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Abstract

The fracture mechanics-based IBESS approach is applied to the determination of FAT classes of butt welds with crack initiation
along the weld toe. The aim is an investigation of the effect of the geometrical parameters toe radius, flank angle, reinforcement
and secondary notches such as roughness or undercuts. The influence of these parameters is discussed both individually and in
combination; however, excluding statistical distributions of them and the material data. The results, when compared with
conventional FAT classes for butt welds, are encouraging with respect to a potential contribution of IBESS to the discussion
of more advanced quality criteria for welds. To that purpose, demands for further research are proposed.
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Nomenclature

Crack depth

Initial crack depth (for fracture mechanics
analysis)

Secondary notch width

Plate width, length of the weld toe

Mean stress correction function.

Weld reinforcement

Secondary notch depth

Stress concentration factor at surface (=o/oy)
Maximum K-factor in a loading cycle
Minimum K-factor in a loading cycle
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LR NNT RV

AJ
AK
AK,

p

Ao

Aopar

AO'FAT,IBESS

LD

Weld width

Number of loading cycles

Number of loading cycles up to fracture
Probability of survival

Stress ratio (Tmin/Tmin OF Kimin/Kmax)

Standard deviation (lognormal distribution)
Thickness of the base plate

Range of scatter of stress (7, = 0,.90%/T4.10%)
Weld flank angle

Weld opening angle (complementary of the
weld flank angle (5= 180°— «), e.g. in accor-
dance with DIN EN ISO 5817)

Cyclic J-integral (cyclic loading)

K-factor range (K ax — Kmin)
Plasticity-corrected K factor obtained as
AK, = VAJ'E

Stress range (Tmax—0min)

FAT-class; stress range for N= 2:10% R=0.5
and P, =97.7% (ITW definition)

IBESS FAT-class; stress range calculated with
IBESS under the assumption of a lognormal
distribution with a scatter band 7, referred to
Ritter [1] and under consideration of the mean
stress correction function f{R) according to
W, defined for N=2-10°, R=0.5 and P,=
97.7% (in analogy to the ITW FAT-class)
Weld toe radius

Radius of secondary notch root
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o Stress

o, Stress amplitude (=% * (Tmax — Tmin))

0 a.90% Stress amplitude at a probability of survival of
90%

O 4.IBESS Stress amplitude calculated with IBESS for
N=2:10% R=-1 and P,=50%

Omax Maximum stress in a loading cycle

Omin Minimum stress in a loading cycle

oN Net section stress (referred to base plate)

o Residual stresses

oy Maximum principal stress

oy Yield strength

Abbreviations

FAT stress range Ao referring to 2:10° loading cycles

HAZ  heat affected zone

IBESS acronym (German) standing for “Integral fracture
mechanics determination of the fatigue strength of
welds”

ow International Institute of Welding

ISO International Organization for Standardization

MAG  metal active gas welding

MIG metal inert gas welding

NDT  non-destructive testing

TIG tungsten inert gas arc welding

1 Introduction

It is well known that the geometry of the weld toe has a
significant effect on the fatigue strength of those weldments
which show crack initiation at the toe. The present paper

Weld width L

Plate
thickness

~ Weld toe
radius p

Secondary notch
depth k (e.g.,
undercut)

Fig. 1 Definition of the geometrical parameters characterising the weld
toe
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provides a discussion of the role of four geometrical parame-
ters based on theoretical simulation. These parameters are

(Fig. 1)

1. The weld toe radius p,

2. The flank angle «,

3. The depth k of a secondary notch which can be an under-
cut but also another feature such as the roughness of the
base plate (which remained from rolling) close to the fu-
sion line, and

4. The weld reinforcement 4.

Note that there are at least two different options to define the
angle at the weld toe. In IBESS and corresponding publications,
the flank angle « is defined as shown in Fig. 1. In contrast, the
complementary weld opening angle 3 is used, e.g., in ISO 5817.

Not considered by now is the weld width L. The simula-
tions are based on the IBESS procedure, a brief introduction to
which is given in [2], for detailed discussions see [3, 4]. A very
brief introduction to some important aspects is given by the
following points:

In order to apply fracture mechanics to fatigue strength
determination, some major requirements have to be fulfilled:

(a) The so-called short crack stage of fatigue crack propaga-
tion must be adequately described. This includes a cyclic
elastic—plastic crack driving force and the gradual build-
up of the crack closure effects at that stage. In IBESS
realised is (i) the analytical determination of a “plastici-
ty-corrected” AK,, based on the cyclic J integral AJ, and
(i1) the formulation of a transitional function from no
crack closure at the beginning of crack propagation to
the crack size-independent crack closure effect at the
long crack stage. The latter is based on the so-called
cyclic R curve, i.e. the dependency of the fatigue crack
propagation threshold on crack extension AKy, at the
short crack stage which mirrors the gradual build-up of
the crack closure phenomenon.

(b) A method for determining the initial crack size g; is need-
ed which is adequate for fatigue strength considerations.
NDT methods cannot be used for this because «; is one or
two orders of magnitude smaller than the detection limits
of these. In IBESS, the initial crack size is defined by (i)
the size of a semi-circular crack that just would arrest (or
grow) at fatigue limit stress level or (ii) a pre-existing
crack-like flaw, whichever is larger. The determination
of a lower bound-g; has its rational justification in the
observation that the fatigue limit is not given by crack
initiation but by the arrest of the largest of a big number
of until then propagable short cracks [5, 6].

(c) A problem on its own is that the weld toe geometry is not
constant but varies along the toe. Since crack initiation
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will follow a weakest link principle, it will take place at
the sites of the highest stresses with the consequence of
multiple cracks at different positions [7]. Note that it is
not only the stress concentration at surface but also the
stress profile in wall thickness direction which defines
the criticality of potential crack initiation sites. An exam-
ple for the variation of the geometrical parameters is pro-
vided in Fig. 2. Thus, multiple crack propagation is a
further characteristic, fracture mechanics has to cope
with when weld toes come into play.

Examples for crack initiation sites are shown in Fig. 3
along the toe of a MAG butt weld made of S355NL steel.
The cracks have been visualised by heat tinting at an early
stage of propagation after about one third of the overall life-
time. Note that no undercuts existed but surface roughness
features (micro-notches) from the rolling process of the base
plates were found to act as crack initiation sites. Cracks were
also initiated at welding ripple edges and in the weld seam at
some distance from the toe, but the latter tended to arrest or
soon to coalesce with the main crack, for details see [7].

Figure 4 shows examples of finite life IBESS analyses with
variations of the four parameters toe radius p, flank angle «,
weld reinforcement /4 and secondary notch depth k. These are
taken from a former study of the authors in [7]. Note that the
combinations of the parameters were arbitrarily chosen, how-
ever, within realistic limits in terms of practical application.

The present study follows a more systematic way.
Although IBESS takes into account multiple crack prop-
agation in a stochastic way, this option will not be ap-
plied here. Instead, the goal of this study is twofold:
first, to identify trends of the geometry parameters with
respect to the fatigue strength and, second, to identify
analysis steps needed to make IBESS fruitful for the

discussion about an improved weld quality class system.
The latter requires some explanation.

The common quality standard system of welds as specified
in ISO 5817:2014 [9] follows what might be called a ‘good
workmanship’ principle. Not less than 41 different types of
weld imperfections are listed not all of which have an effect of
the fatigue behaviour. Hobbacher calls this ‘a congenital de-
fect’ [10] and Bjork et al. [11] comment: ‘The difficulty with
the system is that the classification is ultimately based on the
worst characteristic of the weld out of a long list of potential
characteristics. Some of the characteristics in the ISO system
have little or no influence on weld strength while some im-
portant characteristics are omitted’.

In order to improve this situation, proposals have been
made to combine the ISO quality system with the FAT class
approach developed within the IIW guideline [12] and equiv-
alent approaches in documents such as the Eurocode [13] or
the FKM guidelines [14]. As an example, the Volvo Standard
STD 181-0004 [15] is based on eight parameters including the
weld toe radius p, the flank angle «, weld reinforcement / and
undercut depth &. Likewise, the 2014 update of ISO 5817 [9]
contains an (informative) annex with additional requirements
for fatigue which combine the ISO quality levels with [TW
FAT classes 63, 90 and 125.

In the present paper, the IBESS approach is applied to
determine FAT classes dependent on the weld toe parameters
radius p, flank angle «, reinforcement / and secondary notch
depth k. Because any number of combinations of these is
possible, the investigation, in the first step, is restricted to just
one parameter. The others are specified to be as little harmful
as possible within IBESS, i.e. when investigating the second-
ary notch depth, the toe radius is set to 4 mm, the flank angle
to 10° and the reinforcement to 0.75 mm as the highest re-
spectively lowest values realised in IBESS. In addition, select-
ed parameter combinations are investigated. As previously

—— a=10° p=0.1 mm
—— =109 p=0.5mm

pin mm

a=109 p=1.0mm
a =309 p=0.1mm
a =309 p=0.5mm
a=30° p=1.0mm
a =459 p=0.1 mm
a =459 p=0.5mm
a =459 p=1.0mm

0 x/B > 1

0 0.1 0.2 0.3 04 0.5
zZinmm

Fig. 2 Variation of the local weld geometry along the toe of a butt weld; (a) example for varying toe radii p and flank angles «; (b) stress profiles in wall

thickness direction for selected combinations of p and «; according to [4, 7]
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‘ Ridge line at Tmm
@ i weld ripple —
intersection

(approx. scale)

Crack extension

R=-1
buttweld o, = 120 MPa
MAG
N =170.000
N, at fracture = 566,642
N/N_ =03

Fig. 3 Typical pattern of crack initiation and early crack growth. (a) Weld ripple structure investigated within IBESS; (b) schematic illustration of early
crack development; according to [8]; (¢) typical crack initiation sites found in IBESS (marked as hatched blue areas); according to [7]

mentioned, statistical distributions of the parameters of the
weld toe geometry and the material data are not considered.

A FAT class is defined as the stress range at N=2-10°
loading cycles (Fig. 5). Note that the different documents
use the same set of curves, however, for different R ratios
(II'W, R=0.5; Eurocode, R=0; FKM, R=-1) and compen-
sate the discrepancy by different mean stress corrections [16].
The ITW document, we follow here, uses Eq. (1)

1.6 forR < —1
S(R)=< —04R+12 for—-1<R<0.5 (1)
1 forR > 0.5

for the case of negligible residual stresses (0, <0.20y) and
non-thin-walled plates.

Within the present study, butt welds of steel S355NL with a
base plate thickness of 77=10 mm are simulated whereby
HAZ material parameters are used, for the latter see [17]. In
terms of the [TW recommendations, the configurations refer to
FAT class 90 (and perhaps 80).

With the IBESS procedure, individual IBESS FAT classes
can be determined for different weld geometries. In order to fit
the results into the FAT class concept of IIW, some subsequent
conversion is necessary. This is because the IBESS results
such as obtained in this study will be given as mean values
(probability P;=50%) of stress amplitudes o, for a stress ratio
of R=—1 whereas the conditions of the IIW FAT classes are
P;=97.7%, stress range Ao and R=0.5. Common to both
versions is a number of loading cycles of N=2-10°.

The conversion between stress amplitude and stress range
is simply done by a factor of 2 since Ao =20,. The transfer

@ Springer

between the different R ratios has strictly to follow the rules of
the [IW FAT class system and uses Eq. (1). In order to convert
the IBESS stress amplitude o, 1ggss obtained for P;=50% to
P;=97.7%, the standard deviation s of a lognormal distribu-
tion is required. This can be derived from the scatter range
1/To (see Eq. 2). Due to the lack of individual empirical data
in this study, a scatter band of 1/70 = 1.28 according to Ritter
[1] is used for the welded joints.

s = (1/2.56)-In(1/T.) )

Note that in the literature alternative expressions for esti-
mating scatter bands exist. For example, Haibach [18] gives a
range of 1/7To = 1.45 (scatter between 10% and 90% survival
probability curves) for professionally welded joints of mild
steel under normal operating conditions with an S—-N curve
slope of 3. Lazzarin and Livieri [19] provide a value of 1.85,
although for a deviating definition (between 2.3% and 97.7%
survival probability) which corresponds to 1/70 = 1.48 in the
present frame. In order to avoid confusion, only our estimate
based on the Ritter compendium is shown in the figures be-
low. Nevertheless, the subject matter calls for a discussion
because the different approaches have a not negligible effect
on the topic provided in this paper. For example, if the IBESS
FAT class is calculated for 1/7c = 1.28 the result is 100 MPa,
but it would be 9.25% lower, i.e. 90.75 MPa for 1/To=1.45.
The point is that all the 1/7o solutions are not more than
estimates. This of course makes it difficult to decide which
result is correct in the end. What is, therefore needed is to
compare the results of IBESS analyses to real scatter bands.
This was outside the frame of the present study but it will
certainly be needed in future work.
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Fig. 4 Examples for IBESS analyses investigating the effect of different weld toe geometry parameters on the fatigue life branch of the S—N curve;

according to [7]

Note that the IBESS approach not always yields perfect
descriptions of the S—N curves of weldments—while very
good results were obtained in a number of cases in [3, 4] other
results were conservative because of mean and/or residual
stress effects which have not be considered, as the authors
suspect. With respect to the cruciform joints and longitudinal
gussets, a further source of conservatism is the application of
weight functions for K factor determination based on a plate
model with lower stiffness than those of the welded joints. The
best matches of the IBESS simulations with the experimental-
ly determined S—N curves were achieved for butt welds and an
R-ratio of R =—1. Thus, the IBESS calculations in this paper
were performed for this R-ratio and the conversion described
above was necessary.

Despite this restriction, the IBESS simulation offers ad-
vantages especially for the task of this study in that the

geometrical parameters can be modified independently of
each other and in arbitrary combinations as long as geo-
metrically possible. Not only, different to the experiments,
undesirable factors of influence can be suppressed; since
the effort is considerably lower, the gradation of the pa-
rameters can be chosen much finer.

2 Influence of the weld toe geometry

on the FAT classes

2.1 Geometric variations and crack initiation sites
Before the influence of the different weld toe parameters on

the FAT classes will be discussed, an empirical observation
shall be placed in front. Figure 6 shows the statistical

@ Springer
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Fig. 5 FAT class concept for steel
(ITW guidelines [12])

FAT class 112

FAT class FAT Allowable
P %%Lf;deII;l‘?h toplate | class | undercut kT
45 °
56 50 100 0.025
63 90 0.05
— 1 g 80 0.075
p— 71 0.1
112 63 0.1
160 120 FAT class 90
2% made in flat position

Stress range Ao in MPa
8

N

I
Yy

weld reinforcement <01 T

R=05
= FAT class 80
not satisfying conditions
of FAT 90

flank angle < 50°
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30 bue: standard }
red: VHCF
20 FAT class 71
1 welded from one side
104 105 108 107 108 10 Foat chesked by NOT
Loading cycles N
a b
(@ (b) Measured at
—— equdistant
positions
—— positions with
crack initiation
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Toe radius p in mm Flank angle o in dgr.
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‘ment h
1 12 14 16 1.8 2
Weld reinforcement h in mm
(d) (e)
—f k
' 1 L 1 'l 'l ‘_ b
0 40 80 120 0 01 02 03 04 05

Secondary notch depth k in um

Secondary notch geometry k/b

Fig. 6 Statistical distribution of the weld toe geometry parameters (a) radius p; (b) flank angle «; (¢) reinforcement /4; (d) secondary notch depth £; and
(e) secondary notch geometry A/b. The blue and red curves refer to measurements at equidistant sections along the toe and at the points of crack initiation
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distributions of the parameters toe radius p, flank angle «,
weld reinforcement /# and secondary notch depth & as they
have been determined by scanning the specimen surfaces with
a 3D confocal microscope. Note that in any case two distribu-
tions are shown which are based on

(d) Measurements along the weld toe at equidistant sections
(blue curves), and

(e) Measurements at the points where crack initiation could
be stated (red curves).

Except Fig. 6d and e which refers to the secondary notch
depth & and geometry k/b, the two distributions are nearly
identical every time. However, a shift of the distribution peak
is stated for k& and k/b. What does that mean? It shows that
cracks usually initiate at the deepest (Fig. 6d) and narrowest
(Fig. 6e) secondary notches. That secondary notches such as
undercuts are preferred fatigue crack initiation sites is well
known from the literature, e.g. [20, 21]. Figure 7 shows a
depth variation of undercuts along with the variation of the
radius p along the toe, however, for cruciform joints of S355
steel. The undercut depth was found to vary from 0 to 0.7 mm
with an average value of about 0.4 mm. Note that these values
refer to a weld toe improved by an optimised gas-metal-arc-
welding process but without post-weld treatment such as
grinding. The data provide an impression but cannot be sim-
ply transferred to butt welds.

2.2 Weld toe radius p

Figure 8 shows the stress amplitudes calculated with the
IBESS procedure, 0, 1ggss, obtained for weld toe radii be-
tween p=0.1 mm to 4 mm and the converted ‘IBESS FAT
classes’ respectively ITW FAT classes for selected values. The

flank angle « is chosen as 10° which is a fairly small value
expected to be favourable in terms of fatigue strength, and the
same is true with respect to the small weld reinforcement of
h=0.75 mm. As can be seen, the strongest increase of the FAT
class occurs up to a radius of 1 mm (coming from smaller
values) or, other way round, the parameter becomes increas-
ingly detrimental below 1 mm.

However, this is true only for the blue curve where the
secondary notch depth & is as small as 5 pm. When k=
0.48 mm is assumed (red curve), it shows up that variations
in the toe radius have only a small effect on the fatigue
strength which seems to be controlled almost exclusively by
the secondary notch in that case. It has to be added here that
the secondary notch is treated as part of the crack emanating
from it. For a brief discussion of this issue, see Section 2.4.

2.3 Flank angle a

This time, the secondary notch depth and the weld reinforce-
ment are set to the lowest values realised in IBESS: k=5 um
and 2 =0.75 mm. As expected, the FAT class becomes smaller
with increasing flank angle, but there is no much additional
effect beyond oc = 20° to 30° with the transition depending on
the toe radius p. The effect of the flank angle « on the FAT
class increases for the lower weld toe radius of p =0.1 mm as
compared to p =4 mm. That both parameters seem to interact
with respect to the fatigue strength as shown in Fig. 9 should
not be surprising since they can hardly be realised completely
independently of each other. Both o and p affect the stress
distribution in wall thickness direction, see, e.g. Fig. 2. The
example here shows that a statement such as in [23], that a
significant improvement of the fatigue strength is obtained
when the flank angle is decreased below a value of 20°,
though applicable also to our examples, should not be gener-
alised when other geometry parameters come into play.

Fig. 7 Variation of (a) the radius 4
p and (b) the undercut depth & (a)
along the weld toe of a cruciform B
joint made of S355 steel;
according to [22]
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pinmm
(9% ]

T

4]

o
o

o
n
I

o
(N}
]
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Kinmm

(b)

o
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2.4 Secondary notch depth k

Smaller notches within larger ones are designated as ‘second-
ary’ in IBESS. The classic example is an undercut at the pri-
mary weld toe notch. As a side effect, this classification solves
the problem of an adequate definition of the weld toe radius.
Note that based, e.g., on surface scanning, quite different toe
radii could be determined depending on the level of zooming
[24]. In IBESS, the weld toe radius p is defined as the ‘prima-
ry’ notch while deviations from the idealised geometry, if
large enough, form the secondary one, see Fig. 10.

In principle, secondary notches can be treated either as
notches or as cracks in fracture mechanics. The problem when
the latter option is expedient, is discussed e.g. in [4, 25] based
on literature results. It turns out that the ratio of the crack depth
at the secondary notch root and the radius of the latter, a,/p’, is
a suitable measure for case distinction. The treatment as a
crack is correct above a certain value of a;/p’ with a rough
(and conservative) order of this being around unity. The au-
thors in [26] report undercut radii between 0.25 and 0.76 mm
for MIG welds and between 0.25 and 3.81 mm for TIG welds,
however of cruciform joints. The authors in [27] found

Fig.9 Influence of the weld flank

undercut radii between 0.4 and 1.2 mm. In [21], it is distin-
guished between three types of undercuts: (i) wide and curved,
(ii) narrow or very narrow, even crack-like, and (iii) shallow
and narrow with depths & up to about 0.25 mm. The size and
geometry of type (ii) undercuts is difficult to determine under
practical conditions. Furthermore, the potential existence of
small cracks emanating from undercuts as shown, e.g., in
[28], is usually not detectable under conditions of practice
and should, therefore, not be excluded. Not least because of
these uncertainties the treatment of an undercut as a crack will
usually make sense. The following results have been obtained
based on this assumption.

Frequently, undercuts are not continuous along the weld
toe but intermittent with the consequence of some macro-
support of the surrounding material. This, in principle, re-
quires 3D instead of 2D analyses of the stress field.
However, as shown in [29], the overestimation of the stress
by 2D is rather moderate (in that case 5% to 10%).

Generally, it shows up that the secondary notch depth & has
the biggest influence of the geometric parameters considered.
As can be seen in Fig. 11, there is a rather moderate influence
of the flank angle  between 10° and 30° when a large weld

all values for N =2-108

angle « on the FAT class = 300 T " ' =

assuming a secondary notch "' & . %

depth of 5 pm and weld x B nwa e

reinforcement of /= 0.75 mm. e ek <
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and 4 mm %_ 3
de L FAT 160
= iaok FAT 125 Material: S355NL (HAZ)
g Eﬂ gg Plate thickness T = 10 mm
(1] .
% ——{FaT 36 Second. notch k = 0.005 mm
E‘?) 0 i " i Reinforcement h = 0.75 mm
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—————

Primary notch
(weld toe)

Secondary notch
(e.g., undercut)

Fig. 10 Definition and separation between the weld toe radius (as the
primary notch) and a secondary notch, e.g. surface roughness or an
undercut, schematic view

toe radius of p =4 mm is chosen. However, this picture chang-
es below a secondary notch depth of £ =0.2 to 0.3 mm for a
toe radius of p=0.1 mm (Fig. 12) in that the larger angle of
o =30° causes a stronger reduction of the ‘IBESS FAT class’.
Again, these results provide an example of the interaction of
different weld toe parameters with respect to the fatigue
strength. They show that the various parameters, in the end,
must not be treated individually but considered in their
combination.

Notwithstanding this limitation, it can be seen in both
Figs. 11 and 12 that a significant improvement of the fatigue
strength is reached when the secondary notch depth is reduced
below a value of £~0.05-0.1 mm. There is no doubt and it was
shown in practical application that grinding undercuts will
have a beneficial effect (e.g. [30]).

2.5 Weld reinforcement h

The investigation of the effect of the weld reinforcement 7 is
shown for a rather ‘mild” weld toe geometry (x=10°, p=
4 mm) in Fig. 13 and for a sharper transition (x=30°, p=
0.1 mm) in Fig. 14. The parameter was varied between / =
0.75 mm and 2.5 mm. Note that for reinforcements larger than
2.5 mm and for cruciform joints, a maximum value of # =

Fig. 11 Influence of the

2.5 mm is used in IBESS [3, 4]. No reinforcement effect is
stated in Fig. 13 for both a secondary notch depth &k of 5 um
and 0.48 mm, and this is also the case for the deeper secondary
notch (k =0.48 mm) in Fig. 14, although there is a moderate
effect in that the fatigue strength slightly increases for smaller
h when the secondary notch does not play a role (k=5 um). In
any case, the influence of 4 is much smaller than that of the
other parameters investigated within this study.

3 Discussion

While the stress amplitudes referring to N =2-10° loading cy-
cles, when compared to the IIW FAT class, are satisfactorily
predicted by the IBESS method in case of defect sizes at the
acceptance limits, particularly an undercut depth of 0.5 mm
for FAT 90, the simulations show that improvements are pos-
sible by optimising the weld toe geometry. However, having a
closer look at the results, these become significant only be-
yond certain limits such as a flank angle smaller than a = 20°-
25° (Fig. 9) or an undercut depth smaller than £=0.1 mm
(Figs. 11 and 12). The weld toe radius seems to have a larger
effect only in the range up to p = 1 mm (Fig. 8). That raises the
question whether significant improvements can be reached
with realistic effort in practical application—a discussion
which cannot be provided here; see, however, the recommen-
dations in [31].

What, however, can be stated is that the IBESS method is
shown to be a suitable tool for identifying the parameter
ranges within which a significant improvement of the fatigue
strength can be expected. While in the present work only
selective examples are provided, a much more systematic ap-
plication with respect to different combinations of the param-
eters including the statistical characteristics of these will be the
aim of future investigations.

A critical remark is due with respect to the results obtained
for very smooth weld toes, i.e. a secondary notch depth of
5 um, a weld toe radius of 4 mm and a flank angle of 10° in
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Fig. 12 Influence of the
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the present case. Beyond a certain limit, these become unreal-
istic. Assume a perfectly smooth butt weld due to machining
the surface after welding. For the S355NL steel considered
here, the maximum fatigue strength (amplitude) at R =—1
which can be reached is that of the base metal, which was
about 275 MPa (according to Kucharczyk et al. [17]), and this
is also the upper limit with respect to the butt welds investi-
gated. Interestingly, this refers to the highest values obtained
at the ‘IBESS FAT class’ level in the present simulations.

Nevertheless, these values should be distrusted. Why? At
the completely smooth surface, the geometrical notch is re-
moved. What is left is the ‘metallurgical’ notch at the transi-
tion between the higher strength HAZ and the lower strength
base metal with the last one controlling the fatigue behaviour
of the component. In contrast, crack initiation and initial crack
propagation was assumed throughout at the geometrical
notch, i.e. the weld toe, in the present simulations. That means
that the fatigue strength-controlling early crack propagation
always took place in HAZ material. Consequently, all
IBESS calculations have been performed with HAZ properties
which were superior to those of the base metal, e.g. the fatigue
strength amplitude at R =—1 was 400 MPa or more; for de-
tails, see Kucharczyk et al. [17].

Fig. 13 Influence of the weld

4 Summary and outlook

The present study has dealt with the fatigue class of butt welds
with crack initiation at the weld toe. The effect of the geometry
parameters toe radius p, flank angle «, reinforcement /# and
secondary notch depth & on the ‘IBESS FAT class’, i.e. stress
range for N=2-10°, R =0.5 and P =97.7% (in analogy to the
IIW FAT-class) has been investigated by means of some con-
versions and the IBESS approach of the authors which pro-
vides a theoretical fracture mechanics tool for fatigue strength
prediction. The study was organised such that (i) first, each
parameter was investigated individually choosing the others
as little harmful as possible within IBESS, and (ii) second,
selected parameter combinations were evaluated. Statistical
distributions of the geometry parameters and the material data
were ignored.

The outcome of the simulations allowed a rough ranking of
the parameters with respect to their effect on the fatigue
strength. As the most influential parameter, the secondary
notch depth k& (e.g. an undercut) turned out, followed by the
flank angle « and the toe radius p. The weld reinforcement
played a minor role within the limits of the investigation.
However, it also showed up that the effects of the individual
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Fig. 14 Influence of the weld
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parameters were heavily overlaid by others when considered
in combination. Again, the secondary notch depth played the
most significant role but there were effects of the toe radius
and flank angle as well.

The results of the analyses were compared to the FAT class
approach of IIW. Both concepts seem to fit together. That opens
up the possibility to make the IBESS approach fruitful for the
present discussion about an improved weld quality class system.
The advantages of theoretical simulation in contrast and in addi-
tion to experimental work are (i) the option to vary single param-
eters and parameter combinations within a wide frame and (ii) to
choose a fine graduation of the parameters.

There are, however, also open points and problems which
have to be solved to that purpose. One of those is not taking
into account the influences of the statistical distributions of the
geometry parameters along the weld toe and the associated
multiple fatigue crack initiation and early propagation at var-
ious sites along the weld toe. This causes most of the scatter in
fatigue strength known for welded components. IBESS is able
to model these effects and to provide the fatigue strength in
terms of a statistical distribution.

Note that another point is that the survival probability of
97.7% on which the IIW FAT classes are based constitute an-
other problem at the present state. The applied scatter band rests
on one estimate out of a number of possible options which, of
course, relates to the results. The consequence is that analyses
based on empirical scatter bands will be necessary in the future.

The possibility of far-reaching variations of the weld toe
geometry in theoretical simulation also provides the possibil-
ity for geometry optimisation in that it can show below or
above which limits the improvement of one geometry param-
eter makes sense when the other parameters are given, respec-
tively which parameter combinations should be aimed at.
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