%, the cyclic strain hardening exponent n’ can simply
be determined by

n' = —0.37log(o’, /K') (101)

Lopez and Fatemi (2012). Note that rather poor results are reported for estimates
of n’ based on the coefficients of the Manson-Coffin-Basquin approach (Roessle and
Fatemi 2000).

Table 10 provides a comparison between experimental and estimated values for K’
and n'. It distinguishes between two options. Equations (99) and (100) are combined
with Eq. (97) in Option A, and with Eq. (98) in Option B. Note that only the mean
values of the experimentally determined hardness have been used, which makes
the comparison a bit uncertain. In Fig. 83 the same two options are applied to the
stress amplitudes o, corresponding to a strain amplitude of ¢, =1.5% when the
estimates of K’ and n’ are combined by Eq. (96). Whilst Option A sometimes under-
and sometimes overestimates this value, Option B yields an overestimation of ¢, in
almost any case (except for the two base metals). Since conservatism in terms of the
cyclic crack driving force requires underestimation rather than overestimation this
seems to speak rather in favor of Option A than of Option B. However, keep in mind
the uncertainties mentioned above because of which no final recommendation will
be provided here.

2.3.2.4 Long Crack Propagation Curve (da/dN-AK Curve)

2.3.2.4.1 Curve Fit and Crack Closure Correction

The long crack da/dN-AK curve is fitted by Eq. (80), Sect. 2.2.4.1, with the crack
closure factor U being Ur ¢ in Eq. (81). This is determined by the (modified) NASGRO
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Table 10 Comparison between experimental cyclic stress-strain curve parameters and those
obtained by Eqgs. (97 +99 +100 = Option A) and (98 +99 +100 = Option B); weld areas such
as in Fig. 23

K’ in MPa n’

Material HV1 |Exp. | Option A | Option B | Exp. Option A | Option B
S355NL base metal 165 |1203 | 641 1288 0.20 0.11 0.23
S355NL HAZ CG CP1 | 285 | 1527 | 1141 1779 0.17 0.10 0.17
S355NL HAZ CG CP2 | 330 | 1896 | 1396 1963 0.16 0.10 0.15
S355NL HAZ FG CP1 | 240 | 1539 | 923 1595 0.20 0.10 0.19
S355NL HAZ FG CP2 | 285 | 1744 | 1141 1779 0.19 0.10 0.17
S960QL base metal 330 | 1367 | 1396 1356 0.09 0.10 0.09
S960QL HAZ CG CP1 | 390 | 1729 | 1791 2208 0.10 0.10 0.13
S960QL HAZ CG CP2 | 420 | 1838 |2014 233] 0.10 0.10 0.13
S960QL HAZ FG CP1 | 315 | 1520 | 1307 1901 0.13 0.10 0.16
S960QL HAZ FG CP2 | 360 | 1295 | 1585 2085 0.07 0.10 0.14

HAZ = heat affected zone CG = coarse grain FG = fine grain CP = cup position
3 (@) SteelS3s5NL  [[JExperiment (b) ] Steel S960QL
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Fig. 83 Stress amplitudes obtained in the experiment and estimated using options A (Egs. 97 + 99
+100) and B (Eqgs. 98 + 99 + 100) at the applied strain amplitude of 1.5% as well as deviations from
the experimental values; a steel S355NL; b steel S960QL, IBESS data; according to Kucharczyk
etal. (2018)

approach, Egs. (82)—(88), see Sect. 2.2.4.2. For the IBESS basic procedure, the
constraint parameter o, is obtained as a fit parameter adapted to da/dN-AK curves
at different R ratios, for explanation see Sect. 2.2.4.3. If no adequate experimental
da/dN-AK curves are available, a value of ag =2.5 can be used for steel at a lower
analysis level in accordance with NASGRO (2000).

The fit of the threshold region of the da/dN-AK curve is provided by the second
term of Eq. (80), 1 — (Ath / AKp)p. It is based on the fatigue crack propagation
threshold AKy, and on the exponent p chosen such that it starts at AKy, ¢ and then
passes into the da/dN—AK. curve of the Paris regime.
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2.3.2.4.2 Statistical Aspects

The discussion in this section is limited to the coefficient C of the Paris law (Egs. 2,
3 and 4). Notes on the scatter of the long crack propagation threshold AKg ¢ will
be provided in Sect. 2.3.2.5.2. For stochastic consideration in IBESS analyses, C
should be available as a statistical distribution. A convenient measure for its char-
acterization and for an immediate impression of the width of the scatter band is the
coefficient of variation COV, i.e. the ratio of the standard distribution ¢ and the mean
or expected value i based on a certain type of mathematical distribution. Including
BS 7910 (2013), statistical information is given in a number of documents and sci-
entific papers. An extended overview for steel is provided by Josi (2010), a review
of further data sets by Walbridge (2005). The summarized COV values of C refer to
air and corrosive environment, low and high R ratios and specific application fields
such as bridges or offshore structures. They are usually based on a lognormal distri-
bution although data for normal distributions are published as well. The COVs range
from 0.25 to 0.63 with the BS 7910 data at the upper level. There is, however some
indication, see, e.g., Wu and Ni (2007) that these values might be too high and also
that there might be some R ratio dependency of the scatter or, in other words, an
effect of the crack closure phenomenon. This is confirmed by ongoing investigations
of the present authors. The discrepancies are the reason why C has not been treated
in a stochastic way in IBESS by now.

Instead, some basic aspects will be discussed in the following. It is important to
distinguish between the real and an apparent scatter around the da/dN—AK curve. The
principle is illustrated in Fig. 84, see also Sect. 5.1. of the USAF Damage Tolerance
Design Handbook (Miedlar et al. 2002). When a da/dN-AK curve is obtained from
a number of a-N curves of individual specimens (Fig. 84a) a scatter band can be
identified by eye or statistical processing (Fig. 84b). Using the lower and upper
bounds of this, the scatter band around the original a-N curves can be reproduced
(Fig. 84c). However, what is usually found is that the confidence limits determined
this way are significantly wider than those obtained for the original a-N curves. This
prompts the conclusion that the scatter band in Fig. 84b is an apparent one. Various
reasons might be responsible for this such as (i) successive phases of acceleration
and deceleration of crack propagation, e.g., due to material inhomogeneity which
are averaged out in the overall lifetime and, additionally, (ii) different techniques for
smoothing the da/dN data before the analysis (frequency in data recording, secant or
incremental polynomial method in data processing).

The conclusion is that the statistical distribution of C cannot be determined from
the scatter in the data points in Fig. 84b. Instead a C value has to be determined for
each individual a-N curve in Fig. 84a usually with a fixed value of the exponent n in
Egs. (2), (3), (4) and (80). The C distribution has then to be based on these data. The
determination of replicate curves is time consuming and only a few data sets exist.
The problem becomes even more complex if, as the authors suspect, crack closure
will also have an influence on the scatter.
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Fig. 84 Scatter and apparent scatter in fatigue crack propagation analyses, cf. Sect. 5.1 of Miedlar
et al. (2002)

2.3.2.4.3 Reference Curves

At a lower analysis level, IBESS refers to the upper bound reference curves for
da/dN-AK provided by BS 7910 (2013). For steels tested at air, the mean plus two
standard deviations curve for R > 0.5 is given by

c_]210x 1077 for AK < 144 N/mm*/*
1.29 x 107'2 for AK > 144 N/mm?®/?

and

0 5.10 for AK < 144 N/mm>/?
2.88 for AK > 144 N/mm?*/?

for da/dN in mm/cycle and AK in N/mm*?2. Other reference curves such as the ITW
curve (Hobbacher 2016) or the curve of Ohta et al. (1997) may be used as well. As
can be seen in Fig. 85, they all provided meaningful upper bounds to the da/dN-AK
curves of the two steels investigated within IBESS, for more details, see Kucharczyk
et al. (2018).
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Fig. 85 Crack propagation curves da/dN-AK in comparison with reference curves; a steel
S355NL; b steel S960QL, IBESS data; according to Kucharczyk et al. (2018)

2.3.2.5 Long Fatigue Crack Propagation Threshold AKy,

2.3.2.5.1 Experimental Determination

Not much has to be added here about the experimental determination of the long
fatigue crack propagation threshold AKy, since this topic has extensively been dis-
cussed in Sect. 1.4.2 and in even more detail by Zerbst et al. (2016b). Caution
is advised with respect to the conventional load reduction technique for materials
which might be susceptible to corrosion. It is recommended to determine the param-
eter either (i) by compression pre-cracking testing or (ii) by load reduction testing at
a high R ratio or (iii) by K.« testing, such as explained in Sect. 1.4.2.

Figure 86 shows a comparison between AKy, values obtained by conventional load
decrease and compression pre-cracking tests for base metal and HAZ of S355NL
steel. As can be seen, compression pre-cracking tended to lower thresholds, partic-
ularly for the HAZ material which was found to be susceptible to corrosion, i.e. a
dark corrosion layer was found at the crack faces when tested at low R ratios.

2.3.2.5.2 Scatter

A topic on its own is the scatter in the fatigue crack propagation threshold. Partic-
ularly short cracks frequently show a huge scatter in AKy,. However, a closer look
reveals that what is perceived as scatter at first sight, in reality is a zig-zag curve
(Fig. 87) presumably caused by interaction effects between the crack and the local
microstructure. Note that apparent scatter is a general problem in da/dN-AK testing
(Sect. 2.3.2.4.2). Based on a range of literature data, Zerbst et al. (2016b) proposed a
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Fig. 86 Fatigue crack propagation threshold as a function of the R ratio determined by different
methods; steel S355NL a base metal; b HAZ; IBESS data; according to Kucharczyk et al. (2018)

coefficient of variation for long crack thresholds of steel in the order of COV =0.15
which, however, lacks further validation.

2.3.2.5.3 Reference Values

Reference values for the long fatigue crack propagation threshold are provided by
BS 7910 (2013), among others, for welds. For steels tested at air or other nonaggres-
sive environments and a temperature up to 100 °C a value of AKy, =63 N/mm?>?
(2 MPa m ) is proposed, for aluminium alloys under the same conditions (but only
up to 20 °C) a value of AKy, =21 N/mm*? (0.7 MPa m "/?). Note that these values
rather refer to the closure free intrinsic threshold. In addition, an R ratio dependent
long crack threshold is provided for steels (excluding austenitic) in air:
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2.3.2.6 Short Fatigue Crack Propagation Threshold: Additional Information

The experimental determination of the cyclic R-curve has already been discussed in
Sect. 1.4.3 and will not be repeated here. There is, however, one point to be added.
The experimental curves should be approximated by an equation with at least two fit
parameters. In IBESS a simple empirical equation

A - Aa® + AKy, o for Aa < Aajc
AKy = ’ (102)
AKh,LC for Aa > Aajc

is used with A and b being these coefficients. It was found that one-parameter fits
such as those provided by McEvily et al. (2003) are unsuitable for the description
of the curve particularly in the initial part at low Aa (Zerbst and Madia 2015) which
is highly relevant for later R-curve analyses; for a more detailed discussion see
Maierhofer et al. (2018).

As well, the estimation method for the cyclic R-curve based on a modified El Had-
dad equation, Egs. (6)—(8) has already been introduced in Sect. 1.4.3. The input infor-
mation needed for the2.3.2.2 latter comprises (i) the material fatigue limit (range!)
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which can also be estimated from parameters such as the ultimate tensile strength or
the hardness, see Sect. , the long fatigue crack propagation threshold, see Sect. 2.3.2.5
and the intrinsic threshold.

The latter is a function of the elastic properties of the metal, i.e. the modulus of
elasticity and the type of crystal lattice. A simple estimate is provided by

A et ~ 1.3-107°E (103)

(with E in MPa and AKy, ¢ in MPa m'?), for a discussion see Maierhofer et al.

(2018). An equation including the magnitude of Burgers’ vector, ||b||, was recently
published by Pokluda et al. (2014):

3
AKipeff = ZE' IIbll (104)

Note that the ||b|| value depends on the lattice type and is in the order of
0.25-0.29 nm for engineering metals such as steels or aluminium alloys.

The second key parameter for the determination of the cyclic R-curve by
Egs. (6)—(8) is the ay parameter proposed by Smith (1977) and El Haddad et al.
(1979). A compendium of a, values is provided by Atzori et al. (2005) for a variety
of materials. Note, however, that caution is advised when literature data are used.
Besides the long crack threshold AKy, ¢ and the material fatigue limit, ay also
depends on the boundary correction function Y of the stress intensity factor (Eq. 6).
Frequently this is assumed as Y = 1 without further consideration (obviously in order
to provide it in a geometry independent format). Within the framework of IBESS,
semi-circular or semi-elliptical surface cracks are considered, with the semi-circular
ones being chosen at the fatigue stress level. For this, Y =0.728 in tension loaded
plates (Tanaka and Akinawa 2003). As a consequence, a, values referring to Y =1
have to be converted to ag for Y =0.728 when applied within the IBESS method. This
is done by a “correction” factor of (1/0.728) 2. As already mentioned in Sect. 1.4.3,
caution is required with respect to the long crack threshold AKy1c as an input
parameter in Eq. (6) since ag is very sensitive to variations of this.

Note that the input parameters AKp1c and Ao in Eq. (6) depend on the load
ratio R. With respect to the fatigue limit range Ao, this means that, if necessary, a
conversion to a different R ratio must be carried out such as is usual in fatigue. An
option is provided by the Haigh approach, e.g., using Goodman’s equation (Goodman

1914)
6,(R) = 0 (R = —1)/ (1 L YR 0;(: = _1)> (105)
with y(R) being a conversion factor which can simply be determined as
Y= Om _ 1+R (106)

O, 1—-R
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Fig. 88 Comparison of
experimental cyclic R-curves
of S355NL steel and
estimates by Eq. (7);
according to Zerbst and
Madia (2015)
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such that y=0for R=—1, y=1/3 for R=—-0.5, y=1for R=0 and y=3 for R=
+0.5. Estimates of cyclic R-curves for different R ratios based on Egs. (6)—(8) in
conjunction with Eqs. (104) and (105) are provided in Fig. 88.

2.3.2.7 Monotonic Fracture Resistance

The topic of monotonic fracture resistance has already been addressed in Sect. 1.9.2.3.
Note that, in IBESS, the data, besides those for the base metal, have been obtained on
specimens with thermally simulated microstructure. Guidance on toughness testing
on welded specimens is provided in test standards such as BS 7448, Part 2 (1997) and
ISO 15653 (2010), see also Appendix 9 in EFAM GTP 02 (Schwalbe et al. 2002).
With respect to the statistical treatment of weldment data, guidance is provided by
Wallin et al. (2004), SINTAP (see, e.g., Sect. 2.4.5.3 in Zerbst et al. 2007, and
Appendix A in Zerbst et al. 2014a), and in Sect. 7.1.5 and Annex L in BS 7910
(2013); cf. also Annex A of the present study.

2.3.2.8 Material and Weld Defects

Typical weld defects of relevance for fatigue strength are slag inclusions, microcracks
at spatter droplets and other features, see e.g. Figure 16 in Sect. 1.5.1 and, for a
more detailed discussion, Zerbst et al. (2014a). Note that no such flaws were found
in the IBESS specimens. However, even if there are no defects from the welding
process, flaws such as non-metallic inclusions exist in the base metal as well as
in the weld metal from original material production. They are introduced into the
material, e.g., during the deoxidation process, for a more detailed discussion see
Zerbst et al. (2018b). Figure 89 shows the statistical size distribution (extreme value
statistics) of such inclusions in S355NL welds, specifically in the weld toe regions.
As explained in Sect. 1.6, the particle sizes of these inclusions cannot be simply used
as initial crack sizes since it is not clear whether cracks initiated at them would arrest
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Fig. 89 Non-metallic inclusions in the weld toe areas of butt welds of S355NL steel. a Metallo-
graphic section; b histogram of the area equivalent diameter of a circle; ¢ extreme value statistics
of inclusion diameters; according to Schork et al. (2018)

later, such that they would not be critical for the component. They would only be
relevant if their sizes exceeded the initial crack size at the transition from crack arrest
to propagation. The determination of the latter within IBESS will be described in
Sect. 2.4.5.

2.4 Determination of the Fatigue Strength and Life

24.1 Crack Arrest: Cyclic R-Curve Analysis

The cyclic R-curve analysis (the acronym “R” stands for the resistance of the material)
is at the center of the IBESS procedure. The principle was first introduced by Tanaka
and Akinawa (1988), for some more recent examples see McEvily et al. (2003),
Chapetti et al. (2004) and Endo and McEvily (2007). It can be compared to the well-
established R-curve analysis for monotonic fracture where the crack driving curve,
e.g., in terms of the J-integral is plotted as a function of the crack size, a, along with
the R-curve, J-Aa, with Aa being the amount of stable crack extension. In terms of
the fracture mechanics triangle (see Sect. 1.5.1) the crack driving force stands for
the “load vertex” and the R-curve for the “material vertex”. The third, i.e., the “crack
vertex” is defined by the (pre-existing) initial crack size for crack extension. Note that
the crack driving force, besides the crack size, depends on the applied loading and
the component geometry. The load, the crack driving force of which in combination
with a certain initial crack size fulfills the tangency criterion with the R-curve, is that
load at which the hitherto stable crack extension changes to unstable crack growth.
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Fig. 90 Schematic view of a cyclic R-curve analysis. The transition from arrest to non-arrest is
given by that crack driving force curve (referring to load Ao, in the example) which tangentially
touches the cyclic R-curve

Comparably, crack arrest turns to fatigue crack propagation when the tangency
criterion is met in the cyclic R-curve analysis. In IBESS, the vertexes of the triangle
are: (i) the crack driving force AK,, referring to the applied load Ao including local
stress concentrators and the R ratio (“load vertex”), (ii) the cyclic R-curve AKq(a)
(“material vertex”) and (iii) the initial crack size a; and shape a;/c; of the semi-circular
or semi-elliptical crack. The principle is illustrated in Fig. 90.

2.4.2 Statistical Description of the Weld Geometry Variation Along
the Weld Toe

As already discussed, crack propagation from weld toes is a multiple crack problem
influenced by the geometrical variation along the toe, see Fig. 20 in Sect. 1.8. This
requires a specific kind of statistical treatment. As seen in Fig. 91, in the IBESS
method the toe is “split” into a number of equidistant sections along its length. A
set of geometrical parameters in terms of the toe radius p, the flank angle o, weld
reinforcement h and secondary notch depths k is assigned to each section by “semi-
randomly” sampling from the statistical distributions of these parameters. Note that
a similar idea has been realized before by To et al. (1993) and Lecsek et al. (1995).
Each section contains a half-circular initial surface crack the size (a; =c;) of which
is also statistically distributed. For its determination, see Sect. 2.4.5.

The term “semi-random sampling” requires an explanation. It means that specific
limits are introduced in random sampling to avoid too sharp geometrical transitions
from section to section as they also would not exist in reality. Note that the parameters
are chosen only within a certain confidence band, i.e., values with a cumulative



98 Fatigue and Fracture of Weldments

Statistical parameters:
+ Weld geometry
Transition radius, Flank angle
Excess weld metal
Secondary notches (undercut,...)
+ Initial crack size
+ Material parameters

Stress concentration factor K¢

Fig. 91 Partitioning of the weld toe into equidistant strips, each of which is characterized by individ-
ual geometrical parameters generated by semi-random sampling from their statistical distributions;
according to Madia et al. (2018)

probability of less than 10% and more than 90% are discarded. In addition, the random
values for adjacent sections are chosen such that they alternate above and below the
50% value of cumulative probability, see Fig. 92. The sampling is performed by
a Monte Carlo algorithm and the requirements above are simply fulfilled in that
unwanted values are discarded before the analysis is continued.

A question that arises in this context is that of the appropriate choice of the width
of the sections, in Fig. 92 designated by £. Empirical evidence seems to point to the
order of about 1-2 mm. Lecsek et al. (1995) chose 2 mm but did not find much a
difference when they used 1.3 and 4 mm instead of this. In Fig. 93 surface roughness
profiles along the weld toe (edge) and, parallel to this, at the center line of a S355NL
butt weld are shown. For the first, some periodicity of the order of about 1.4 mm can
be identified which is in line with the information above.

In order to evaluate the influence of the section width £ on the results of an IBESS
analysis, calculations with £ =0.33—4.17 mm have been performed for a butt weld
of S355NL at R=—1. The resulting mean curves are summarized in Fig. 94. As can
be seen, calculations with £ =1 mm yielded most satisfying results. However, the
difference within the complete range of £ values is no more than 25% in finite life
(high cycle) fatigue strength (which roughly refers to the experimental scatter band)
and even a bit less towards the fatigue limit. As the result of all these considerations,
a tentative section width of £ =1 mm was chosen for the further analyses.
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Fig. 93 Example of the ripple spacing determined by line scans at two straight lines along the weld
toe and the center of the weld, material: S355NL, butt weld, IBESS data; according to Schork et al.

(2018)

2.4.3 Crack Coalescence and Crack Aspect Ratio a/c

Within the IBESS method, each section contains an initial semi-circular surface
crack the depth a; of which is determined by the method described in Sect. 2.4.5.
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Fig. 94 Example for IBESS simulations of the S-N curve of a butt weld as a function of the section
width ¢ along the weld toe, steel S355NL (HAZ); according to Schork et al. (2018)
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The parameter shows a scatter band such that each section contains a crack of a
different size. Depending on the different geometry of the weld toe from section to
section some of these cracks will grow faster, others slower and some will even arrest
after some propagation. A more detailed discussion of this pattern is provided by
Madia et al. (2017a). When, subsequent to some crack extension, the surface points
of two adjacent cracks contact, crack coalescence is assumed. The surface length of
the resulting crack is equal to the combined surface lengths of the coalescing cracks
and its depth is equal to the depth of the deeper crack. This principle is illustrated in
Fig. 95.
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Note that this rule is different from what is common for long cracks, see, e.g.
Anderson (2003) and that it is a simplification in two respects: due to mutual influ-
encing of the two crack tips at the adjacent surface points their crack driving force
is larger than it would be if there were no second crack. As the consequence, coa-
lescence at this point is faster than predicted by IBESS. In contrast, crack growth is
slower immediately after this event when the propagation in the depth direction is
decelerated whilst IBESS assumes the generation of the new semi-elliptical crack in
a moment. Note that there is ongoing investigation by the authors of this pattern. By
now, short crack coalescence is realized in IBESS as discussed above. The solution
can be assumed as reasonably accurate or slightly conservative (Pang and Gray 1993;
Tan and Chen 2013).

A further source of conservatism is the neglection of the “waviness” in the weld
toe which is modelled as a straight line along its length dimension in IBESS. In
reality, adjacent cracks are not strictly coplanar but show some offset of plane, which
hampers and decelerates coalescence (Otegui et al. 1991).

A comparison between IBESS analysis results and experimental information is
provided in Fig. 96. In the experiment, the crack development has been marked by
heat tinting after 2.5 x 10° loading cycles (black and white areas respectively at the
lower edge of the cross section in Figs. 96a, b) and beach marking (at later stages).
The IBESS simulation of Fig. 97 does not start at zero but with the sizes of the
cracks visualized by heat tinting. As can be seen, a quite similar picture emerges
in experiment and simulation. The growth of one of the marked cracks of Fig. 96
is further pursued in Fig. 97 where satisfying analysis results can be attested for
the crack depth (Fig. 97a) as well as for the crack length at surface (Fig. 97b). The
zig-zag pattern of the crack aspect ratio a/c (Fig. 97¢) is due to repeated coalescence
events and it is in line with what is known from the literature, see Fig. 19 in Sect. 1.7.

2.4.4 Failure Criteria

In general, failure may be defined as “loss of functionality”, see Sect. 1.1.5. This
may occur as fracture but other criteria are possible as well. A common approach
in fatigue analysis is an end-of-life definition by a certain crack depth relative to
the wall thickness. This sounds arbitrary. Note, however, that not much lifetime is
spent during the late phase of crack propagation such that the error is rather small.
Although the monotonic fracture resistance has been determined in IBESS as well
(Sect. 1.9.2.3), the validation exercises of Sect. 2.7 are based on the simple criterion
that the depth of the crack has reached the order of 50% of the wall thickness. Note
that the crack has shaped into a continuous surface crack at that point due to repeated
coalescence events.
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Fig. 96 Multiple fatigue crack propagation; a marked cracks (by heat tinting and beach marking);
b replotted pattern with the corresponding numbers of loading cycles; ¢ results of the IBESS
simulation starting from the cracks visualized by heat tinting (black and white areas respectively at
the lower edge in a and b as initial cracks; steel S355NL; R = —1; according to Madia et al. (2018)

2.4.5 Determination of the Initial Crack Size in IBESS

It has already been mentioned in Sect. 1.6 that the initial crack size a; is determined
by a two-criteria concept. The lower bound of a; is obtained by a crack arrest analysis.
If crack-like defects exist larger than the arrest crack size these take over the role as
initial cracks. This is schematically illustrated in Fig. 98.

The determination of a; as crack arrest depth is based on a cyclic R-curve analysis
as described in Sect. 2.4.1. It is illustrated in Fig. 99. First, the crack driving force
curve AK,, (a) is determined such as described in Sect. 2.2.3.2 for semi-circular
surface cracks (a/c =1) of different size. The load refers to the fatigue limit stress
of the material which, if it is not explicitly available, can also be estimated from
parameters such as the ultimate tensile strength Ry, or the hardness HV, Sect. 2.2.3.2.

The second information available is the cyclic R-curve which is fixed at the ordi-
nate of the diagram at the intrinsic fatigue crack propagation threshold AKy, ¢fr as its
minimum value, but it is free to be shifted along the abscissa, i.e., the crack depth
axis. The arrest-propagation transition is defined such that the crack driving force
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Fig. 97 Propagation of one of the cracks of Fig. 96; experimental results and IBESS analysis starting
from the crack size marked by heat tinting; a development of crack depth, (a); b development of
(half) crack length at surface, (c); ¢ development of the crack aspect ratio, a/c; steel S355NL; R=
—1; according to Madia et al. (2018)
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Fig. 98 Definition of the initial crack size for fracture mechanics analyses by either crack arrest or
initial flaws, whichever provides larger values; according to Zerbst et al. (2017, 2018c, d)

curve and the R-curve just touch tangentially. This is reached by horizontally shift-
ing the R-curve. The corresponding initial point of the cyclic R-curve at the abscissa
refers to the initial crack size a;.
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Fig. 99 Cyclic R-curve analysis for determining the initial crack size as a material parameter

Table 11 Reference data for probabilistic analyses (j. =mean or expectation value, o = standard
deviation, COV = coefficient of variation =o/1), see also Dillstrom and Nilsson (2003)

Parameter Application range COV, mean value Source
standard deviation ¢
Fatigue strength COvV=0.10 Dowling (1998)
Rm Metals COV =0.05 Dowling (1998)
R Welds COvV=0.10 Dowling (1998)
R Measured values COV =0.05 Wallin (1998)
Rm Standardized values w=Rpy +70 MPa Wallin (1998)
0=30 MPa

The value of a; determined in this way is considered as a material parameter since
the crack driving force curve is determined for a smooth tension plate subjected to
cyclic loading at a stress ratio of R=—1. When the material fatigue limit (or the
ultimate tensile strength or hardness) are available as statistical properties, a; will
also be statistically distributed. This is illustrated in Fig. 100 for the base materials
of S355NL and S960QL where o, has been estimated as 0.45 R,,,, see Sect. 2.3.2.2b.
If no experimental scatter is available, the data can be used in conjunction with fixed
coefficients of variation COV. Default values are provided in Table 11.

By the way, Fig. 100 can be used to explain the well-known phenomenon that the
fatigue strength of high-strength steels is much more sensitive to the size of inclusions
(Murakami 2002; see also Neuber 1958; Peterson 1959 for background explanation)
than those of lower-strength steels. As can be seen, the initial crack size based on
the arrest criterion of the higher strength steel S960QL is significantly smaller than
those of the lower strength steel S355NL. Remember the two-parameter concept for
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Fig. 100 [Initial crack sizes and crack sizes at crack arrest obtained by the IBESS crack arrest model
of Fig. 99 for low strength and high strength steels (here: base metals of S355NL and S960QL);

according to Zerbst et al. (2018c, d)

defining the initial crack size (Fig. 98). Due to the lower crack arrest a; in the higher
strength material there is a higher probability for the largest inclusion to take over

the role as the initial crack-like defect, see also Zerbst et al. (2018b, c, d).

2.4.6 Stochastic Determination of the Fatigue Strength of the Weldment

2.4.6.1 Basic Principle

If the initial crack size is known, the cyclic R-curve analysis can be applied to the
determination of the fatigue limit of components, e.g. Akinawa et al. (1997). The
basic principle is illustrated in Fig. 101 where each point stands for an IBESS analysis
of arandomly sampled geometry. The stochastic input parameters, which differ from
section to section of the weld toe, are the weld toe radius p, the flank angle o, the
weld reinforcement h, the secondary notch depth k and the depth a; of the initial

semi-circular crack such as described in Sect. 2.4.5.

(a) Atthe finite life (high cycle) regime of the S-N curve, structural failure (for the
definition see Sect. 2.4.4) will be reached at a number of loading cycles which
differs from random geometry to random geometry. The result is a scatter band
of failure loading cycles per stress level. Usually sets of such scatter bands will
be generated at stress levels between the fatigue limit and the cyclic yield stress

level which, finally, can be statistically processed.
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Fig. 101 Basic principle of the stochastic analyses of IBESS for the determination of the finite life
(high cycle) S-N curve and the fatigue limit

(b) Withrespect to the endurance limit, an engineering definition is applied such that
no failure will occur within 107 loading cycles (a number which, in principle, can
freely be chosen). A pre-defined number of analyses is performed at different
stress levels. At each of those levels, a number of failure events (before reaching
the 107 loading cycles) and a number of runouts (no failure even at 107 loading
cycles) is predicted. The failure probability is simply obtained as the ratio of
failure events to the overall number of simulations. It will be zero at low stress
levels and then increase until it reaches an upper bound fatigue limit above
which the failure probability will be 100%. Based on these data, a probability
function of the fatigue limit can be determined.

2.4.6.2 Fatigue Limit and Finite Life (High Cycle) Fatigue Strength

This principle is explained a bit more in detail in Fig. 102. An example is provided
in Fig. 103 where the analysis is performed for both base metal and HAZ material
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Fig. 102 Stochastic analysis of IBESS for determining the probability function of the fatigue limit
with the latter being defined for N =107 loading cycles and the scatter band of the finite life (high
cycle) S-N curve

properties. As expected (see Sect. 1.9.2.1) the HAZ analysis provides the better results
compared to the experimental data. Further validation examples will be provided in
Sect. 2.7.

2.4.7 Proposal for a Simplified Procedure Based on Base Metal Data
The determination of the HAZ material data (which are needed because the short

crack spends most of its time in that material region) is a sophisticated and time-
consuming task. Therefore, options for the estimation of those data have been pro-
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Fig. 103 Example of a stochastic IBESS analysis; steel S355NL butt weld, as-welded, R=—1.
The simulation has been performed for base metal and HAZ properties with the latter, as expected,
delivering the better result. The expected values p and standard deviations o at the right-hand side
refer to the fatigue limit defined for N= 107 loading cycles; according to Madia et al. (2018)

posed, e.g. on the basis of hardness, in order to reduce the expense, see Sects. 2.3.2.2b
and 2.3.2.3b.

Here, another simplification is proposed, the principle of which is illustrated
in Fig. 104. It is based on the observation that the difference between the S-N
predictions for base metal and HAZ material properties reduces at lower stress
levels towards the fatigue limit. The reason for this is easily explained. The major
differences between the base metal and HAZ cyclic stress strain curves are in the
non-linear parts of the S-N curves whilst almost no difference is seen at the elastic
curve sections, see Fig. 27 in Sect. 1.9.2.2. At the fatigue limit, most of the differences
is given by different AKy(a) characteristics (AKy, (HAZ)>(AKy, (BM)).

The simplified method consists of the following steps:

(a) The finite life (high cycle fatigue) S-N curve is stochastically simulated such as
described in Sect. 2.4.6, but for base metal properties.

(b) To its upper tail a lower bound curve is plotted as a straight line in double-
logarithmic scaling.

(c) This straight line is extrapolated to N =2 x 10° loading cycles (black dot in the
figure).

(d) Then a line with a slope of k=3 is plotted through this point with k being
defined by
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Fig. 104 Proposal for a simplified IBESS analysis based on base metal data. Based on the upper
tail of the simulated S-N curve for base metal, a stress amplitude is determined for N=2 x 100
(left-hand side). A “synthetic” finite life branch with a slope of, e.g., k=3 is then plotted through
this point (right-hand side). Finally, the knee point is given by the intersection between a lower
bound endurance limit (horizontal) and this line

k = A(log N)/ A(log o). (107)

Note that a slope of k=3 is given for S-N curves of weldments, see, e.g. the
IIW guidelines (Hobbacher 2016).

(e) The fatigue limit is determined such as described in Sect. 2.4.6 and a horizontal
line is plotted though its lower bound. This can be statistically defined as a lower
percentile value or simply placed by eye when the scatter in the fatigue limit is
small which is usually the case for larger flank angles o whilst the scatter band
becomes wider for small a.

(f) The knee point is simply determined as the intersection point between the two
straight lines in double-logarithmic scaling.

An example of a S-N curve determined this way is shown in Fig. 105.
2.5 Preliminary Recommendations for Considering Welding
Residual Stresses

The treatment of residual stresses has been discussed in Sect. 1.9.4.3. Because of a
number of open points the recommendations in this Section are preliminary.
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Fig. 105 IBESS simplified analysis based on base metal data, example; steels S355NL, butt weld,
R=-1

(a) Classification as Primary Stresses

As arule, residual stresses may be classified as primary in IBESS. This is particularly
indicated when

— substantial elastic follow-up is expected,

— load controlled situations are expected, e.g., when the locality of the weld is far
from the source of the displacements, (which is typical for reaction stresses) and

— in the case of short cracks when the spatial extend of residual stresses is large
compared with the crack size.

The last two points are in accordance with BS 7910 (2013). Note that the treatment
of welding residual stresses as primary in IBESS fatigue crack propagation analysis
is not expected to be overly conservative since the long crack stage particularly in
Region 3 of the da/dN-AK curve (see Fig. 5 in Sect. 1.4.1) and the final fracture
event are usually not very relevant with respect to the overall lifetime. That is also the
reason why Region 3 is not considered in the IBESS description of crack propagation
(Eq. 80, Sect. 2.2.4.1).

(b) Effective R Ratio

The effect of welding residual stresses is considered by a modified R ratio according
to Eq. (15)in Sect. 1.9.4.4. It is introduced in the analysis on the material side, namely
in Egs. (81) and (82). As outlined in Sect. 1.9.4.4, this R is understood as an effective
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— Weld seams

Fig. 106 Constructed example of a welded component with high internal restraint

value which replaces the nominal R exclusively defined for applied loading. The
objection that this is not adequate when crack closure comes into play is irrelevant
at this reflection because crack closure is adequately considered by Eq. (81).

(¢) No Residual Stresses at the Weld Toe in Not Self-restrained Weldments

In the absence of long range (or reaction) residual stresses the remaining medium-
range stresses are assumed to be zero in an IBESS fatigue analysis. The distinction
between both kinds of residual stresses and its separation is, however, possible only
in the absence of self-restraint of the weldment. It is possible for butt welds, T joints
and cruciform joints but not for longitudinal gussets and, of course, it is also not the
case for complex weldments such as shown in Fig. 106 as an example. There are two
reasons for the zero-stress assumption (see Sect. 1.9.4):

— The as-welded residual stresses tend to values of zero at the weld toe region and,
even if not,

— they are relieved by fatigue loading. Stress relief effects are also expected in
monotonic load cases such as proof tests, local compression etc.

However, some caution is advised. Have a look at Fig. 38 in Sect. 1.9.4.3.1. Whilst
the transverse residual stresses of the butt welds are zero at the weld toe surfaces,
there are tensile residual stresses in the wall thickness direction. These are as-welded
residual stresses and we do not know how they would develop under cyclic loading. If
they were not completely removed, some (more or less moderate) non-conservatism
of the IBESS analysis would be the consequence.

What also can be seen in Fig. 38 is a difference between the as-welded stress
profiles referring to MAG and TIG welding. Note that the difference between the
techniques consists in different heat inputs and tg;s temperatures as a measure of the
cooling rate (tgs is the time for cooling of a welding layer from 800 to 500 °C).
These, in conjunction with the temperature-transition-time (TTT) diagram of the
material will not only affect the microstructure but also the temperature of phase
transformation from fcc to bee lattice which in turn will alter the residual stress state.
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No benefit should be taken from potential compressive residual stresses when,
e.g., the weldment is cycled at positive R ratios.

No recommendation can be given at present with respect to post-weld treatment
by the various peening methods which also introduce local compressive residual
stresses. The crucial point is their stability under cyclic loading which will also
depend on the strain amplitude of the fatigue load.

(d) Long Range or Reaction Residual Stresses

As outlined under point (a) these are generally classified as primary and they have
to be considered in the determination of the effective R ratio (point b). What makes
the issue complex is their determination. In principle, this is possible by finite ele-
ments (and in a few cases even analytically). However, their magnitude will strongly
depend on manufacturing tolerances and it is definitely not an easy task to cope with
these and other factors influencing the reaction stresses (see Sect. 1.9.4.1b), e.g. ina
complex steel framework. If no or no reliable information can be gained the general
treatment of the problem such as proposed by BS 7910 (2013) is recommended, i.e.,
individually determined or reference da/dN-AK curves (Sect. 2.3.2.4.3) for R > 0.5
should be used. Note that Eurocode EN 1993-1-10 for reaction stresses implicitly
assumes a default value of 100 MPa for steel structures (Sedlacek et al. 2008).

What is not recommended for the reasons discussed in conjunction with Fig. 38
in Sect. 1.9.4.3.1 is the use of compendia of residual stress profiles, e.g. of BS 7910
(2013) in the context of an IBESS analysis.

2.6 Misalignment

Figure 107 illustrates the two basic types of misalignment:

— Axial misalignment (Fig. 107a) and
— Angular misalignment (Fig. 107b).

Both can be the result of poor manufacturing but also of detailed design and they
cause misalignment stresses when the weldment is subjected to membrane (tensile)

Fig. 107 Definitions of
misalignment; a axial; b
angular
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Fig. 108 Determination of bending stresses ops due to axial misalignment in BS 7910 (2013);
example

loading. No additional stresses arise in butt and fillet welded joints subjected to
bending, however, this pattern might be different with respect to misaligned joints in
sections, e.g., beams or tubes (BS 7910, 2013). In IBESS, misalignment is consid-
ered as an additional bending stress added by superposition in K-factor determination
(Sect. 2.2.3.2.5) and as a reduction of the tensile reference yield load, in the deter-
mination of the reference yield load, oy (Sect. 2.2.3.2.6, Fig. 56).

The determination of the misalignment stresses is not an objective of the proce-
dure but the information has to be provided as an input information. Note that this
usually will require a finite element analysis since the misalignment stress besides
eccentricity, e, (axial misalignment) and angle, vy, (see Fig. 107) depends on fur-
ther factors such as the section shape, the presence of other members in the welded
assembly which provide local stiffening, etc. (BS 7910, 2013).

For basic cases, documents such as BS 7910 (2013) or the IIW guidelines
(Hobbacher 2016) provide estimates of the additional bending stress referred to the
applied membrane stress, ops/0,. An example is shown in Fig. 108.

2.7 Application and Validation of the Approach

2.7.1 Case Studies—Overview

(a) Weldments Under Investigation
The method was applied to a large number of welds comprising

— different weldment types: butt, cruciform, both sided longitudinal gusset
(Fig. 109),

— different materials and plate thicknesses (S355NL and S960QL; T=10 mm;
S355J2+N: T=3 mm) with

— two weld geometries obtained by different manufacturing techniques, MAG and
TIG respectively (Figs. 110 and 111), and in the as-welded and stress relieved
state.
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Table 12 Fit parameters A and B (Eq. 102) to the cyclic R-curves used in IBESS analyses; accord-
ing to Kucharczyk et al. (2018)

Material R ratio A b Remarks
S355NL base metal —1 6.292 0.412

0 1.924 0.299

0.5 0.37 0.5 Estimated
S355NL CGHAZ -1 4.861 0.255 Estimated by Eq. (7), then

fitted by Eq. (102)

Cap pass 2 0 2.589 0.342

0.5 1.293 0.562
S960QL base metal -1 5.579 9.248

0 3711 0.026

0.5 3.208 0.007

(b) Material Input Properties

The base metal and HAZ material data of the materials investigated have already
been provided in Sect. 1.9.2 with respect to the cyclic stress-strain curves and the
monotonic fracture resistance of S355NL and S960QL and in Sects. 2.2.4.3 and
2.3.2.5.1 with respect to the da/dN-AK and fatigue crack propagation threshold
data. The coefficients A and b of the cyclic R-curves (Eq. 102 in Sect. 1.3.2.6) have
been obtained by curve fits to experimental data or to estimated curves from the
modified El Haddad approach (Eq. 7, Sect. 1.4.3). They are summarised in Table 12.
For the S355J2+N (3 mm plates) the data of S355NL (10 mm plates) have been
used. Although the monotonic stress-strain curves of the base metals of both steels
were different, the cyclic stress-strain curves almost coincided (Fig. 112).

(c) Treatment of Residual Stresses

A weak point of the analyses so far is that they do not explicitly take into account
welding residual stresses although rules for this have been formulated in Sect. 1.5.
The reason lies in the uncertainty of the stress state after cyclic loading. This statement
must be specified in detail:

(a) There is indication that in the absence of long range or reaction residual stresses
the as-welded residual stresses at the weld toes are about zero at the surface

Fig. 109 Weldment types
for which finite life (high
cycle fatigue) S-N curves
have been experimentally
generated in IBESS for
validation

Butt weld Cruciform joint Longitudinal gusset
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Fig. 110 Macrosections of the weldment configurations and the weld toe geometries investigated
within IBESS; steels S355NL and S355J2 + N; according to Schork et al. (2018)

(b)

and that even existing tensile or compression residual stresses would relax at
cyclic loading at R=—1 with cyclic mean stress relaxation also playing a role
(see Sect. 1.9.4.2). Thus, an analysis neglecting any welding residual stresses
is appropriate at R=—1 loading as long as no restraint (long range residual
stresses, see Sect. 1.9.4.1) is to be stated. This is the case with respect to the
welds investigated here, except the longitudinal gussets.

For higher R ratios (R > 0), compressive residual stresses have been predicted by
finite element analysis for cruciform joints of S355NL (Fig. 36 in Sect. 1.9.4.2,
see also Hensel et al. 2018) and for longitudinal gussets of the same steel
(Tchuindjang et al. 2018). This makes sense from a mechanical point of view
although experimental confirmation is lacking for reasons which are unclear by
now (see also Sect. 1.9.4.2). If compressive, i.e., negative residual stresses were
built-up at R =0 or higher, the effective R ratio would be lower than the nominal
one. In other words: The real mean stress is smaller than those used in the IBESS
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Fig. 111 Macrosections of the weldment configurations and the weld toe geometries investigated
within IBESS; steel S960QL; according to Schork et al. (2018)
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Fig. 112 Monotonic and cyclic stress-strain curves of steel S355J2+N; base metal; according to
Kucharczyk et al. (2018)

analysis with the consequence that the latter should be conservative. The effect
must be larger for higher than for lower stress ratios because stress redistribu-
tion is a question of local plasticity and this will be less pronounced for smaller
plastic strains and even not occur under elastic conditions. Note that residual
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stresses, in an IBESS analysis, are considered by applying a da/dN-AK curve
for a residual stress corrected, effective R ratio. As a consequence, the IBESS
analyses should theoretically be performed for different effective R ratios, Ry,
depending on the stress level, i.e., R would be lower at higher and higher at
lower stress levels.

Note, however, that it was assumed by the preliminary recommendations in
Sect. 1.5 that no benefit should be taken from potential compressive stresses which
means that all analyses would neglect this kind of residual stresses and, in turn, accept
the potential conservatism of the IBESS analysis.

The reason for the preliminary nature of the recommendations of Sect. 1.5 is not
only the lack of experimental proof of the compressive stresses when loaded at R > 0,
it is also given by open points in interpreting the numerical evidence. The results in
Fig. 36 of Sect. 1.9.4.2 have been obtained for the surface of the weld toe and in
the absence of a crack, and the picture might change at and below the surface. The
authors also have made use of the stress-strain curve of the base metal instead of
those of the HAZ.

Finally, it must be stressed again that all these considerations relate to medium-
range residual stresses only. Long-range or reaction residual stresses have, of course,
to be considered in an IBESS analyses. However, with respect to the validation
examples of this section, except in the case of the self-restraint longitudinal gussets
no reaction residual stresses were present at the as-welded weld toes near the surface
and, as mentioned, there is indication of the stress relieving effect of cyclic loading
even in this case (Hensel et al. 2018; Tchuindjang et al. 2018).

A total of 31 S-N curves were simulated and compared with experimental data.
Selected but representative results are shown in Sect. 2.7.2, for a complete overview
see Zerbst (2016). Note that the data are restricted to the finite life (high cycle)
fatigue regime of the curves since only these were in the focus of the original IBESS
project. Therefore, no validation in the strict sense was performed with respect to
the endurance limit. Instead a comparison with a literature compendium of fatigue
strength data of structural steels is presented in Sect. 2.7.3. Finally, a first application
of IBESS in conjunction with an extended ISO 5187 weld quality class will be
provided in Sect. 2.7.4.

2.7.2 Finite Life (High Cycle) Fatigue Regime
2.7.2.1 Butt Welds

In this section, selected representative validation examples are shown. Usually 10
(in some cases 20) simulations have been performed per stress level. The results are
shown as scatter bands, i.e., they have not been statistically processed, except those
of the few fatigue limits which, however, are not validated here.

A first example has already been presented in Sect. 2.4.6.2, Fig. 103, where butt
welds of S355NL loaded at R=—1 were investigated. When HAZ data were used,
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Fig. 113 Finite life (high cycle fatigue) S-N curve and endurance limit prediction; butt weld of
steel S960QL, post-weld-heat-treated, R = — 1. The simulation has been performed for base metal
and HAZ properties. The expected values p and standard deviations o at the right hand side refer
to the fatigue limit defined for N=107 loading cycles; according to Madia et al. (2018)

very good predictions have been obtained. Note that this pattern was representative
for butt welds loaded at R=—1. Another example is shown in Fig. 113, where
S960QL butt welds have been investigated. Despite the larger scatter in the exper-
imental results the predictions are again satisfying. Note that so far no scatter of the
da/dN-AK material data is considered in IBESS.

Focusing on butt welds tested at R=0 or higher the picture changes in that
the predictions are conservative, but on a moderate scale. An example is shown
in Fig. 114. The authors suspect compressive, i.e., negative residual stresses, are
responsible for this, see Sect. 1.9.4.2 and the comments in Sect. 2.7.1. Note that this
assumption is confirmed by the investigation of the individual crack in Fig. 115. A
similar example has already been shown in Sect. 2.4.3, Fig. 97, where the IBESS
analysis for zero residual stresses at the weld toe at R=—1 yielded almost perfect
results. This time, when performed for nominal R =0, the predictions of the a-N and
c-N curves are conservative. For comparison, an R =—1 prediction is added which
is much closer to the experimental curve at early crack propagation. Later on, this
pattern changes and the experimental slopes of the a-N and c-N curves come closer
to those of the R =0 predictions. If the assumption of compressive residual stresses
at the surface were right, the effective R ratio should be somewhere in between
R=—1and R=0. Note that, in contrast to Fig. 97, the calculations started at a crack
depth of 2 mm, i.e., only long cracks were considered.

Yet another picture emerges in Fig. 116, where predictions for butt welds of 3 mm
thick plates of S355J2+ N are compared with experiments at R =0. As noted above,
the material properties of S355NL have been assumed for this configuration which
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might cause some uncertainty. What is, however, most striking is the small difference
between base metal and HAZ based predictions such that both variations seem to be
appropriate. Note that the extension of the HAZ is much smaller in the 3 mm-plate
compared to the 10 mm one. This is illustrated in Fig. 117 and it allows the conclusion
that the short crack stage is not confined to the HAZ but a larger part of this takes
place within the base metal. With respect to the reduced conservatism compared to
Fig. 114 one could suspect that the thin wall prevented or hindered the formation of
compressive residual stresses. However, this remains a speculation since no residual
stress measurements or simulations were available for this configuration within the
project.

An example of an analysis of a butt weld of S960QL loaded at R=0.5 is shown
in Fig. 118. As in the case of S355NL butt welds, the as-welded residual stresses
tended to zero at the weld toe, see also Fig. 37 in Sect. 1.9.4.3.1, where the same
trend is obtained for a wide range of steels of different strengths, and also in Fig. 38.
What is, however, different compared to the lower strength S355NL is that due to
the high cyclic yield strength there seems to be little or even no modification of
the residual stresses when cyclically loaded. Note that stress redistribution requires
plasticity. Therefore, no compressive stresses are to be expected and the analysis with
zero residual stresses should give reasonable results. This, despite the large scatter,
is reflected in the figure.
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Fig. 115 Propagation of a semi-elliptical surface crack initiated at the weld toe of a cruciform joint
at R=0; steel S355NL. The simulation starts at a crack depth of 2 mm. a Development of crack
depth, (a); b development of (half) crack length at surface, (c). It is suspected that the conservative
prediction is due to compressive residual stresses introduced by cyclic loading at R =0 which are
not considered in the calculation; according to Madia et al. (2018)

2.7.2.2 Cruciform Joints

Examples of IBESS analyses on cruciform joints of S355NL and S960QL at
R=—1 and 0 are shown in Figs. 119, 120, 121 and 122.

(a) S355NL Cruciform Joints

In contrast to the butt welds of S355NL moderately conservative results are obtained
not only for R=0 (Fig. 120) but also for R=—1 (Fig. 119). The degree of conser-
vatism is almost identical. The reason for this is not clear. One could suspect that
different axial misalignments may have played a role with respect to the scatter as
well as with respect to the difference between the curves. Note that, as in the case
of the butt welds, the as-welded residual stresses at the toe surface of the fillet welds
tended to zero. Furthermore, as discussed in Sects. 1.9.4.2 and 2.7.1, finite element
predictions yielded compressive residual stresses at the weld toe when loaded at
R =0 such that the effective R ratio is expected to be smaller than the nominal one
used for the IBESS prediction.
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Fig. 116 Finite life (high
cycle fatigue) S-N curve
prediction; butt weld of steel
S355J2+N, Plate thickness:
3 mm; as-welded condition,
R =0. The simulation has
been performed for base
metal and HAZ properties;
according to Madia et al.
(2018)
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Fig. 117 Macrographs of the S355NL butt welds (plate thickness: 10 mm) and the S355J2+N butt
welds (plate thickness: 3 mm). As can be seen, the extension of the HAZ is much smaller for the

latter

(b) S960QL Cruciform Joints

The IBESS simulations of these S-N curves are rather close to the experiments,
although the R =0 results are non-conservative at stress levels above o, =160 MPa
(Fig. 122). Note that the corresponding maximum nominal stress in the loading cycle
above which the predictions became non-conservative roughly referred to the cyclic
yield strengths of the different regions of the HAZ (Fig. 27 in Sect. 1.9.2.2). At that
values no analysis would usually be performed.
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Fig. 118 Finite life (high
cycle fatigue) S-N curve
prediction; butt weld of steel
S960QL, as-welded
condition, R=0.5. The
simulation has been
performed for base metal and
HAZ properties; according
to Madia et al. (2018)

Fig. 119 Finite life (high
cycle fatigue) S-N curve
prediction; cruciform joint of
steel S355NL, as-welded
condition, R=—1. The
simulation was performed
for HAZ properties;
according to Madia et al.
(2018)

2.7.2.3 Longitudinal Gussets
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Analyses of longitudinal gussets are shown in Figs. 123 and 124. For this type of
welds no parametric equations had been available for the through-thickness stress
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123

Fig. 120 Finite life (high cycle fatigue) S-N curve prediction; cruciform joint of steel S355NL,
post-weld-heat-treated, R =0. The simulation has been performed for HAZ properties; according

to Madia et al. (2018)

Fig. 121 Finite life (high
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Fig. 122 Finite life (high cycle fatigue) S-N curve and endurance limit prediction; cruciform joint of
steel SO60QL, post-weld heat treated, R = 0. The simulation has been performed for HAZ properties.
The expected value p and standard deviation o at the right-hand side refer to the fatigue limit defined
for N=107 loading cycles; according to Madia et al. (2018)

profiles which vary along the angle to the axial direction. Instead, finite element
input information had to be used. Part of this is given in Fig. 125. Both analyses, for
R =0 and 0.5, have been carried out for zero residual stresses which seems to be in
conflict with Fig. 34 in Sect. 1.9.4.1 which clearly shows as-welded tensile residual
stresses at the weld toe surface. Note, however, that these are expected to relax under
cyclic loading with the effect depending on the load amplitude (Hensel et al. 2018).
Tchuindjang et al. (2018), simulating the residual stress state in the present specimens
by finite elements, even found compressive residual stresses immediately at the weld
toe, i.e., the effective R ratio should be lower than the nominal one of R=0 or 0.5
on which the IBESS analyses were based. As in the case of the butt welds tested at
R =0 (see above), this could explain the conservatism of the analysis: the mean stress
is simply assumed to be too high.

2.7.3 Fatigue Limits

As mentioned at the end of Sect. 2.7.1, no validation was performed with respect to the
fatigue limit since this was beyond the scope of the original IBESS project. Instead
a first comparison will be provided with a comprehensive database on structural
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Fig. 123 Finite life (high
cycle fatigue) S-N curve
prediction; longitudinal
gusset of steel S355NL,
post-weld heat treated, R=
0. The simulation has been
performed for HAZ
properties; according to
Madia et al. (2018)

Fig. 124 Finite life (high
cycle fatigue) S-N curve
prediction; longitudinal
gusset of steel S355NL,
post-weld heat treated, R=
0.5. The simulation has been
performed for HAZ
properties; according to
Madia et al. (2018)
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steels compiled at the University of Darmstadt (Ritter 1994). Based on a very large
number of empirical data the author obtained statistically processed stress amplitude
ranges at 2 x 10° loading cycles for different weldment types. These are compared
with the IBESS lower bound stress amplitudes at the same number of loading cycles
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Fig. 125 Finite element Weld toe at p = 0% & =42.7% p = 0.15 mm
based determination of the T l
through-thickness stress -
profiles in the longitudinal Anglg to axial
gusset depending on the direction j:
angle to the axial direction.
In this case, the sections ¢
were defined as angular
sections

in Table 13. Note that the latter was simply obtained by eye based on lower-bound
straight lines of the simulations in double-logarithmic scale. However, as can be seen
in the figures in Sect. 2.7.2, the predicted S-N curves deviate from the straight line
of the upper finite life (high cycle) fatigue regime in the lower tails which made an
easy specification of o, at N=2 x 10° difficult in some cases.

As can be seen, the butt weld results of IBESS are within the range of the com-
pendium and this is also the case with respect to the longitudinal gussets with one or
perhaps two exceptions which are, however, uncertain. The cruciform joints loaded
at R=—1 show IBESS lower bound results higher than the 90% percentile value
of the compendium whilst the others are in the limits or slightly below the 10%
percentile limit.

Note again, that the comparison provided in Table 13 is not a validation in the
strict sense since this had to be based on individual experimental results.

2.7.4 1IBESS Analysis in Conjunction with an Extended ISO 5817 Weld
Quality Class

A first trial to use IBESS in conjunction with an extended weld quality catalogue
is provided in Fig. 126. Note that this was not straightforward at any position. E.g.,
ISO 5817 gives a lower limit for the weld toe radius only for quality group B125, but
not for C63 and B90. In these cases, the limit of the parameter was chosen as 1 mm.
Different parameters could be chosen with respect to the secondary notch depth, e.g.,
intermittent undercuts or shrinkage grooves.

A specific problem constituted the very high limit values for the undercut depth
given as 0.1 x T but 0.5 mm maximum in ISO 5817 (2014) and 0.1 x T without
an additional criterion in Hobbacher (2009). Referring this to a plate thickness
of T=10 mm, undercut depths of 0.5 mm and 1 mm were allowed. Instead of these
values the average of the measured roughness (k=P; =61.6 wm) was chosen as
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Table 13 Comparison between simulations and statistically specified fatigue limits for structural
steels in Ritter (1994)

Geometry R Compendium (Ritter 1994) Simulations o, in Configuration
64 inMPaat N=2 x 10° MPaatN =
10% 50% 90% 2x 108 | 107
Butt-welded joints -1 89 109 129 95 79 S355NL WG1 AW
95 79 S355NL WG1 PWHT
117 97 S960QL WG1 AW
117 97 S960QL WG1 PWHT
0 53 69 85 64 60 S355NL WG1 AW
64 60 S355NL WG1 PWHT
70 62 S355NL WG2 AW
73 68 S355NL WG2 PWHT
80 75 S355]2+N AW
- 95 S960QL WG1 AW
- 95 S960QL WG1 PWHT
- 119 S960QL WG2 AW
- 119 S960QL WG2 PWHT
>0.2 |52 64 76 67 60 S355]2+N AW
- 77 S960QL WG1 AW
Cruciform joints -1 54 64 74 93 72 S355NL WG1 AW
93 72 S355NL WG1 PWHT
83 73 S960QL WG1 AW
83 73 S960QL WG1 PWHT
0 52 62 72 58 50 S355NL WG1 AW
58 50 S355NL WG1 PWHT
42 35 S355NL WG2 AW
42 35 S355NL WG2 PWHT
- 65 S960QL WG1 AW
- 60 S960QL WG1 PWHT
Longitudinal gussets | 0 37 45 53 (34) 30 S355NL WG1 AW
(40) 30 S355NL WG1 PWHT
(43) 36 S355NL WG2 AW
(42) 36 S355NL WG2 PWHT
>0.2 |35 39 43 (28) 25 S355NL WG1 AW
- 25 S355 WG1 G

WG =weld geometry; AW = as-welded; PWHT = post-weld heat treated. Numbers in brackets = determination uncertain
(too few simulations)
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Fig. 126 Application of the
IBESS method along with

Fatigue and Fracture of Weldments
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secondary notch depth for the analysis. The butt welds of S355NL were classified as
C63, and it shows up that the IBESS prediction for this was moderately conservative.
The result suggests two conclusions:

(a) At least the IBESS basic procedure is shown to have some potential for appli-
cation in conjunction with extended quality classes.

(b) This, however, also requires further development of the extended weld quality
system in that the permissible undercut depth had to be reduced in the present
case.

3 Summary and Future Perspective

The IBESS method presented in the present study is the outcome of a German
cluster project finished in 2016. It provides solutions for the fracture mechanics-
based determination of the fatigue strength of welds with fatigue crack initiation
along the weld toes. To that purpose, it combines established tools for long fatigue
crack propagation fracture mechanics with novel developments in various fields.
These refer to general aspects of fracture mechanics and fatigue strength as well as
to specific features of welds. The newly developed elements comprise:

(a) An analytical approach for the cyclic elastic-plastic crack driving force AJ
which is applicable to the mechanically short fatigue crack propagation stage.
The method has been validated by finite element analyses.
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(b)

()

(d)

(e)

®

(o)

()

A method for describing the gradual build-up of the crack closure phenomenon
in the physically short fatigue crack regime. This is based on the so-called cyclic
R-curve, the crack size dependency of the fatigue crack propagation threshold
of physically short cracks. To that purpose, methodological work has been done
in experimental determination of the material data as well as in the development
of an estimation method for the cyclic R-curve based on a modified El Haddad
approach.

In order to facilitate an integrated analytical analysis, parametric equations have
been derived by finite element analyses for stress concentration factors at the
weld toe as well as through-wall stress profiles of V and double V butt welds and
T and cruciform joints subjected to tension and bending. Compared to existing
solutions they are characterized by a wider application field with respect to the
toe radius and flank angle and by an improved accuracy when compared to the
finite element results.

A method was developed for the determination of the initial crack size needed
for fracture mechanics analyses. In contrast with common approaches, where
this is based on the adaption to, or on back-calculation from S-N curves, it is
based on a two-criteria approach with a lower bound value provided by crack
arrest considerations using a cyclic R-curve approach. The initial crack size is
provided as a statistical quantity.

Crack arrest analyses are also used for statistically determining a fatigue limit
of welded components defined by the stress amplitude referring to 107 loading
cycles.

At stress levels above the fatigue limit, multiple crack propagation along the
weld toe is considered as well as crack coalescence. This is also realized in a
stochastic way.

The different growth behavior of the various cracks along the toe is due to a vary-
ing local geometry of the latter. This is considered by a semi-stochastic analysis
including the statistical distributions of the parameters toe radius, flank angle,
weld reinforcement and secondary notch depth with the latter being defined as
undercuts, the surface roughness of the base plate near the toe or other items.
The statistical distributions were experimentally obtained on a large number of
test sets by line scanning and other methods.

Both the fatigue limit as defined above and the finite life (high cycle fatigue)
S-N curve are determined as scatter bands and statistical distributions.

An intense discussion is provided on the effect of welding residual stresses. To
that purpose measurements and finite element analyses have been performed
for the as-welded state as well as for stress redistribution under cyclic loading.
As the result, preliminary recommendations have been formulated on how to
treat residual stresses in an IBESS analyses.

() A large number of finite-life S-N curves have been determined for validation

purposes. The data sets comprised different weldment types (butt welds, cross
joints and longitudinal gussets), two steels (S355NL and S960QL) of quite dif-
ferent strengths, different weld geometries due to different welding techniques
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(TIG, MAG) and as-welded and stress relieved conditions. The results demon-
strate the potential of the IBESS method in that it provided good predictions
in many cases and moderately conservative ones in others. The reasons for the
discrepancies are discussed at the background of potential compressive residual
stresses introduced by cyclic loading at R ratios of zero or larger. These have
not been considered in the analyses because of a number of uncertain points
which need further consideration.

No validation was performed with respect to the fatigue limit because this
was outside the scope of the original IBESS project. Instead the results were
compared with a large data base on structural steels from the literature, in the
vast majority of cases with satisfying results.

In addition to an IBESS basic procedure, a number of simplifications has been
proposed some of which, however, lack full validation to date. The aim is a
final IBESS procedure consisting in stepwise graded analysis levels.

That brings us to open questions and issue which require further research activ-
ity: Besides the remaining validation the most important points are:

Further numerical and experimental investigation on the effect of cyclic loading
on the stability of the welding residual stresses particularly when loaded at R
ratios > 0.

The combination of IBESS with advanced weld quality criteria. Although the
method was shown to provide encouraging results with respect to this, it was
also shown that the new weld quality criteria need critical discussion and further
development. It is expected that the IBESS method will be capable of providing
a valuable contribution to this.

Finally, the method needs some further development. This comprises the intro-
duction of the fatigue crack propagation characteristics in terms of the coeffi-
cient C as a further statistical parameter which is not as easy, since reliable statis-
tical data are lacking. Especially the effect of the crack closure phenomenon has
to be systematically studied in that context. Another parameter which should
be provided as a statistical quantity is the weld width increment L. Finally,
the determination and treatment of secondary notch depths is worth further
investigation.
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Introduction to the Annexes

The aim of the Annexes is to provide the user with additional but not exhaustive
information. Wherever possible he is referred to documents, procedures and papers
dealing with the topics in question.
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Annex A

Master Curve Analyses for the Statistical
Determination of Monotonic Fracture
Resistance of Welds

Large scatter in monotonic fracture resistance (e.g., in the ductile-to-brittle regime
of ferritic materials) is usually described by the VTT-Master curve approach (e.g.,
Wallin 2002) which is also the topic of ASTM E1921 standard (2010). It is based
on a weakest link principle (see Sect. 3.9.5.1) and uses a three-parameter Weibull

distribution
Kimat— Kmin)1™
P_l_exp{_{w} } (A.1)
KO_ Kmin

with P being the failure probability (of the test specimens) and K., the fracture
toughness in terms of the K-factor, which is formally determined from the critical
J-integral, J . by

Kmat = v/ Jmat - E /(1 - Vz) (AZ)

Ko, Knin and m are the scale, the shift and the shape parameter of the distri-
bution. In the general case, these are all fit parameters, but in the Master Curve
concept, the application range of which is restricted to ferritic steels with yield
strengths between oy = 275 and 825 MPa, the shape parameter is fixed as m = 4
and the shift parameter as K,;, = 20 MPa+/m, both on empirical basis.

Note that the concept has been formally applied to the HAZs of the investigated
S355NL and S960QL steel welds in Sect. 3.9.2.3 (which both showed a
martensitic-bainitic microstructure) and, as can be seen from Figs. 29b-30b the fits
were not perfect. A possible option in such cases, which is however not covered by
a test standard, is to fit the data with another shift factor K, than 20 MPa,/m. An
example is provided by Romano et al. (2016) for rail steel.

With a transition temperature T referring to a median (50% probability) fracture
toughness of 100 MPa,/m determined with 1T specimens (thickness ~ crack front
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length = 1 inch ~ 25mm), a Master Curve based statistical transition curve for
ferritic steels is obtained:

Kpea = 30470 exp [0.019 (T — Tp)] in MPa - m'/2 (A3)
(validity range: —50°C <T — Ty < + 50°C). '

Equations (A.1) and (A.3) have been developed for (macroscopic) homogeneous
material, a condition which is obviously not fulfilled for weldments, see Sect. 3.9.2.
The impact of the material inhomogeneity on statistical treatment is schematically
illustrated in Fig. A.l1, where the weld is treated in a simplified manner as a
two-material system. Both “sub-materials” are characterized by their own scatter
bands and statistical distributions. When the data points of both materials are mixed
and treated as one sample, obviously none of the original distributions is correctly
reproduced. What is of particular importance, is that the fitted curve (dashed line)
overestimates the fracture resistance at the lower tail of the distribution which refers
to the less tough material, i.e., usually the HAZ in a weld which is most relevant for
assessment.

What, therefore, is needed, is a procedure for “demixing” the various data
sub-sets. To this end, Wallin et al. (2004) developed two methods, a lower tail
Master curve procedure and a bimodal master curve method (which unlike the
former is also able to describe the toughness at the upper tail of the distribution).
The first one became part of the SINTAP procedure (1999), see also Zerbst et al.
(2007) and was taken over in Annex L of BS7910 (2013). It will not be outlined
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Fig. A.1 Schematic illustration of the effect of inhomogeneous material such as across a weld on
the statistical distribution of the monotonic fracture resistance; according to Zerbst et al. (2007)
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here in detail, see, however, the descriptions in the papers cited and in Appendix A
of Zerbst et al. (2014a) where it has been reproduced from Zerbst et al. (2007). The
basic principle is that a censoring criterion (i.e., the maximum toughness value to be
included in the analysis) is step-wise decreased. Comparing the results of the dif-
ferent steps, information is gathered on the impact of the material inhomogeneity on
the lower tail distribution. When the latter becomes stable, i.e. the toughness for a
certain probability no longer decreases when the censoring level is lowered, the
analysis is stopped and the resulting lower tail of the distribution can be used for the
assessment.



Annex B
Strength Mis-match n, Factors
for J-Integral Determination

A strength mis-match corrected J-integral based on a mis-match n, factor has been
introduced in Sect. 3.9.5.2. Solutions for this are, e.g., provided by Schwalbe et al.
(2002), Appendix 9. These are reproduced in Fig. B.1 for different specimen
geometries, notch positions and strength mis-match ratios. Further information is
found in Kim and Budden (2001), Kim (2002), Kim et al. (2003), Paredes and
Ruggieri (2012) and Koo et al. (2012), see also the review paper of Zerbst et al.
(2014a).
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Fig. B.1 Plastic n factors, n,, of welded specimens with strength mis-match, according to
Schwalbe et al. (2002); results from Kim et al. (2003)



Annex C

Determination of the Monotonic
Elastic-Plastic Crack Driving Force
Including Strength Mis-match

and Secondary Stresses

C.1 Basic Principle

The monotonic elastic-plastic crack driving force can be determined by finite ele-
ments or—more suitable in conjunction with IBESS—by analytical methods such
as R6 (2014), BS7910 (2013) or SINTAP (1999), see also Zerbst et al. (2007) and
Zerbst and Madia (2018a). The basic principle is that the crack driving force is
determined as a stress intensity factor (see Sect. 4.2.3.2.5, however for monotonic
loading, i.e. K is determined instead of AK) which is then corrected for ligament
plasticity by a function f(L,). The monotonic counterparts to the equations given in
Sect. 4.2.2.2 are

=g (L) 2, (C.1)
L, = 2 and (C.2)
)

E- e 1 L2 -1/2
f(Lr) _ Eref T

= C3
O'ref 2E- Sref/o'ref ( )

For the determination of the reference yield stress o see Sect. 2.2.3.2.6. Instead
of using Eq. (C.2), f(L,) can also be determined by

O ref
L,=— C4
T oy ( )

as in BS7910 or based on a yield or limit load Fy
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Lo=— (C.5)

as, e.g., in the ETM procedure of the former GKSS Research Centre (Schwalbe

et al. 1998). Solutions are found in various compendia such as Miller (1988),
Schwalbe et al. (1997, 1998), Laham (1999), Dillstrom et al. (2008), R6 (2014),
BS7910 (2013) and others.

Note that Eq. (C.3) is the f(L,) function of the highest analytical option in R6,
BS7910 and SINTAP but lower options can be applied as well. Equation (C.1)
follows what in SINTAP is designated as a CDF approach (the acronym CDF
stands for “crack driving force”). The crack driving force (usually in terms of J) in
the component is determined as a function of applied load and subsequently
compared with the monotonic fracture resistance of the material.

In contrast, the FAD approach (the acronym FAD stands for “failure assessment
diagram”) uses the crack driving force (in terms of the K-factor) as referred to the
fracture resistance (K, = K/K,,,). Its basic equation is

K
K= (L), (C.6)

Again, f(L,) provides a correction of the crack driving force for ligament
yielding. Figure C.1 illustrates the use of the failure assessment diagram. The
function f(L,) defines a failure line, the FAD, which is assumed to be a function of
the material but independent of the component geometry and loading type (which is
a moderate conservative simplification). The assessment is based on the relative
position of a design point (L,, K,) for the component to be evaluated. Its position
depends on the component geometry, the loading type, the crack size and geometry
and the yield strength of the material. As long as the assessment point is inside the
area circumscribed by the FAD, the component is regarded as safe, when it crosses
this line it becomes potentially unsafe. Load increase or a larger crack size will
usually move the assessment point to higher L, as well as higher K, and, thus,
towards the FAD line (Fig. C.1a, b). In case of unstable crack extension following a
phase of stable crack growth things are less intuitively accessible because in
addition to the K-factor and L, also the fracture resistance K., (as the second term
in K;) becomes a function of the crack size. As the consequence, the path of the
assessment point follows the pattern shown in Fig. C.1c. The transition from stable
to unstable crack extension is predicted for those load the curve of which touches
the FAD curve tangentially.

If a CDF approach is used, instability is predicted by a monotonic R-curve
analysis which already has been briefly explained in Sect. 4.4.1 because of its
similarity with the cyclic R-curve analysis introduced there. The monotonic
counterpart is illustrated in Fig. C.2. At the load the crack driving force curve (J-a)
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of which fulfills the tangency criterion with the monotonic R-curve (J-Aa) for a
certain pre-existing crack depth (ap), initial stable crack extension will turn to
unstable crack growth.

C.2 Treatment of Strength Mis-match

Strength mis-match has been the topic of Sect. 3.9.3, its treatment in material
fracture resistance that of Annex B. Here, an analytical approach for taking into
account the effect in monotonic fracture analysis as it is used in Schwalbe et al.
(1997), SINTAP (1999) and Zerbst (2007), Appendix IV.2 of R6 (2014) and
Annex I of BS7910 (2013) shall be briefly introduced. Only the basic lines will be
explained, for detailed information the reader is referred to the sources cited, see
also Zerbst et al. (2014a).

Compared to the homogenous condition, strength mis-match, i.e. adjacent
material sections show different strengths, influences the patter of yielding, see
Fig. 32 in Sect. 3.9.3. This is taken into account by a mis-match corrected ligament
yielding parameter L. E.g., using the definition of L, in Eq. (C.5) the yield or limit
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Fig. C.2 CDF analysis for crack instability

load Fy is preplaced by a mis-match corrected one, Fyy. This, for a given
geometry, depends on the mis-match ratio M (Eq. 9), the width of the material strip
with the different strength (H or 2H), the location of the crack with respect to the
interface between the different areas and the crack size a. An example is provided in
Fig. C.3, where Fyp is the yield or limit load of the base material.

A problem on its own is the definition of the strip width H for real welds which,
e.g., show a V, double-V or other shape. Preliminary proposals are given in
Fig. C4.

The common definition of the mis-match ratio M has been provided by Eq. (9) in
Sect. 3.9.3. In a weldment, it refers to the weld and base metal. However, reality is
usually more complex. Frequently the strength of the HAZ as a third region is even
higher than that of the base and weld metals in steels and sometimes there is even
more detailed graduation. However, only two-material solutions for Fyy; or similar
parameters are available in the documents summarized above. Nevertheless, these
solutions can often be used by simplifying multi-material to two-material config-
urations when M is defined in a more flexible way for the two material sections
under consideration.

A schematic overview of when and how strength mis-match is expected to play a
role for the crack driving force such that mis-match corrected L, factors should be
used is provided in Fig. C.5. The phrase “geometry and loading mode dominant”
refers to potential constraint effects which will not be addressed here, see however,
Revision 4 of R6 (2014) and Annex N of BS7910 (2013) and also Zerbst and Madia
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Fig. C.3 Strength mis-match corrected yield or limit load Fyyy as referred to its base plate
equivalent Fyg; according to Schwalbe et al. (2007)
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Fig. C4 Definition of the weld strip width 2H or H in cases where the weld does not have a
simple prismatic shape. a proposal according to ETRM GTP (Schwalbe et al. 2002); b Proposal
according to Junghans (1998). The equivalent value He, is defined on the basis of the shortest
distance between the crack tip and the fusion line along the slip lines emanating from the crack tip
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Fig. C.5 Schematic diagram showing the dominance of strength mis-match and geometry/loading
on a the yield or limit load, b local crack tip stresses/stress triaxiality; according to Schwalbe et al.
(1997)

(2018a). The effect of strength mis-match on the yield or limit load as well as on the
local crack tip stresses is illustrated in Fig. C.3 and in Fig. 44 in Sect. 3.9.5.2. Note
that the effect on stress triaxiality shows the reversed pattern combined to that on
the mis-match yield or limit load in Fig. C.5. As can be seen, the effect of strength
mis-match decreases for high W-a, i.e. small cracks and low H, i.e. small weld
widths such as, e.g. in electron or laser beam welds and it increases with both, more
pronounced under and overmatching.

C.3 Treatment of Secondary Stresses

The topic of secondary stresses including its definition has been discussed in some
detail in Sect. 3.9.4. Here, only some notes on its consideration in monotonic
fracture assessment shall be added. One of the definitions of primary and secondary
stresses is that the former contribute to plastic collapse but the latter don’t since they
arise from displacement and strain limited phenomena. As the consequence, sec-
ondary stresses are only considered in K-factor but not in L, determination. This is
exactly the reverse of the treatment of strength mis-match such as discussed above.

It has already been discussed in Sect. 3.9.4.3.3 that the K-factors due to primary
and secondary stresses, Kfand Kj, cannot be simply superimposed because of
plasticity and relaxation effects. Instead a plasticity correction factor V to Kj has to
be applied which depends on the degree of ligament yielding and other parameters
(Fig. 40). With this, Eq. (C.1) has to be modified to
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(KP+V-K})®

(L) (€7)

for the CDF approach and Eq. (C.6) has to be modified to

K +V-K

K:
Kmat

(L) (C8)

for the FAD approach. With respect to the determination of V the authors refer to
Revision 4 of R6 as the most up-to-date document in the field, for some discussion
see also the notes in Sect. 3.9.4.3.3 and in Zerbst et al. (2014a).



Annex D

Roughness Determination Close
to the Weld Toe for Specifying
the Secondary Notch Depth k

Roughness measurement in IBESS is based on ISO 4287 (1997), however, with
some modification. From the large number of roughness parameters defined there,
the measure P, is chosen for specifying the secondary notch depth k near the weld
toe. This characterizes the maximum height of the assessed profile. The main
difference to the standard is that only a close range next to the weld toe is con-
sidered such as illustrated in Fig. D.1. Note that this parameter varies along the
weld toe length. In common roughness determination, a larger measuring length is
taken as the basis and the raw data are smoothed, i.e., large-scale waviness of the
surface is removed by electronic filtering or by subsequent processing of the data in
the computer. Since only the weld toe is of interest in the context of IBESS,
unfiltered and unsmoothed data of the region are used.

Fig. D.1 Determination of Modified definition for weld toe
the roughness parameter P, of Base plate Weld
the primary profile at the weld < } >
toe ®
________ £

=]
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