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Abstract

This paper examines the fatigue behaviour and assessment of welded very thin joints, with thicknesses ranging from 0.1 to
2.0 mm, fabricated from austenitic stainless steel 1.4404 (AISI 316L). Fatigue tests were conducted to derive S-N curves,
providing insights into the fatigue strength characteristics, i.e. endurable nominal stresses, slope, and knee point. Two distinct
approaches were employed for fatigue strength assessment: the structural stress approach and the notch stress approach.
Notably, when thickness effects are integrated into the structural stress approach, the resulting S-N curves converge into a
single curve with low scatter, indicating a reliable fatigue strength assessment. In contrast, the assessment of the welded joints
using the notch stress approach, with a reference radius of ref = 0.01mm, resulted in significant scatter.

Keywords Fatigue assessment - Laser-beam welded joints - Thin sheets - Bipolar plates

1 Introduction

Welding of thin sheets with a thickness of + < 1mm is the
common joining process in various applications, including
load and pressure sensors, fuel injection systems, and bipolar
plates for fuel cells. In the automotive sector, thin sheets are
extensively utilized for electric contacts in battery systems
and in the construction of body-in-white structures. These
components are critical for the performance and reliability of
systems where weight reduction and lightweight design are
essential. Despite the widespread use of welded thin sheets in
these applications, there remains a significant gap in under-
standing of their fatigue behaviour. This lack of knowledge
leads to an increased effort in the development and design
process, since an insufficient fatigue strength will most likely
be identified in validation runs.
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Existing literature provides some insights into the fatigue
characteristics of welded sheets with a thickness of ¥ > 1mm;
however, studies focused specifically on thin sheets with
t < Imm are very limited. This gap in research is con-
cerning, given that billions of components are produced
annually, highlighting the need for a comprehensive under-
standing of their fatigue performance. Thus, a robust and
validated fatigue assessment approach is essential to ensure
the integrity of welded thin sheet components.

To address these challenges, this paper aims to investigate
the fatigue behaviour of welded thin sheets and propose a
reliable assessment methodology. By analyzing the fatigue
performance of welded overlap sheets with a thickness range
0.lmm < ¢t < 2.0mm, information on failure behaviour and
fatigue strength will be acquired. Through numerical simula-
tions, the influence of the material thickness will be analyzed
in context of two commonly used assessment approaches:
the notch and the structural stress approach. The findings of
this study will not only contribute to the existing body of
knowledge but also offer practical guidance for engineers
and designers working with welded thin sheets in various
industries. Ultimately, this research aims to bridge the gap
in understanding and provide a foundation for more reliable
fatigue assessments in the future.
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2 Overview on the literature
2.1 Fatigue assessment approaches

In industrial applications, three main methods are used for
fatigue strength assessment of welded joints: nominal stress,
structural stress, and notch stress concepts. These methods
are outlined in various codes and guidelines, such as the [ITW
recommendations [1] and the FKM guidelines [2].

The nominal stress concept is the simplest, requiring the
determination of nominal stress at the critical cross-section
based on applied loads and section properties. However, it
does not account for local notch effects. S-N curves for
the nominal stress concept incorporate factors like material
and manufacturing conditions. For welded connections, S-N
curves for various notch cases are provided in the guidelines
[1, 2]. However, its application to complex components is
limited due to difficulties in clearly defining nominal stress
or notch categories. In addition, the FAT classes for the nom-
inal stress approach have been derived from specimens with
thicknesses ¢+ > 5Smm. An application on very thin welded
structures might lead to deviating results.

The structural stress concept uses structural stresses as
assessment parameters and offers various methods, such as
extrapolated hot-spot stress [1], stress at a defined distance
from the weld in thickness direction [3], or an evaluation
or interpolation of stresses through the thickness [4—6]. It
only considers the macro-geometric influence of the weld
and neglects local notch stress increases. The basic idea is to
evaluate the membrane stresses omem and bending stresses
obend While neglecting the non-linear stress peak oy caused
by the notch.

O =Omem 1 Obend + Onl (D

05 =Omem + Obend (2)

All concepts have design S-N curves derived from dif-
ferent experimental data, typically using samples with thick-
nesses between 8 and 25 mm. Therefore, the reliability needs
to be questioned when applying these methods to very thin
welded sheets.

Inapplying the notch stress concept with areference radius
rref = lmm, the detail shape of a weld is directly included in
the fatigue strength assessment. The actual radius at the weld
transitions or root notches is replaced by a defined reference
radius. The rationale for introducing a substitute radius is
that the calculated shape factor based on this radius can be
directly used as a notch effect factor, thus accounting for the
reduced notch effect due to the stress gradient in the ligament
of sharp notches. The stress calculated at these notches can
be used as a load parameter for fatigue strength assessment.
The substitute radius of rf = 1mm, proposed by Olivier,
Kottgen, and Seeger [7], is based on empirical studies and
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aligns with Radaj’s suggestion of a fictitious radius [8] based
on the micro-support effect hypothesis according to Neuber
[9]. The design value FAT225 was derived from test data with
plate thicknesses between 8 and 80 mm, and this approach
has been validated in numerous studies, e.g. [10].

For the evaluation of spot-welded thin sheet connections,
Zhang and Richter [11] successfully applied the notch stress
concept with a reference radius of rf = 0.05mm. This
approach is based on fracture mechanics, where the cal-
culated notch stress oy, can be interpreted as approximated
stress intensity factor.

o X Ky 3)

However, this is valid only for sharp root notches with a
notch opening angle of v = 0°. A reference S-N curve for
rref = 0.05mm has been established for seam welds with
sharp root notches, and design values for this radius (Steel:
FAT630) were derived from tests on shear and tensile samples
with thicknesses in the range Ilmm < ¢t < 2mm [12]. The
notch stress concept has become a quasi-standard for assess-
ing welded joints in thin sheets, with notch stress typically
calculated using numerical methods like the finite element
method [13].

It must be mentioned that the class FAT630 is only valid
for failures in the sharp root notch of welds that have an
opening angle of @ > 0°. In case of weld toe failure, the
class FAT630 leads to non-conservative result and needs to
be reduced [14]. A reliable assessment can be achieved either
by using effective stresses [15] or by correlating the FAT
classes with the notch opening angle [1, 16].

2.2 Fatigue of welded thin sheets

In the literature, there are only a few well-documented studies
on the fatigue strength of welded joints in very thin sheets.
The following is a brief overview of the existing studies on
sheets with a thickness of # < Imm.

e In [17, 18], the fatigue strength of overlapping welded
pipe-to-pipe samples with a sheet thickness of 1mm was
investigated under axial load and torsion. The material
used was structural steel S235G2T.

e In [19, 20], overlapping welded shear and tensile spec-
imens with sheet thicknesses up to + = 0.8mm and
t = 0.9mm were considered. The sheets were made from
the body-in-white steel DC04.

e In[21], the fatigue strength of various ultra-high-strength
automotive steels with sheet thicknessesuptos = 0.8mm
was examined.

e In[22], the fatigue strength of laser-welded T-joints made
from X5CrNil18-10 (AISI 304) with a sheet thickness of
t = Imm was studied.



Welding in the World

e In[23], the fatigue strength of laser-welded overlap spec-
imens with a sheet thickness of # = 0.8mm made from
AISI 301 L was analyzed.

e In [24], the fatigue strength of laser-welded overlap spec-
imens with a sheet thickness of # = 0.4mm made from
Inconel 718 was considered.

e In [25], the fatigue strength of laser-welded overlap spec-
imens with a sheet thickness of # = 0.66mm made from
a zirconium alloy 718 was investigated.

These studies clearly highlight the diverse range of appli-
cations and industries involved. While the first five studies
primarily focus on steels used in the automotive and steel
construction sectors, the remaining publications predomi-
nantly address higher-alloyed stainless steels, as well as
nickel- or zirconium-based alloys. These materials are uti-
lized in applications requiring high corrosion resistance, such
as in rail vehicle construction, engines, or nuclear power
plants. A fatigue strength assessment or the derivation of
local allowable stresses has not been conducted, except for
the evaluations in [26].

2.3 Special attributes of welded thin joints

The application of linear-elastic assessment concepts is based
on the use of reference S-N curves. This means that both the
knee point Nipee and the slope k are determined based on the
material and type of loading [16, 27]. Typically, for thinner
sheets, a shallow slope of k = 5 is observed compared to
k = 3 for welded thick sheets.

The reference S-N curves provided for steel generally
apply to typical low-strength to high-strength construction
steels (Ry < 800MPa) or body-in-white steels. Thus, there
is no distinction made between different steel grades and
strengths. However, it has been shown that the material
also influences the locally allowable notch stresses in thin
sheet connections [26], as shown in Fig. 1. Evaluated test
series on shear and tensile samples made from austenitic
steels (1.4571) [26] and ultra-high-strength steels (XIP1000,
PHS1500P, DP1000) [21] indicate that the locally allowable
stresses are approximately 35% lower than for comparable
sample forms made from low to medium-strength steels. This
influence was confirmed in [28] on a larger data set with sheet
thicknesses ranging from 0.8 to 2.0 mm.

In [28, 29], a method was introduced based on effec-
tive stresses and further specified in [30], which allows for
the computational consideration of the influence of material
strength on fatigue strength. By selecting the structural sizes
of microstructural length p* or critical distance a, the influ-
ence can be quantified.

Incorporation of fatigue-strength-increasing or -decreasing
effects (mean stresses, residual stresses, weld post-treatment,
temperature, etc.) is carried out using factors that shift the
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Fig. 1 Influence of material strength on the endurable notch stresses
with 7=0.05 mm according to [26]

reference S-N curve in the direction of the load [1, 12]. All
characteristic values are based on the assumption of high
tensile residual stresses and are therefore specified for a stress
ratio of R = 0.5.

2.4 Observations and discussion

Based on the literature review regarding the fatigue of welded
thin sheets, the following observations can be made:

e Numerous studies have experimentally analyzed the
fatigue strength of welded thin joints; however, inves-
tigations focusing on the thickness range ¢t < 0.9mm are
quite rare.

e The influence of material type on fatigue strength may
be significant, as indicated by [26, 28]. However, only a
limited number of studies address this aspect.

e The slope of S-N curves for thin welded joints is typically
shallower compared to that of thick joints. Due to the scarcity
of data on very thin sheets, it remains unclear whether the
slope becomes even shallower for r < 0.5mm.

e The notch stress approach with a reference radius of
rref = 0.05mm is primarily used for assessment. Cur-
rently, there is no established fatigue assessment method
specifically for very thin welded sheets with thicknesses
t < 0.5mm. Furthermore, the notch stress approach with
rref = 0.05mm is not applicable, as this radius becomes
relatively large compared to the sheet thickness.

The following investigations will focus on the generation
of high-quality fatigue data and the development of assess-
ment approaches for thin welded joints.
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Fig.2 Dimensions of the overlap specimens
3 Fatigue investigation
3.1 Specimen manufacturing

Sheet metal of 1.4404 (AISI316L, X2CrNiMo17-12-2) with
thicknesses ¢ of 0.1 mm, 0.25 mm, 0.5 mm, 1.0 mm, and 2.0
mm was used for the specimen manufacturing. The sheets had
a dimension of 300mm x 100mm. The sheets were welded
with a 2 kW Trufiber 2000 laser. For specimens with r >
0.5mm, the beam was oscillated to increase the weld width.
The process parameters have been chosen to achieve a ratio
between weld width w and thickness ¢ of w/f ~ 0.5.

Overlap joints were welded and used as main specimen
type for the fatigue tests. The overlap length was set to
l, = 20mm in all cases (Fig. 2). The total length was
l; = 180mm. The overall dimensions are summarized in
Table 1. In addition, the clamping length /., i.e. the length
between both clamping plates, is included since it influences
the deformation shape and subsequently the local stresses.
Only sheets with the same material and thickness have
been welded together. All overlap specimens had a width
of b = 20mm.

3.2 Specimen characterization

Micro-sections have been extracted in order to evaluate the
local weld geometry for all specimens made from 1.4404
(Fig. 3). The gap width is small compared to the overall
thickness of the specimens (Table 1). The weld width w
scales approximately with the sheet thickness with a width-
to-thickness ratio in the range 0.55 < w/t < 0.75. Only the
specimen with a thickness of + = 2mm has a much smaller
ratio of 0.32.

Table 1 Dimensions of overlap specimens

Thickness Clamp. length Gap width Weld width
t in mm [. in mm g in um w in pm
0.10 50 15 65

0.25 50 15 110

0.50 127 0 380

1.00 127 56 560

2.00 127 160 650

1.4404,t=0.1 mm

Fig. 3 Micro-section and weld geometry for specimens made from
1.4404 with a thickness of t = 0.1mm

From Fig. 3, it becomes obvious that only approx. 5 grains
with a diameter of around 20um are distributed over the
thickness for the specimen with a thickness of # = 0.Imm.
Subsequently, with increasing sheet thickness and a constant
grain size, the number of grains over the thickness increases.

3.3 Fatigue tests of overlap specimens

All fatigue tests for the overlap specimens have been con-
ducted under load control on test rigs under axial load. The
R-ratio was set to R = 0.02 to maintain a constant minimum
tensile load to avoid buckling at compressive stresses. The
specimens have been clamped on both sides keeping a free
length [ of the specimens (Table 1).

The failure criterion was complete rupture of the speci-
mens. Most specimens separated into two pieces when they
failed. In every case, cracks began at the sharp notch between
the sheets and grew through the heat-affected zone. The
fatigue tests have been conducted in a cycle range 5 - 10° <
N <5-10°.

Table2 Fatigue test results of the overlap specimens made from 1.4404

Thickness Load Knee point Slope Scatter
¢t in mm F,inN Ny in cyc. k 1:Tg
0.10 114 2.0-10° 5.97 1.08
0.25 202 6.0-10° 6.40 1.12
0.50 484 4.0-10° 7.87 1.07
1.00 703 1.5-10° 7.21 1.11
2.00 1520 2.0-10° 6.27 1.07
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Fig.4 S-N curve for nominal stresses

The S-N data of the fatigue tests is evaluated by maximum-
likelihood statistics [31] (Table 2). The individual test results
are tabulated in the Appendix; see Tables 4, 5, 6, 7, and 8.
The position of the knee point was chosen in accordance with
the minimum standard deviation. The derived S-N curves
show a shallow slope between k = 6 and k = 8. The knee
point is positioned in the range 2 - 10° < N <1- 100,
whereby a vague tendency is visible that the knee point at
lower thicknesses is positioned at lower number of cycles that
depends on the evaluation of the test series with # = 2mm.

If the applied loads are divided by the cross-section A
of the specimen, nominal stress S-N curves can be evaluated
(Fig. 4). In the evaluation, a clear trend can be identify that an
increase in sheet thickness leads to a reduction of endurable
nominal stresses. Only the specimen with a thickness ¢ =
0.25mm has lower endurable nominal stresses. However, this
is caused by the difference in clamping length, as will be
shown later.

4 Numerical modelling

A stress analysis was performed for all models by finite ele-
ments to derive structural stresses and notch stresses. In both
cases, 2D-solid models have been set up with the dimensions
shown in Table 1. Elements with quadratic shape functions
(Abaqus: CPE8R) were used with five elements over the
thickness. The displacement and rotation of the nodes on one
side were fixed, while on the other side, only the translation in
the load direction was left free. Linear-elastic material prop-
erties were used with an elastic modulus of £ = 210GPa
and a Poisson’s ratio of v = 0.3. Geometric linearity was
used for the analysis, since no strong non-linear effects have
been identified. The models were validated by an experimen-
tal strain analysis on two specimen types: ¢t = 0.25mm and
t = 1.0mm.

For the evaluation of structural stresses, two elements were
used over the weld width w and five over the thickness ¢
(Fig. 5). The element length along the x-axis is 0.5 x t.
For the evaluation of notch stresses, a reference radius of
rref = 0.01lmm was applied. The meshing of the notch was
performed according to the recommendations given in [32].

As a result from the analyses, the notch stresses oy, as
maximum principal stresses for all five specimens have been
evaluated (Table 3). For the evaluation of structural stresses,
the directional stress oy (y) is evaluated from a path p starting
from the weld notch and pointing in y-direction (Fig. 5) for
all models. With these five stress gradients, structural stresses
have been evaluated using two approaches.

The evaluation of structural stress was conducted by two
approaches:

1. Linearization of stress: A regression line was evaluated
that fits the curve best. By this approach, a part of the
non-linear stress peak is still included in the structural
stress. In addition, the structural stress is mesh sensitive.

2. Linearization of stress using two reference points 0.25 x x
and 0.75 x x: This approach is according to Sgrensen [4]
and excludes the non-linear stress peak completely.

3. Linearization of stress at distance of z: As for the lin-
earization in 1, the stress through the thickness of the
sheets is linearized, but at a cross-section with a distance
of t from the weld. At this location, o (x) is nearly linear.

The stress-path data as well as the regression lines are
visualized in the appendix (Figs. 10 to 12). Structural stresses
were not evaluated using analytical methods because these
methods cannot account for varying clamping lengths and
their impact on local stresses.

a) Structural stress model

b) Notch stress model

X P

¢) Deformation shape and boundary conditions

F

o—>

y—
ux, uy, 1z=0

uy, 1z=0
Fig. 5 Finite-element model for evaluation of a structural stresses, b

notch stresses, and ¢ deformation shape (increased by factor 10) and
boundary conditions
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Table 3 Notch stresses (ref = 0.01mm) and structural stresses derived for a unit load of o, = 1MPa

Thickness Notch stress Structural stress Structural stress (0.25 x Structural stress at distance ¢
(linearization) x,0.75 x x) from weld

t in mm o in MPa o in MPa o in MPa o in MPa

0.10 11.64 4.198 3.259 4.240

0.25 15.87 4.396 2.925 4.170

0.50 18.99 3.951 3.038 3.819

1.00 2291 4.145 3.068 3.974

2.00 41.04 4.583 2.563 4.006

5 Fatigue assessment

Using the endurable load amplitudes from fatigue tests
and the stresses obtained from numerical models, a fatigue
strength evaluation can be conducted.

5.1 Structural stresses

Endurable structural stresses were initially derived using a
simple linear interpolation of stress through the thickness.
This method was employed despite not adhering strictly
to the definition that structural stress should comprise both
membrane and bending stress. The applied interpolation also
accounts for the non-linear stress peak, resulting in a slight
increase in structural stress. It is important to note that the
evaluated structural stress is sensitive to variations of the
mesh size.

By plotting the endurable structural stresses (see Fig. 6a),
two main observations emerge: First, in the high cycle fatigue
regime, the S-N curves are now distinctly ordered by sheet
thickness. This was not observed with nominal stress and can
be attributed to the different clamping lengths /., which are
accurately modelled in the finite element analysis, thereby
accounting for their influence. Second, there remains a dif-
ference in fatigue strength, which can be explained by the
thickness effect that must be considered for both nominal
and structural stresses [1]. Typically, a correction is applied
using a power function with an exponent n, as shown in Eq. 4.

Tref "
Os,corr = 05 X T (€]

For an assessment, the FAT class is modified according
Eq. 4, reducing the endurable stresses for + > 25mm. In
this case, the acting stresses are modified, so they have to
be multiplied by the inverse correction factor. The thick-
ness exponents vary among different constructional details;
however, no recommendations exist for the application of
very thin sheets or even for laser-beam welded overlap
joints. Consequently, the exponent that minimizes scatter has
been identified as n = 0.1. With this correction and using
tref = 25mm, the differences in endurable structural stress
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within the high cycle fatigue regime can be minimized, as
shown in Fig. 6b.

After applying the thickness correction, a difference in
structural stress in the long life fatigue regime (N > Nipee)
remains evident. This discrepancy arises from variations in
the location of the knee point Nipee. NO systematic pattern
can be identified; specifically, the test series with thicknesses
0of 0.25 mm and 1.0 mm exhibit the lowest endurable stresses,
while the other specimens demonstrate a 20% higher fatigue
strength.

A second evaluation was performed by using only the
(interpolated) stresses at 0.25 x x and 0.75 x x for the eval-
uation. As it is shown in Fig. 11, this approach does neglect
the non-linear stress peak. However, the endurable structural
stresses do not align as well as the ones by the simple stress
linearization (Fig. 6¢). Even though the minimum and maxi-
mum endurable structural stresses are derived for the thickest
and thinnest specimens, the specimens with ¢t = 0.25mm
show lower endurable stresses than the specimens with 1 =
0.50mm and # = 1.00mm. Also, a thickness correction does
not improve the assessment reliability (Fig. 6d). A value of
n = 1.15 was empirically identified.

The third evaluation is performed using the structural
stresses that have been evaluated in a distance of 7 from the
weld (Fig. 6e). As for the standard linearization, the “sorting”
works well; however, the distances between the endurable
stresses determined for # = 0.Imm and ¢ = 2mm are larger.
Subsequently, a higher exponent for the thickness correction
of n = 0.12 needs to be applied. Compared to the stan-
dard linearization, the scatter in the HCF-regime is a slightly
higher, but the scatter in the in the range 10° < 107 isreduced

(Fig. 6f).
5.2 Notch stresses

The fatigue strength assessment is conducted using a refer-
ence radius of rr = 0.0lmm, resulting in highly variable
endurable notch stresses, as shown in Fig. 7. Specimens
with the largest plate thickness of + = 2mm show the
highest endurable stresses, while those with thicknesses of
t = 0.Ilmmand ¢ = 0.25mm exhibit only half the strength. A
clear (inverse) thickness effect is observed. However, a dis-
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Fig.7 S-N curve for notch stresses with r.f = 0.0lmm

tinct pattern with consistent spacing between the S-N curves,
similar to that for structural stresses (see Fig. 6a), is not
present. It is anticipated that a thickness correction with a
negative exponent n will reduce overall scatter and bring the
S-N curves closer together. However, merging the data into
a single S-N curve with low scatter, as seen for structural
stresses, is not possible.

6 Results and discussion

The experimental investigations showed that the fatigue
behaviour of welded very thin sheets is independent on the
sheet thickness: In all cases, the failure initiates in the root
notch and propagates through the heat-affected zone parallel
to the loading condition. The resulting S-N curve exhibited
the same characteristics in terms of a shallow slope with an
average value of k = 6.7 that agrees with results from liter-
ature [14, 27] that recommend a slope of k = 5 for welded
thin sheets.

If the project results and the data described in [14] were
filtered by following conditions:

n>10

Nmin < 0.2+ Ngnee
Ninee < 0.2 - Nmax
stdv < 0.051

the new results fit well into the observed correlations (Figs. 8
and 9). Here, n is the number of specimens used to derive
the S-N curve, and stdv is the standard deviation in direction
of stress. The standard deviation of 0.051 equals a scatter of
T, = 1 : 1.35. These conditions were selected to exclude test
series with few specimens and high data scatter. The factor
of 5 between the knee point and the minimum and maximum
cycle counts provides sufficient data points in the relevant
regions. This ensures reliable identification of both the slope
and knee point position.
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The slope aligns well with the trend of becoming shal-
lower as the wall thickness decreases. However, there is a
lack of data in the thickness range ¢+ < 0.5mm to identify
a significant trend, especially when considering the overall
high scatter of the data.

The correlation between the knee point and the sheet thick-
ness also exhibits substantial scatter. Nevertheless, the knee
points derived from a relatively small number of cycles are
consistent with the global trend that Ny,ee decreases as the
sheet thickness decreases.

The fatigue assessment using structural stresses provides
the most reliable results when thickness correction is applied.
Since a thickness correction is standard for thick welded
joints [1], an application for thin-walled joints is straightfor-
ward. If a thickness correction is performed with a reference
thickness fef = 25mm, see Eq. 4, an endurable stress ampli-
tude of o5, = 100MPa is derived for a survival probability
of Pg = 50%. Considering stress ratio R = 0 and survival
probability Pg = 50%, the value is close to the endurable
stress ranges of Aoy = 90MPa or 100 MPa recommended
for thick welded joints. Further evaluation using the structural
stress approach is necessary to validate the universal applica-
bility of FAT 100 for thin welded joints. This is particularly
important considering that the endurable structural stresses
may vary depending on the evaluation method employed.

From all three applied different version of the structural
stress approach, the one using reference points 0.25 x x and
0.75 x x for the interpolation leads to the highest scatter.
One possible reason can be found in the ratio between weld
thickness w and sheet thickness ¢. The specimens showing
the lowest endurable stresses (f = 2mm and ¢t = 0.25mm)
also have the smallest ratio of w/f = 0.44 and w/t = 0.33.

2

© Butt joints (No. 212)
A Cruciform joints (No. 412 & 413)
A Cruciform joints (No. 414)
A Cruciform joints (No. 416)
Vv Transverse stiffener (No. 511)
¢ Longitudinal stiffener (No. 521)
i v i .| @ Overlap joint, (No. 614), WT
10 e b = .| B Overlap joint, (No. 614), WR
: . .| ® Overlap joint, laser, shear
.| ® Overlap joint, laser, peel
""" .- | A Tube-Flange, full & part. penetration
% Others

Slope k
-}
:Zi‘ﬁﬁjﬁiﬁilﬁjliﬁ?:j
ofc-~[“]o
BB

107 2 5 1 2 5 10 2 mms 10
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Fig.8 Slopes as function of the sheet thickness
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Fig.9 Knee point as function of the sheet thickness

A small weld width leads a high stress concentration directly
at the notch and, subsequently, to a decrease in stress in a
distance of > (0.2 x ¢. This can be seen in Fig. 12, where
the aforementioned specimens have the highest peak stress
at x = 0 but the lowest stress at x = 0.2 x t.

A notable finding is the poor performance of the notch
stress approach with a reference radius of 7 = 0.0lmm.
Based on the theoretical concept that notch stress is pro-
portional to the stress intensity factor and that notch stress
scales with the radius according to a power function [14], it
was anticipated that the notch stress approach would produce
accurate results. However, this expectation was not met. The
reasons for the significant deviation remain unclear, and fur-
ther investigation is required to explore the use of different
reference radii on specimens with varying thicknesses.

7 Conclusion

From the investigations performed, the following main con-
clusions can be drawn:

e The overall failure behaviour of very thin sheet does not
deviate from the ones observed at sheets with r > Imm.
The slope is quite shallow 6 < k < 8, and the knee point
is positioned at low number of cycles mostly below 10°
cycles.

e A fatigue assessment using the structural stress approach
leads to reliable result; however, a thickness correction
with the exponent needs to be applied. A through-
thickness interpolation directly at the weld root and one
in a distance of ¢ from the weld roots leads to a slow
scatter of endurable structural stresses

e A large remaining scatter can be observed when the
fatigue assessment is performed using a reference radius
of r = 0.0lmm.

Further investigations are required to identify the reasons
for the deviating endurable notch stresses. Additionally, con-
ducting further fatigue tests on specimens with a thickness
range of # < 0.5mm would provide valuable insights into the
correlations between the knee point and sheet thickness, as
well as between the slope and sheet thickness.

A Fatigue data

Table 4 Fatigue test results of the overlap specimens series 4404_010
using R = 0.02

Testno. Cycles Load amplitude Run-out Comment

V02 5031 220

Vo3 7945 200

Vo4 41,804 150

Vo5 85,201 130

Vo6 5,000,000 110 X

Vo7 15,239 170

V08 58,325 140

V09 159,275 120

V10 18,908 160

Vi1 47,296 115 Outlier, not used
for evaluation

Vi2 11,367 180

Vi3 384,694 110

Table 5 Fatigue test results of the overlap specimens series 4404_025
using R = 0.02

Testno.  Cycles Load amplitude Run-out Comment
[N]
Vo1 11,963 375
V02 16,451 350
Vo3 33,462 300
V04 1,422,196 220 Outlier, not used
for evaluation
V05 130,473 250
V06 56,397 275
Vo7 15,485 375
V08 35,992 325
V09 475,691 210
V10 211,367 235
Vi1 165,619 245
V12 71,263 285
V13 14,854 350
V14 521,600 200
V15 100,000 190 X
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Table 6 Fatigue test results of the overlap specimens series 4404_050 B Structural stress evaluation

using R = 0.02

Test no. Cycles Load amplitude Run-out Comment
[N]
Vol 306634 500 Re-tested ® t=010mm
, e-teste
V02 5,000,000 460 6 © t=025mm
V03 2,664,543 490 © t=0.50 mm
Vo4 231,132 520 fo @ t=1.00mm
Vo5 131,322 550 S 41 @ ¢=200mm
V06 123,162 580 g
V07 57,050 600 .
V08 65,105 620 g 92
V09 215,708 500 %
V10 613,434 470 =
Vil 5,000,000 460 n 0
Table 7 Fatigue test results of the overlap specimens series 4404_100
using R = 0.02 —2
Test no. Cycles Ll\cl)ad amplitude Run-out Comment 0.0 0-|2 0:4 O.I6 0:8 1 .|0
ol Norm. path x/max(z)
Vo1 104,365 1050
V02 35,829 1150 Fig. 10 Evaluation of the structural stress by stress linearization at the
V03 279,440 950 weld
V04 430,976 850
Vo5 53,180 1100
Vo6 89,117 1000
Vo7 326,588 900
Vo8 28,501 1200
V09 444,649 820
V10 869,039 780
Vil 680,742 730 e t=0.10mm
Vi2 1,451,854 700 6 o
V13 5,000,000 670 o
fo e
= 47 ]
k=
& 924
Table 8 Fatigue test results of the overlap specimens series 4404_200 @
using R = 0.02 o
)
Test no. Cycles Load amplitude Run-out Comment 0
Vo1 14,194 2300
V02 42,450 2000 _9
V03 92,578 1800 T , T T {
Vo4 142,325 1600 0.0 0.2 0.4 0.6 0.8 1.0
V05 541,217 1400 Norm. path &/max(x)
Vo6 5,000,000 1300 X
Vo7 18,734 2200 Fig. 11 Evaluation of the structural stress by stress linearization at the
V08 28,635 2100 weld using two reference points, 0.25 x ¢ and 0.75 x ¢
V09 43,832 1900
V10 92,488 1700
Vil 314,067 1500
Vi2 871,798 1500
Vi3 1,501,673 1500
vi4 21,299 2200
V15 15,429 2200
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@ t=0.10mm

6 © t=0.25 mm
o t=0.50 mm
@ ¢t=1.00 mm
@

Stress 011 in MPa

0.0 0.2 0.4 0.6 0.8 1.0

Norm. path z/max(x)

Fig. 12 Evaluation of the structural stress by stress linearization in a
distance of ¢ from the weld
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