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Abstract

This study investigates the dominant factors of fatigue strength at the root of thin-sheet
lap fillet arc welds, which are frequently used in automobile chassis components. A
method to improve the root fatigue strength was investigated. The direction of fatigue
crack propagation at the root coincided with the direction of maximum circumferential
stress range. The circumferential stress was reduced by increasing the distance from the
toe to the root (penetration width). Fatigue strength originating from the root was
improved in welded joints where the penetration width was increased by adjusting the

welding aim point and heat input.
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Nomenclature

b [mm]: width of the center of fatigue test specimen

h [mm]: thickness of the steel sheet

Komax [MPaVm]: maximum value of stress intensity factor for mode I
M [N-mm]: bending moment at fatigue test

Z [mm?]: section modulus

o [MPa]: bending stress

AKom [MPa\m]: threshold of stress intensity factor range for mode I

Ao [MPa]: stress range

1. Introduction

Since rigidity and high joint strength are required for automotive chassis components, arc
welding is frequently used for joining [1]. Improving the fatigue strength of joints is an
important issue. In many cases, lap fillet joints are used as the joint type in automotive
chassis components. The fatigue crack initiation point is usually at the toe. The root
section is generally not designed to be subjected to tensile stress because of its high
geometrical stress concentration. The fatigue strength at a toe is influenced by stress
concentration at the toe [2], weld metal strength [3], and micro irregularities on the
surface of the weld metal [4, 5]. These factors can help improve the fatigue strength with
the toe as the crack initiation point but not the fatigue strength of the root. Therefore, there

is a concern that fatigue failure will eventually occur at the root as the strength at the toe



is improved. Although the fatigue strength of the toe can be improved by post-treatment
[6, 7], the fatigue strength of the root is not improved.

Various fatigue evaluation methods have been proposed for the root of arc
welded joints [8]. The simplest method is to use nominal stress, but this method cannot
consider secondary bending stress due to misalignment. Fricke, et al. [9] evaluated the
fatigue strength of the root simply by analyzing the structural stress using a relatively
coarse finite element model. Meneghetti [10] evaluated the fatigue strength of the root by
extending the peak stress method (PSM) to mode I, I and III loading. Song, et al. [11]
evaluated the fatigue strength of the root using the averaged strain energy density (SED)
for load-carrying cruciform welded joints. Although the fatigue strength of the weld root
has been focused on due to the high stress concentration, a simple method to improve it
has not been reported.

In this study, the factors dominating the fatigue strength of the root of lap fillet
arc welds were investigated by finite element (FE) method and fatigue tests. In addition,
a method to improve the fatigue strength of welds initiating from the root was proposed

and investigated by fatigue tests.

2. Calculation

Stress analysis of the root section of a lap fillet weld is performed. The analysis code used
was MSC Marc2018. The geometry analyzed is a lap fillet weld of a 2.9 mm-thin steel
sheet as shown in Figure 1. The FE model is a two-dimensional model. The analysis was
performed under plane strain conditions. The element type is a four-node quadrilateral
full integral element. The root is defined as the position where the boundary between the

upper and lower sheets intersects the weld metal. The distance from the toe to the root is



defined as the penetration width. Two models (M6 and M8) with 6 mm and 8 mm
penetration widths were created to investigate the effect of penetration width on fatigue
strength. The model geometry (Figure 1) was mesh-divided, as shown in Figure 2. The
thickness of the FE model was varied according to the width of the specimen as described
below (Figure 5). This is an elastic stress analysis, and Young's modulus and Poisson's

ratio were set to 206 GPa and 0.3, respectively.
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Figure 1. FE Model outline.
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Figure 2. FE model: (a) Weld metal part, (b) Near the root.

A schematic diagram of the boundary conditions set for the model is shown in Figure 3.
The displacements in the x- and y-directions at one end were fixed, and a bending moment
was applied at the other end. The bending moment M was divided by the section modulus
Z to convert it into a bending stress . The section modulus Z was obtained by using the
relation Z = bh*/6, where b is specimen width and 7 is the thickness of the toe section.
Since the stress range is important for fatigue strength, stress analysis was performed for
bending stresses of +1 MPa (root closure) and -1 MPa (root opening). The contact

between upper and lower sheets has been simulated.
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Figure 3. Schematic of boundary conditions.



3. Materials and Methods

Lab- hot rolled steel sheets with a thickness of 2.9 mm and tensile strength of 506 MPa
were use along with general-purpose solid welding wires of 490 MPa grade steel and 1.2
mm diameter.

The joint type is a lap fillet joint. A schematic illustration of the welding is
shown in Figure 4. The overlap between the upper and lower sheets was 10 mm. The
linear distance from the contact tip to the base metal was 15 mm and the torch angle was
60°. Arc welding was performed under the two conditions shown in Table 1, in which the
aiming position and heat input were varied to change the penetration width. The target
values of the penetration width were 6 mm and 8 mm for S and L, respectively; further,
for L, the welding target position was set on the upper plate side and the heat input was
increased to increase the penetration width while suppressing melt drop. A cross-sectional

sample was taken from the obtained welded part and observed using optical microscopy.
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Figure 4. Schematic of lap fillet arc welding.



Table 1. Welding conditions.

Condition S L
Current A 210 230
Voltage A% 24.1 28.3
Welding speed m/min 0.8
Position of weld mm -0.5 1.0
Shield gas Ar +20%CO2
Mode D.C. pulse

The geometry of the specimen for fatigue test is shown in Figure 5Figure-5.
The fatigue tests in this study were conducted as-welded. A Schenck-type fatigue test
machine was used. A displacement-controlled plane bending loading (R = 0.1, direction
of root opening) was used for the fatigue test. Initially, a stress ratio of R = -1 was
implemented, but some specimens developed fatigue cracks from the toe, so the stress
ratio was set to R = 0.1 in the direction of the root opening. The specimen was fixed at
one end and the out-of-plane displacement was loaded at the other end. The load cell is
located at the fixed end. The bending moment was calculated by multiplying the reaction
force by the length of the specimen. The loading frequency is 25 Hz. Failure was defined
by a drop in the bending moment to below 50 % from the initial moment. The stress range
Ao is the difference between the maximum stress and the minimum stress. The maximum
and minimum stresses are based on the bending stress of the surface o, which was
calculated using the relation o = 6 M/bt*, where b, t, and M are the width of the center of
the specimen, sheet thickness, and bending moment, respectively. The fatigue limit was
defined as the non-fracture stress range at 107 cycles.

After the fatigue test, to investigate the direction of fatigue crack propagation

at root, the microcracks were examined in the specimen that had not failed at 10 cycles.



The observation position was the cross section of the center of the specimen.
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Figure 5. Geometry of the specimen for the fatigue test.

4. Results

4.1 FE Analysis

Polar coordinates were taken with the root tip as the origin. The bottom edge of the upper
sheet was set at 0° and angled clockwise; the top edge of the lower sheet was set at 360°.
Figure 6 shows a contour plot of the stress components around the root at +1 MPa and -
1 MPa bending stress. A circle with a radius of 0.05 mm was drawn around the root tip as
a guide to the image area. First, (a) radial stress indicates that tensile and compressive
stresses occur in the left side (0 ~ 90° and 270 ~ 360°) of the root tip, corresponding to
the bending deformation of the entire specimen. In contrast, on the right side (90 ~270°),
large tensile stresses occur at -1 MPa, when the root opens. Next, (b) circumferential
stress shows that for (b-1), at +1 MPa, compression occurs on the upper side and tension
on the lower side. This is considered to be because of the bending deformation behavior

of the specimen. From (b-ii), it can be seen that at -1 MPa, a large tensile stress occurs in



the upper right (90 ~ 180°) direction. This is because of the stress concentration at the
crack tip caused by the root opening. In (¢), the shear stress distribution is almost reversed

regardless of whether the root is open or closed.
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Figure 6. Stress contours around the root area (M6): (a) radial stress, (b)
circumferential stress, and (c) shear stress.

The radial, circumferential, and shear stress distributions at a radius of 0.05 mm

from the origin were obtained. Figure 7 shows the difference in stress (stress range)



between the bending stresses of -1 MPa and +1 MPa for each stress component. (a) shows
a schematic diagram of the stress obtaining position. In (b), it is observed that the radial
stress range is larger around 0° and 360°. This might be because of the change in the
bending stress of the base material. In (c), it is seen that the circumferential stress range
is larger in the direction from 90° to 180°, with a maximum value in the direction of 110°.
The stress range for M8 is lower than that for M6. The difference in stress ranges is 5.4%.
From (d), it is inferred that the shear stress range has a maximum in the 180° direction,

which coincides with the direction of the sheet interface.
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Figure 7. Stress distribution at r=0.05: (a) schematic of stress obtaining
location, (b) radial stress, (c) circumferential stress, and (d) shear
stress.



4.2 Experiment

Figure 8 shows a cross-sectional image of the weld. The weld penetration width was
slightly longer than the target, 6.3 mm for S and 8.4 mm for L. The height of excess weld

metal of L was higher than that of S.

Figure 8. Cross-sectional image of the weld: (a) S and (b) L.

The S-N diagram obtained from the fatigue tests is shown in Figure 9. The

fatigue limit of L was about 60 MPa higher than that of S.
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Figure 9. S-N diagram.

Figure 10 shows a cross-sectional image of a fatigue crack examined in the
central cross-section of a specimen that had not failed at 107 cycles. Figure 10 shows a
circle with a radius of 50 um from the root tip and the direction of crack propagation as
in Figure 7. In both cases, the crack propagated slightly in the direction of 180° along the
sheet interface, and then in the direction of 118° in the case of S and in the direction of

128° in the case of L.
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Figure 10. Fatigue cracks in the root section: (a) S and (b) L.

5. Discussion

According to [12], the direction of fatigue crack propagation under combined loading is
the direction of maximum circumferential stress range Aos for Mode I (crack opening
type) and the direction of maximum shear stress range Az for Mode II (in-plane shear
type). Furthermore, whether the crack propagates in Mode I or Mode II is determined by
the crack propagation rate, da/dN, obtained from the stress intensity factor ranges AK;
and AKu [13]. As shown in Figure 10, the direction along which the fatigue crack at the
root tip propagates is known. By comparing the direction of crack propagation with the
direction of maximum circumferential and shear stress ranges, it is possible to determine
whether the fatigue crack propagates in Mode I or Mode II at the root.

Figure 10 shows that the fatigue cracks at the root of the lap fillet weld
propagated slightly in the direction of 180° from the root tip. This is consistent with the



direction of the maximum shear stress range in Figure 7 (d). During this period, the fatigue
crack propagated in Mode II. The direction of crack propagation in Figure 10 (a)
coincided with the direction of maximum circumferential stress range in Figure 7 (c)
under the 6 mm penetration width condition. Murakami et al. [14] reported that the fatigue
limit under shear stress in torsion is the limit of Mode I fatigue crack propagation. The
fatigue limit in this test is also the propagation limit of the fatigue crack after the crack
transition to Mode I. In other words, the circumferential stress component is considered
to be dominant for the root fatigue strength.

In contrast, Figure 7 (c) shows that the circumferential stress is reduced in the
model with a penetration width of 8 mm. The parameter that controls the fatigue crack
propagation rate is the stress intensity factor range AK [15]. The parameter that controls
the fatigue crack propagation rate in Mode I under combined loading mode is AKs. The
stress intensity factor range is the difference between the stress intensity factor K at
maximum and minimum loading. In the present model, the stress singularity disappears
at the minimum load because the root closes, and the value of K is zero. Therefore, the K
value when the root opens (at a bending stress of -1 MPa) is the equal to AK. The Ko
values at the root tip are shown in Table 2. In this analysis, the J-integral values were
calculated by area integration according to MSC. Marc, and converted to stress intensity
factor. Table 2 shows that the K value increases with decreasing penetration width.

The stress intensity factor obtained in Table 2 are converted into stresses at the
fatigue limit. The root section is supposed to be a crack due to high stress concentration,
and the fatigue limit is postulated to depend on AKw, which is the limit of propagation of
fatigue cracks. From the test results shown in Figure 9, if the fatigue limit of M6 is 193
MPa, the AKu corresponding to the fatigue limit is 3.34 [MPaVm]. The error of this
estimation result with the fatigue limit of L obtained by the fatigue test is about 13%,
which is a reasonable accuracy. One of the reasons for the error is that the penetration
width in the FE analysis is slightly different from the actual penetration width of the weld.
As another factor, Figure 8 (b) shows that the throat thickness of L is larger than that of S
and is larger than the top edge of the upper sheet. This may have changed the stress state
at the root. As a corollary, Figure 10 (b) shows that the direction of fatigue crack
propagation in L is at an angle greater than 110°. The effect of the throat thickness will

be studied in the future.



Table 2. Summary of stress intensity factor and estimated fatigue limit

Komax AKom | Fatigue limit | Estimation | Error
(x102) MPaVm MPa MPa %
M6 (S) 1.73 193 - -
3.34
M8 (L) 1.47 261 227 -13.0

6. Conclusion

The dominant factors of fatigue strength at the root of sheet lap fillet arc welds, widely
used in automotive chassis components, were investigated. In addition, a fatigue strength
improvement method using the root as the crack initiation point was investigated. The

results are described below.

® The direction of fatigue crack propagation at the root coincided with the direction of
maximum circumferential stress range in the polar coordinate system with the root
tip as the origin.

® The circumferential stress could be reduced by increasing the distance from the toe
to the root (penetration width).

® [t was confirmed that the fatigue strength of the weld joint root was improved by
increasing the penetration width through adjustment of the weld aim point and heat

input.
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