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Abstract

In this work, the fatigue behaviors of non-penetrating laser welded lap specimens of cold-rolled 301LN austenitic stainless steel
were investigated based on experiments and numerical analyses. The experiments showed the unequal-thickness specimens failed
in the thicker bottom sheet under low fatigue loads, even though the mean stress in the thinner top sheet was higher, when the
applied loads were high enough, the failure location changed from the bottom sheet to the top sheet. This phenomenon could
be successfully explained through traction stress analysis considering the effect of angular distortion. However, the equivalent
traction stress representation of fatigue data is below the ASME master S-N curve scatter band since the stress exceeds the
yield limit of the base metal at low-cycle fatigue regime. The structural strain approach was then used to consider the effect
of plastic deformation, and all fatigue data fall into ASME master E-N curve scatter band. This indicates the structural strain
approach in conjunction with the master E-N curve is suitable for correlating both low- and high-cycle fatigue data of the
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1. Introduction

Light weight railway passenger cars made of cold-rolled 301LN austenitic stainless steel have been widely
used in subways and intercity express trains!**. Non-penetrating laser lap welding is an assembling method
for the side facade panels of passenger cars, which can provide vehicle bodies with a weld-free appearance
and improve corrosion resistances®.

Fatigue fracture is the primary failure mechanism of welded vehicle bodies, and a few fatigue tests™ con-
cerning the laser welded lap specimens have been conducted. Asim et al.”investigated the fatigue behavior of
penetrating laser welded lap specimens of equal thickness, and the specimens failed in the top sheet at high-
cycle fatigue life due to the weld bead protrusion on the bottom sheet. Ono et al.8conducted fatigue tests on
penetrating laser welded lap specimens with different sheet thickness, and the fatigue strength increases with
the increase of the sheet thickness. Sindhu et al.%studied the fatigue behavior of non-penetrating laser welded
lap specimens, and the specimens failed in thicker non-penetrating bottom sheets at high-cycle fatigue life,
even if the nominal stress in the bottom sheets was lower. However, there is no detailed explanation of
why the high-cycle fatigue fracture occurred in the thicker bottom sheets. In this study, the similar fatigue
fracture mode was observed and the cause was explained.

Fatigue failure is a highly localized phenomenon in welded lap joints and determining the nominal stress
is not always possible!®!'. Hsu and Albright'2combined a static stress analysis and the Neuber’s rule to
predict the fatigue life of laser welded lap joints. Zhang et al.!® presented the structural stress solutions
based on the outer surface strains of laser welded lap joints. Baumgartner et al.!#16 investigated the notch
stress approaches for the fatigue assessment of laser welded lap thin-walled joints. Wang et al.'” calculated
the fracture mechanics parameter J-integral to correlate the fatigue data of laser welds. Pan et al.”18:19
calculated the global and local stress intensity factor solutions for the pre-existing and kinked cracks to
predict the fatigue lives of laser welded lap specimens. Dong?® proposed a traction stress approach for
fatigue evaluation of welded joints, which is suitable for the fusion welded joints?!"2and frictions stir welded
joints?®. In addition, Dong?” also proposed a structural strain approach to consider the plastic deformation
at the location of stress concentration under low-cycle loading conditions. There has been no systematic
fatigue assessment for non-penetrating laser welded lap specimens so far.

The angular distortion is produced when the weld bead does not penetrate the full thickness of the plate,
even for small heat input?®2?. The misalighment cannot be ignored in fatigue assessment because it induces
secondary bending loads that might significantly affect the structural stress3%:3!. According to Lillemie et
al.3233, the axial misalignment in laser-based welding butt joints caused a significant notch stress increase
on the weld root reducing fatigue strength. Oliveira et al.?%investigated the effect of misalignment on stress
for laser welded T-joints based on the nonlinear finite element model with angular distortion, and the stress
magnification factor increased linearly with the increase of angular distortion and decreased nonlinearly with
the increase of nominal stress.

This work investigated the fatigue behaviors of non-penetrating laser welded lap 301LN sheets of different
thicknesses. The main objective is to understand the effect of angular distortion on the fatigue fracture
behaviors of the specimens. The traction stress was calculated based on the finite element models with and
without angular distortion. The structural strain approach was then used to correlate the fatigue data.

2. Experiments and materials

Cold-rolled sheets of 301LN austenitic stainless steel in 0.8 mm, 1.5 mm and 2.0 mm thicknesses were used
to prepare welded specimens, and the chemical compositions and mechanical properties are given in Table
1. A solid-state laser with a laser beam diameter of 0.5 mm was used to prepare the laser welded specimens
under a shield of 0° side-blown argon with a discharge rate of 30 L/min, and the welding parameters included
the welding power of 1.8 kW ~ 2.4 kW, the defocus distance of -1.0 mm ~ +1.0 mm, and the welding speed



of 20 mm/s ~ 30 mm/s. Figure 1 shows a schematic of the laser welded lap specimen, where the t; and toare
the thicknesses of top and bottom sheets respectively. Four laser welded specimens are numbered by t;+toas
1.54+1.5, 2.04-2.0, 0.8+1.5, and 0.8+2.0.

TABLE 1 The chemical compositions and mechanical properties of the 301LN sheet

Chemical compositions (wt. %) Chemical compositions (wt. %) Chemical compositions (wt. %) Chemical compositio
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FIGURE 1 A schematic of the laser welded lap specimen (unit mm)

The microstructure of the laser welds was characterized by optical microscope, and Vickers hardness was
measured on the transverse cross-section of the laser weld. The angular distortion of welded specimens
was measured before the fatigue tests. Fatigue experiments were performed at a frequency of 15 Hz, using
sinusoidal-pulse loads with constant amplitudes and a load ratio of R = 0.1. Cross-section micrographs of
fatigue failure specimens were used to investigate the initiation and propagation of fatigue cracks.

3 Experimental results

3.1 Microstructure and welding distortion

Figure 2 shows the optical micrograph of the cross section of the 1.5+1.5 specimen, and the laser weld appears
to be free of thermal cracks and welding porosities. The weld bead was composed of austenite substrate and
0 ferrite dendrites spacing less than 10 yum, and the microstructure changes in the heat affected zone is not
obvious. Figure 3 shows the microhardness profile of the 1.54+1.5 specimen, and the average hardness of the
weld beads is 215 HV and slightly lower than that of the cold-rolled 301LN sheet. The geometric dimensions
of the weld beads for four specimens are listed in Table 2, where the parameters are shown in Figure 2.
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FIGURE 2 Micrographs of the 1.5+1.5 specimen FIGURE 3Microhardness profile of the 1.5+1.5 specimen
TABLE 2 Geometric dimensions of the laser welds

Specimens 1.54+1.5 2.0+2.0 0.8+1.5 0.8+2.0
Weld hump h / mm 0.3 0.4 0.2 0.2
Top weld width Wt / mm 1.5 1.8 1.3 1.4
Interfacial weld width Wy / mm  0.85 0.9 0.7 0.8

Figure 4 shows that the angular distortion of the four specimens is less than 1°, and the loading sides are
shown by the arrows. The four specimens are tilted upward from the welding center due to the shrinkage

of weld beads caused by the uneven welding heat input along the sheet thickness, and the tilt angle of the
welded sheet decreases with the increase of sheet thickness.
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FIGURE 4 Welding angular distortion of four specimens

3.2 Fatigue performance

Figure 5 shows the relationship between the maximum fatigue load and the failure cycle in a log-log scale

and the linear fitting for the four specimens, which indicates that the fatigue resistance of the specimen
increases with the thickness of lap sheets.
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FIGURE 5 Fatigue test results of four specimens

Figure 6 shows cross-section micrographs of fatigue failure 1.54+1.5 and 2.0+2.0 specimens under different
fatigue loads, in which loading sides of the top and bottom sheets are shown by the white bold arrows. The
specimens of both 1.54+1.5 and 2.0+2.0 failed in the bottom sheet under all fatigue loads, although the mean
stress of top and bottom sheets was the same. In addition, as the fatigue loads increase, the laser weld on
the top sheet was partially fractured. The fatigue cracks of the lap joint were generally initiated from the
notch tips due to its geometry”®. The primary crack I was initiated from the notch tip on the lap-interface



and propagated through the bottom sheet thickness under low fatigue loads, as shown in Figure 6 (a) and
(d). As the fatigue loads increase, the secondary crack II in the top sheet was also initiated from the notch
tips as shown in Figure 6 (b) and (e), and propagated along the laser weld dendrite as shown in Figure 6 (c)
and (f).

initial position

Propagation
direction

h




J
=t
=
Q
<
=
O
>~
=
<
o
=
Q
Q
(3
N

1rection

d

Prinary crack I

1al position

Initia

ropagation

1rection

P




" Secondary crack II
itial position

£, i e

N Scéondary crack IT

500 pm

FIGURE 6 Cross-section micrographs of fatigue failure specimens: (a) 1.5+1.5 specimen run 2.0x 10 cycles
at 3.51 kN; (b) 1.5+1.5 specimen run 2.77x10° cycles at 6.94 kN; (c) 1.5+1.5 specimen run 7.5x 103 cycles
at 9.14 kN; (d) 2.0+2.0 specimen run 2.0x10° cycles at 4.58 kN; (e) 2.04+2.0 specimen run 2.11x10% cycles
at 6.85 kN; (f) 2.042.0 specimen run 1.31x10%cycles at 10.96 kN



Figure 7 shows cross-section micrographs of fatigue failure 0.8+1.5 and 0.8+2.0 specimens under different
fatigue loads. The fatigue fracture mode of 0.8+1.5 and 0.84-2.0 specimens depends on the fatigue load level.
When the fatigue loads were less than 7.73 kN, the 0.8+1.5 specimens failed in the 1.5 mm bottom sheet, and
the primary crack I was also initiated from the notch tip and propagated through the bottom sheet thickness,
as shown in Figure 7 (a) and (b), even if the mean stress in the 0.8 mm top sheet was much higher. Similarly,
when the fatigue loads of the 0.842.0 specimens were less than 7.22 kN, they failed at the 2.0 mm bottom
sheet, as shown in Figure 7 (d) and (e). As the fatigue loads increase, in addition to the thicker bottom sheet
fracture, the secondary crack IT appeared in the top sheet and obvious plastic deformation was observed as
shown in Figure 7 (b) and (e). When the fatigue loads were high enough, the fatigue fracture occurred in
the thinner top sheets, as shown in Figure 7 (¢) and (f), and the secondary crack II was propagated in the
weld bead due to the welding geometry and became the primary crack resulting in the fracture of top sheet.
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FIGURE 7 Cross-section micrographs of fatigue failure specimens: (a) 0.841.5 specimen run 2.0x10° cycles
at 3.47 kN; (b) 0.841.5 specimen run 1.32x10° cycles at 4.96 kN; (c) 0.841.5 specimen run 1.44x10* cycles
at 7.73 kN; (d) 0.842.0 specimen run 2.0x10° cycles at 4.29 kN; (e) 0.842.0 specimen run 1.37x10% cycles
at 6.72 kN; (f) 0.8+2.0 specimen run 9.93x10* cycles at 7.22 kN

4 Fatigue data analysis

4.1 Traction stress calculation

The 2D finite element models with and without the angular distortion were developed to compare the
calculation results. Below, take the 0.8+2.0 specimen as an example to describe the numerical procedure.

Figure 8 shows the finite element model without the angular distortion, and the geometric dimensions of the
model were consistent with actual specimen shown in Figure 1. The detailed dimensions of the laser welds
given in Table 2 were also considered in the model. The x and y degree of freedom was fixed for the left side
of the specimen, while only y degree of freedom was fixed for the right side. Fatigue load was loaded on the
right extremity of the specimen.
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FIGURE 8 Finite element model without the angular distortion: (a) overall view of the model; (b) local
view of the weld
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FIGURE 9 Finite element model with the angular distortion: (a) initial position of the specimen; (b) local
view of the weld; (c) fatigue loading on the right side of the specimen

Figure 9 shows the finite element model with the angular distortion shown in Figure 4. The rigid bodies
were used to simulate the boundary conditions imposed by the grip. The x and y degree of freedom was fixed
for the left side of the specimen, and the right side was loaded in two steps. First, the grip was closed by
applying a downward displacement to the rigid body, as illustrated in Figure 9 (a), which forces the rotation
of the specimen. Second, the specimen was submitted to a tension fatigue load on the right side, in which
the load was uniformly distributed across all nodes on the right extremity of the specimen, as illustrated in
Figure 9 (c). The contacts between the welded sheets of the specimen and the grips were simulated using
the contact pair “general contact” technique3°.

The finite element mesh of the model is presented in Figures 8 (b) and 9 (b), and the element type used
here is 4-node bilinear plane strain elements. Nonlinear geometry effects were considered in order to account
for pre-deformation effects introduced by the gripping actions??. The laser weld metal and the base metal
were assumed to be linear elastic with the Young’s modulus E = 200 GPa and the Poisson’s ratio v = 0.3.
Computations were carried out using commercial finite element software ABAQUS.

Due to the initiation of fatigue crack on the geometric discontinuities of welded lap joints, the stress compo-
nent directly output by the finite element model at the failure location cannot be directly used for fatigue
assessment because of its singularity and mesh-sensitive?*. To overcome this limitation, a post-processing
program was used to calculate the mesh-insensitive traction stress. The detailed steps are as follows?!-26:

1. Based on the actual failure position of the specimen, the hypothetical crack paths A-A and B-B shown
in Figure 8 (b), as well as A’-A’ and B’-B’ shown in Figure 9 (b) were defined.

2. The nodal forces along the hypothetical crack path were extracted from the output of finite element
analysis results, and the nodal forces were represented by NFORC in ABAQUS.

3. The membrane and bending traction stresses were calculated using the following formula:

Where is nodal forces, is thickness of sheet, is membrane traction stress, is bending traction stress, is traction
stress.

To reflect the effects of fatigue load ratio, the membrane and bending traction stresses were calculated under
minimum and maximum fatigue load. The equivalent traction stress range were calculated according to the
2007 ASME Div. 2 Code® using the following formula:
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Where is equivalent traction stress range, is the traction stress range, is the dimensionless thickness, and r
is bending ratio. is a reference thickness setting as 1 mm, was derived by using a two-stage crack growth
model unifying both short and long crack growth behaviors?S.

4.2 Traction stress analysis

Figure 10 shows the equivalent traction stress of the two lap sheets at the fatigue crack initial position
for four specimens with and without the angular distortion. For the 1.54+1.5 and 2.0+2.0 specimens, the
equivalent traction stress of the bottom sheet is higher than that of the top sheet as shown in Figure 10
(a) and (b) due to the enhancement effect of the welding top humps’, and the stress difference between the
bottom and top sheet with the distortion is larger than that without the distortion. The distribution of the
equivalent traction stress in the specimens is consistent with their actual fatigue failure behavior.
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FIGURE 10Equivalent traction stress of two lap sheets for the specimens with and without the angular
distortion: (a) 1.5+1.5; (b) 2.04+2.0; (c) 0.841.5; (d) 0.842.0

For the 0.841.5 and 0.8+2.0 specimens, the equivalent traction stress of the thicker bottom sheet is much
less than that of the thinner top sheet in the condition without the angular distortion, as shown in Figure 10
(c) and (d), which is inconsistent with the fatigue failure mode of both specimens. In the condition with the
angular distortion, when the fatigue loads are less than 7.73 kN for 0.8+1.5 specimen and 7.22 kN for 0.8+2.0
specimen, the equivalent traction stress of the thicker bottom sheet is higher than that of the thinner top
sheet, as shown in Figure 10 (c¢) and (d), which is consistent with the fatigue fracture of the thicker bottom
sheet; when the fatigue loads are over these values, the equivalent traction stress of the thinner top sheet is
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higher than that of the thicker bottom sheet, which is consistent with the fatigue fracture of the thinner top
sheet. Consequently, the equivalent traction stress considering the effect of the angular distortion can well
explain the changes of the fatigue failure mode of the specimens.

To understand that how the angular distortion affects traction stress, the stress concentration factor (SCF)
of traction stress at the fatigue crack initial position was calculated by , where the is the mean stress of the
sheet. Figure 11 shows the SCF of the two lap sheets for the 2.0+2.0 and 0.8+2.0 specimens with and without
the angular distortion. Comparatively speaking, the SCF with the distortion increases on the bottom sheet
and decreases on the top sheet under all fatigue loads. During the clamping of the grips, the rotation of the
distorted specimen resulted in compressive stress in the top sheet and tensile stress in the bottom sheet, at
the initial position of the fatigue crack. This can also be used to explain why the equivalent traction stress
of the 2.0 mm bottom sheet is higher than that of the 0.8 mm top sheet for the 0.84-2.0 specimen under low
fatigue loads.
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FIGURE 11 The SCF of two lap sheets for 2.04+2.0 and 0.842.0 specimens with and without the angular
distortion

With the angular distortion, the SCF decreases on the bottom sheet and increases on the top sheet with
the increase of the fatigue load, as shown in Figure 11, which indicates the effect of the pre-stress caused by
angular distortion on traction stress is weakened that is similar to the results of Ref [30] and [37]. When the
fatigue load of the 0.8+2.0 specimen is high enough, the applied stress dominates over the pre-stress caused
by angular distortion; therefore, the equivalent traction stress of the 0.8 mm top sheet is higher than that
of the 2.0 mm bottom sheet.

4.3 Structural strain approach

Figure 12 shows the comparison between the equivalent traction stress of fatigue fracture sheet with the
angular distortion and the master S-N curve which frequently used for fatigue evaluation of fusion welded
structures®®. The equivalent traction stress at high-cycle fatigue regime (>10°) correlates reasonably with
the master S-N curve, while the equivalent traction stress at low-cycle fatigue regime is below the master
S-N curve and forms a rather flat scatter band.
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FIGURE 12 Fatigue data of the laser welded lap joints with the master S-N curve

In fact, the equivalent traction stress has exceeded the yield limit of the cold-rolled 301LN sheet and led to
plastic deformation, when the fatigue life is less than 10° cycles, as shown in Figure 12. This may be the
reason why the equivalent traction stress is below the master S-N curve scatter band at low-cycle fatigue
regime. The structural strain approach introduced by Dong?? can capture the plastic deformation effect
in welded structures to reasonably evaluate fatigue behaviors. The structural strain values were calculated
by the traction stresses o, and o}, and stress-strain data of the base metal in Ref [38], and the numerical
procedure was given in Ref [39].

A plate section corresponding fractured sheet thickness was developed using the plane-strain element as
shown in Figure 13. The element size of the model is 0.05xt and the element type used here is 4-node
bilinear plane strain elements. All displacements and rotations of the superficial nodes on the left side were
restricted, and the membrane traction stress o, and bending traction stress o}, were loaded on the right
extremity of the specimen.

Y
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B

Boundary condition
Ux=Uy=URz=0

FIGURE 13 Finite element model used to calculate the structural strain

The membrane and bending parts of the structural strain can be calculated using the following formula3%4°:

Where and are the strain at A and B point shown in Figure 13, and the strain can be obtained by extracting
the E11 from the finite element analysis result.

The equivalent structural strain range can be calculated using the following formula®-4!:
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Where is the equivalent structural strain range, is the structural strain range, and r is bending ratio. The
thickness term , is the same as Equations (4)-(7).

Figure 14 shows the comparison between the equivalent structural strain of the fatigue fracture sheets and
ASME master E-N curve in Ref [39-41], and all these data fall into the master E-N curve scatter band. The
structural strain approach can capture the plastic deformation effect in welded structures, so the fatigue data
can be effectively correlated with the master E-N curve. This indicates that the structural strain approach
in conjunction with the master E-N curve is suitable for correlating both low- and high-cycle fatigue data of
the non-penetrating laser welded lap specimens.

0.8+2.0
0.8+1.5
1.5+1.5
2.0+2.0
—— Mean curve

ASME +95%

ASME -95%
—— ASME +99%
— — ASME -99%

* % o nm

0.01

Equivalent structural strain range
/

0.001

103 104 10° 108 107
Fatigue life

FIGURE 14 Fatigue data of the laser welded lap joints with the master E-N curve

5 Conclusions

In this work, the fatigue behaviors of non-penetrating laser welded lap specimens of 301LN stainless steel
were investigated, and the traction stress was calculated based on finite element models with and without
the angular distortion to study the effect of the distortion on the fatigue fracture behaviors, the structural
strain approach was then used to correlate the fatigue data. The following conclusions are drawn:

1. Non-penetrating laser welded lap specimens exhibited angular distortions, in which the two welded
sheets tilted upward less than 1° from the welding center, and the tilt angle decreased with the increase
of the sheet thickness.

2. The equal-thickness specimens of 1.5+1.5 and 2.0+2.0 failed in the bottom sheets over the whole cycle
life. The unequal-thickness specimens of 0.84+1.5 and 0.8+2.0 failed in the thicker bottom sheets when
their fatigue loads were less than 7.73 kN and 7.22 kN, respectively, while if the loads were over these
values, the failure location changed from the thicker bottom sheet to the thinner top sheet. The primary
crack was initiated from the notch tip and propagated through the fractured sheet thickness.

3. During the clamping stage, the rotation of the distorted specimen resulted in compressive stress in the
top sheet and tensile stress in the bottom sheet, at the initial position of the fatigue crack. This leads
to a higher equivalent traction stress at the bottom sheet than the top sheet for all specimens with low
fatigue loads. When the fatigue loads are high enough, the applied stress dominates over the pre-stress
caused by angular distortion. Therefore, the equivalent traction stress of the thinner top sheet is higher
than that of the thicker bottom sheet for unequal-thickness specimens. The equivalent traction stress
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calculated by taking account the angular distortion effect is consistent with the fatigue failure location
in the experiment.

At low-cycle fatigue regime, the equivalent traction stress representation of fatigue data is below the
ASME master S-N curve scatter band since the stress exceeds the yield limit of the base metal and
leads to plastic deformation. By using the structural strain approach, the plastic deformation effect
is taken account and all fatigue data fall into ASME master E-N curve scatter band. This indicates
that the structural strain approach in conjunction with the master E-N curve is suitable for correlating
both low- and high-cycle fatigue data of the non-penetrating laser welded lap specimens.
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