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Abstract

This paper analyzes the fatigue strength of laser welded steel joints by applying the implied gradient method. This method is
adopted using the same procedure proposed for studying arc welded joints. The fatigue scatter band of laser joints, obtained from
numerical analysis of experimental data taken from the literature, is different from the relative curve of arc welded joints. However,
at high cycles fatigue the two bands maintain exactly the same average values and the same scatter. The fatigue strength of lap
joints with different weld patterns confirms the use of the proposed generalized fatigue scatter band for laser joints.
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1. Introduction

The idealization of a weld considers an open notch with a linear flank and a null notch tip radius [Lazzarin and Tovo
(1997), Livieri and Lazzarin (2005)]. Therefore, the stress field in the neighborhood of the notch tip has to be
considered as singular [Williams (1952] and the assessment of the fatigue strength of complex welded structures can
be carried out by using the numerical design methods classified in scientific literature as local methods. The basic idea
of these approaches is to consider the value of an effective physical quantity related to the stress field around the area
where the fatigue crack will nucleate [Radaj and Sonsino (1998), Lazzarin and Zambardi (2001), Berto and Lazzarin
(2009), Meneghetti (2008), Susmel and Taylor (2011)].
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The propagation phase, at least in welded specimens used for fatigue testing, is usually negligible when compared
to the time required for propagating the crack up to a few millimeters [Serensen et al. 2006].

The idea that material damage is mainly due to the fatigue behavior of a zone around the notch tip is also considered
in the implicit gradient method. This approach has been proposed as a design method for welded arc structures or spot
welds without making any difference to the procedure in terms of sheet thickness, joint shape or loading type [Tovo
and Livieri (2011)]. Many experimental series, very different in terms of sheet thickness and geometry (for example
thickness ranging from 3 mm to 100 mm), were analyzed by means of the implicit gradient approach and obtained a
master Woehler curve suitable for the evaluation of the fatigue strength of joints under tensile or bending nominal
stress. The procedure offers the advantage of representing welded joints in their three-dimensional form without
necessarily performing exemplifications in the shape.

The laser procedure is an alternative choice for connecting thin plates usually employed in the automotive industry
[Sonsino et al. (2006)]. Furthermore, laser welded joints are also employed in many industrial sectors using thin plates
[Cho et al. (2004)] or plates up to 12 mm [see Frank et al. (2011)]. The standard local approaches used for thick joints
are not usually suitable for the assessments of laser welded joints. For instance, the approach of fictitious enlargements
of notch tip radios proposed by Raday (1996) for assessing welded joints connecting thin sheets with the notch stress
approach, a reference radius of 0.05 mm is usually chosen. [Karakas et al. (2008), Bruder et al. (2012), Baumgartner
et al. (2015), Marulo et al. (2017)].

This paper, by means of the implicit gradient method, will examine the fatigue behavior of laser welded steel joints
taken from the literature. For lap joints, the thicknesses analyzed are typical of the plates used in the automotive field.
The fatigue strength of lap joints with different weld patterns is also analyzed: longitudinal-line segment group pattern
(LLSG), ladder pattern, sawtooth pattern and double arc pattern (DCA).

Nomenclature

Geff effective stress

Ocq equivalent stress

Gav average stress

Ceftmax Maximum effective stress

A range

V? Laplace operator

20 opening angle

c characteristic length

g gap between the two plates
FE finite element

w width

W length of weld bead

R nominal load ratio

s minimum dimension of the mesh elements
t thickness

d weld width

N fatigue life, cycles to failure
A" volume

2. Basic equation

The implicit gradient method defines an effective stress ot related to the local stress fields generated from a stress
raiser such as a sharp V notch or a weld [Lazzarin and Tovo (1998)]. It is assumed that fatigue damage is due to the
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average of stress, evaluated on the whole component, of a physical quantity called equivalent stress c.q considered as
directly linked to fatigue damage [Pijaudier-Cabot and Bazant (1987), Tovo and Livieri (2007-8)]. From a
computational point of view, the effective stress o.sr can be calculated, point by point, by solving the Helmholz
differential equation in volume V of the component by imposing Neumann as boundary conditions [Peerlings et al.
(1996) and (2001)]:

Gy —C Vo, =0, In V (1)

where c is an intrinsic parameter related to the material and having the physical dimensions of a length, V7 is the
Laplace operator and G4 is the damaging stress. In this work ceq coincides with the first principal stress evaluated
with finite elements for linear elastic material. A non-linear behavior could be introduced without any particular
problems [see Tovo et al. (2008 b), Livieri et al. (2016), Novak et al. (2016)] but in the case of a small plastic zone a
linear elastic behavior can also be considered in the case of a singular stress field [see Lazzarin and Livieri (2000)].
With reference to figure 1, as a first step in the numerical procedure a classic FE analysis is performed to calculate
the stress tensor of Caucky, followed by a second FE analysis that solves the Helmholz differential equation Eq. (1)
thus obtaining the effective stress cefr across the joints. The second FE analysis takes advantage of the first one. In the
second FE analysis the operator uses exactly the same mesh as the one set up in the first classical stress analysis.
For arc welded joints, in previous works [Tovo-Livieri (2007-8)] the fatigue scatter band was evaluated between 10*
and 5-10° cycles to failure in terms of maximum effective stress variation AGefr, max. This scatter band is independent
of the geometry of the joints and can be used for the estimation of the safety factor of welded joints. Figure 1 shows
the fatigue scatter with a slope equal to 3 for the joint band procedure that can be used for the evaluation of fatigue
life if the effective stress oesr. is known. Alternatively, instead of solving the differential equation (1) all over the
welded component, it is possible to evaluate the effective stress at the single point of the weld (at the toe or at the root)
with a simplified procedure that calculates the value of the weighted average stress o,y and then, through a correlation
coefficient, estimates the maximum effective stress Gesmax [Maggiolini et al. (2015)]. Figure 2 shows how the average
stress oqy can be correlated with the effective stress oefr for a sharp V-notch having a small opening angle 2a in
comparison with the width of the plate. It is possible to define an average stress in a generic point X as an integral
average of an equivalent local stress 6eq, weighted by a Gaussian function y (X,Y) depending on the distance 4 between
points X and Y of the body:

1 Jy WX Y)0eq(Y)dV .
o (X) = 15 JUX,Y)oe(Y) dV = W with  V,(X) = [ $(X,Y) dV )

In Eq. (9) it is possible to use two different weight functions depending on the space dimension of the investigated
structural problem. For three dimensional problems:
—h2
_ e L=cV2 3D problem (3)
v © \/E)S p
with 4 equal to the Euclidian distance between X and Y. In figure 2, X agrees with P.

3. Fatigue analysis of laser welded joints

In laser welded joints, the thermally altered zone is rather limited compared to the traditional arc welding process
(see Asim 2011). However, in this paper laser welded joints are analyzed with the implicit gradient approach without
altering the methodology previously proposed for arc welds. It was assumed that fatigue damage is due to the
maximum principal stress evaluated under linear elastic hypotheses by assuming a value of ¢ equal to 0.2 mm for the
material as in the case of welded arc joints.
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Fig. 2. Relation between the average stress o,y and the effective stress s obtained by solving the implied gradient equation (1) for a plate with a

small sharp V-notch [Maggiolini et al. 2015].
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3.1. Lap joints

First of all we analyze the fatigue behavior of a lap joint subjected to remote tensile loading. Table 1 summarizes
the different geometries of laser joints made of steel into 3 series. The nominal load is a tensile loading for all series.
Type A represents a lap joint where the central section has been reduced in width. The welded sheets were machined
into specimens with a dog-bone shaped profile. Type B is another lap joint but the bead length is less than the size of
the nominal section. In addition, the bead ends has a rounded profile. Type C consists of typical lap joints with the
weld extending across the entire width. Figure 3 shows two typical meshes of series A characterized by two different
mesh sizes with a different s/¢ ratio (s is the minimum dimension of the elements and ¢ is the thickness of the sheets).
A mesh with a size of s/t=0.5, in fact, gives the same numerical results as an accurate mesh with minimum size
elements s/t=0.03. Although the more detailed mesh is half-thickness, the differences in the calculation of the
maximum effective stress Gefr,max relative to the nominal stress (Gefr;max/Onom) ranges from 9.13 to 9.25 with a difference
of around 1%. This trend confirms the capability of a fast convergence even in the case of small joints [see Tovo-
Livieri (2011)].

The type A welded joints were experimentally analyzed by Asim et al. (2011). All experimental data relate to a
single geometry and cover a fatigue life ranging from 6-103 cycles to 1.7-10° cycles. Type B is composed of 4 sets of
data that Wang used to analyze the effect of: thickness, width, weld bead and gap size that can be created between the
two welded plates after the welding process. With the implicit gradient method, the gap representation is not a problem
because it is necessary to take the three-dimensional CAD model into account (the gap is usually defined as a
percentage of the thickness).

Table 1: Lap joint made of steel subjected to nominal tensile loading (half joint)
[

t=0.93 mm,d=1.0 mm, w=8 mm

t=0.76+1.78 mm, d = 1.2+1.4 mm, w =38.1,
mm, wg=25.4 mm
Type B: material SAE 1005 [Wang (1995)]

Type A: material SAE J2340 300Y HSLA [Asim et
al. (2011)]

t=0.41+2.54 mm,d=0.61 mm, w=38.1
Type C: material AISI 1008 [Albright et al. (1990)]
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A
Oeff, max/Oeff, max = 9.25 (s/t=0.03)

Oeff, max/Onom = 9.13  (8/t=0.5)

Fig. 3. Example of mesh used in the FE analysis. Maximum value of the effective stress Gefr, max as a function of the mesh size (Gyom is the remote
tensile stress, s is the size of the smallest element).

Figure 4 shows the fatigue scatter band of laser steel welded joints in terms of maximum effective stress range
evaluated by means of the implicit gradient approach described in section 2. The scatter bands are related to mean
values plus/minus 2 standard deviations. The slope is different in relation to the scatter bands of arc welded joints. We
have a slope of 4.7 instead a slope of 3.0. Table 2 summarizes the characteristic values in terms of effective stress of
the two scatter bands for welded joints made of steel.

Table 2. Reference value of the effective stress of the two fatigue scatter bands at 5-10° cycles to failure

97.70% 50% 2.30%

Weld type [MPa] [MPa] [MPa] k
Arc 111 156 219 3.0
Laser 113 157 215 4.7
10000 +
] =02
AGeff,max 1 ° m
[MPa]
Scatter band for arc weld
11 I: (t 3-100 mm)
1000 +
215
157
R 113
100 -ttt
100 1000 10000 100000 1000000 10000000

Cycles to failure

Fig. 4. Scatter band for steel welded joints in terms of maximum effective stress range (scatter bands related to mean values plus/minus 2 standard
deviations)
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3.2. Effect of weld pattern

In order to consider the increase in fatigue strength of the lap joint, Albright et al. (1990) proposed different types
of welded joint configurations. A straight-line lap weld made in a direction perpendicular to the load direction is the
simplest laser lap weld for fatigue testing (see table 1). Figure 5 shows four weld patterns very different from the
typical lap joint of table 1: longitudinal-line segment group pattern (LLSG), ladder pattern, sawtooth pattern and
double circular arc pattern (DCA). The thickness was of 0.61 mm for all specimens with an overlap of 25.4 mm and
a width of 38.1 mm.

As an example, figure 6 reports a typical mesh used in the analysis of a lap joint for the case of the longitudinal-
line segment group pattern. For each case a first FE analysis with a raw mesh was used to identify the critical points,
then a second FE analysis with a fine mesh was optimized only in the weld zone where the effective stress reaches its
maximum value. Furthermore, in order to reduce the number of elements used in the numerical analysis, a plate with
a reduced width was considered. On the basis of recent studies about the fatigue strength of arc welds (see Livieri-
Tovo 2017) the reduction of the width may result in a change in maximum effective stress. The trend of the stress
along the weld depends on the ratio between the thickness and the width of the specimen, but this aspect will be
considered in our next paper.

Table 3 shows the results of the numerical analysis of the joints in figure 5. The numerical results were obtained
after careful convergence analysis. Table 3 reports the stress concentration factor K for the different welded joints
defined as:

K = max, eff 4)

Finally, the fatigue strength of lap joints is reported in figure 7. In terms of maximum effective stress the
experimental points fall into the fatigue scatter band of laser joints proposed in figure 5.
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Fig. 5. Different types of lap joints. The thickness of the plates was of 0.61 mm (for geometrical details see Albright et al. 1990)



316 Paolo Livieri et al. / Procedia Structural Integrity 8 (2018) 309-317

Fig. 6. Example of mesh used in the FE analysis of a longitudinal-line segment group pattern. The thickness of the plates was of 0.61 mm (for

geometrical details see Albright et al. 1990)

Table 3. Stress concentration factor K, for different types of lap joints

O O O O

LLSG LADDER SAWTOOTH DCA
PATTERN
K 2.8 2.2 24 2.6
LLSG Ladder Pattern
10000 10000
Ag,,., Ao f
[MPa] [
1000. 1000. £
100 100
1
cycles to failure cycles to failure
Sawtooth DCA
10000 ¢ 10000 ¢
80, Ao, f
[MPa] : [
1000 £
215 . 215
s 157
13 113
100 TR T A T e O I T L 100 PR RTINS R R TTT] BT S WHTT] R
10 10° ¥ H 4 ) 10 10’ 10° 10
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Fig. 7. Fatigue life of different types of lap joints in terms of the range of maximum effective stress by using the fatigue scatter band of figure 6.

The thickness of the plates was 0.61 mm
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4. Conclusions

The implicit gradient method could analyze the fatigue behavior of the laser welded steel joints by means of three-
dimensional FE analysis. For a medium and low number of cycles, the laser weld shows a greater slope of the Woehler
curve. However, at high cycles fatigue the effective stress does not depend on the welding technology. For fatigue life
at 5 million cycles and a survival probability of 50%, an effective stress value of about 160 MPa seems to be a common
threshold for the various types of steel welds also with a complex weld bead profile.
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