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Abstract. Fillet welded joints are used in numerous engineering applications such as the mobility and power industry,
where low cost and flexibility are largely required. The great challenge in welded structures design is to develop the
best process and weld configuration capable to sustain multiaxial or combined fatigue service loading. The structural
integrity and fatigue strength of these structures depends on the robustness and reliability of the design criteria. The
aim of this work is to develop a method for the fatigue life assessment of a welded joint configuration under multiaxial
fatigue loading, using experimental and virtual prototypes. The BS7608 weld fatigue design code was used to compute
the fatigue life of flange-tube circular welded joint subjectd to combined bending and torsion constant amplitude
fatigue loading. A fatigue lab test, with biaxial proportional in-phase bending and torsion loading, was specially
designed to calibrate the flange-tube joint FE model. Different approaches exist for the fatigue analysis of welded
joints, which can be distinguished by the parameters used for the description of the fatigue life N or fatigue strength. In
this work was chosen the structural or hot-spot stress obtained by finite element model (FEM). The obtained stresses
were then imported to a fatigue analysis program for fatigue life prediction. The practical use and benefits of this
method is discussed. Major challenges associated with this modeling and improvements proposals are finally
presented.
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1. INTRODUCTION

The welded joint application in general industrywilely used and includes numerous engineeringicaiins
such as the mobility and power industry, where tmst and flexibility are largely required.

Welding strongly affects the material by the prace$ heating and subsequent cooling. Furthermongeld is
usually far from being perfect, the shape of thédvpeofile and non-welded root gaps create highsstrconcentrations
with widely varying geometry parameters. In addictiresidual stresses and distortions due to thelimgelprocess
affect the fatigue behavior (Fricke, 2003).

Welded joint subjected to a multiaxial loading isvery complex subject and the fatigue behavior as only
determined by loading features like proportionahon-proportional (Sonsino, 2009).is necessary to determinate the
fatigue life through lab tests. However these @y \expensive and in many cases difficult to penfatue the large
dimensions of the sample. To minimize this problgm virtual fatigue analysis is a helpful tool tesassment the
welded joint.

There are different approaches for the fatigue yaiglof welded joints, which can be distinguished the
parameters used for the description of the fatigiaeN or fatigue strength (Fricke, 2003). The stural or hot-spot
stress obtained by finite element model (FEM) vasapproach chosen for fatigue analysis in thiskwor

2. FATIGUE OF WELDED JOINTS

The fatigue behavior of welded joints can be a#fdalue to many parameters. The joint geometryésodithe most
important (Branco, 1986) and act as stress raigustafsson and Saarinen, 2007). U-joint and Ttjeire most
common classification of welded joints in the lggme.

The welded joint can be subjected to uniaxial oftiaxial fatigue. The second one is a very commakject and
can be assessing to some approaches. Accordingclke K2003) there are six fatigue analysis apgneac nominal
stress, structural or hot spot stress, notch strexsh intensity, notch strain and crack propagatin this work was
used hot spot stress approach.
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2.1. Multiaxial Fatigue

Most fatigue design data have been obtained unieirectional axial or bending loads (Niemi, 1998pwever, in
many applications, engineering components are stgdge¢o combined bending and torsion. Complex stséstes very
often occur at geometric discontinuities such ashes or joint connections. Fatigue under thesalidons, termed
multiaxial fatigue (Bannantine at al, 1990).

There are many multiaxial fatigue models proposethe literature, and the stress-strain approachchasen for
developed this work. The stress-strain approablased on extensions of static yield theories igdatunder combined
stress. For structural steels, the shear stresitadepis one of the most important parametershi formulations of
multiaxial fatigue damage models (Reis et al, 2008)

2.2. Hot-spot approach

Hot spot is a term, which is used to refer to thcal point in a structure (Béackstrom, 2003). this approach, the
fatigue strength, expressed as an S-N curve, iergiy based on strains measured in the specimanthe point of
crack initiation (Niemi, 1995).

The structural or hot spot stress is a fictitioadue but, to plate or shell structures it corresfsoto the sum of
membrane and bending stress at the weld toe (RBE®2(), which can be determined either by surfatepolation or
inner linearization of the stress (Fricke, 2008k figure 1 bellow.

Hot spot strain (extrapolated)
:/: - Nonlinear stress peak

[ Weld toe
b2 Strain gauge A

_//8; | Strain gauge B

Figure 1. Measurement of the hot spot strain rarsieg linear extrapolation method (Niemi, 1995).
2.3. Fatigue Design Codes
There are some codes to standard the welded jegigrl Codes like BS7608 (1993) predicts the fatiife based

on SxN curves, these curves are from several ktb lre this code are used nominal stresses and th@me curve to
each welded joint class, based on BS5400 (198@ereral curve is presented in figure 2 and the assification in

figure 3.
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Figure 2. Fatigue life curve to each welded joiass (BS7608, 1993).
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Figure 3. Welded joint types (adapted from BS54®3B0 and BS7608, 1993).

Recently Sonsino (2009), Béckstrom (2003) and Gssta and Saarinen (2007), analysed fatigue lifdeun
multiaxial load, comparing the lab results with idascodes, as Eurocode3, SFS2378 and I[IW recomrtienda
Sonsino and Béckstrom studied a tube to plate ssnflircular section was studied by Sonsino andrggsection by
Béckstrom. The samples used in this work are aefiégseeous from both circular and square section.

3. METHODOLOGY

In this work the finite element analysis (FEA) wased to assess a welded joint hot spot stress.ré&atangular
strain gage rosettes were attached in the hotlspation to calibrate the FE model.

The samples are from an automotive component anevétided joint is located between the axle housixig and
brake flange. The typical chemical compositiontisvged in table 1.

Table 1. Typical chemical composition of the axtei$ing material — SAE 1022.

ELEMENTS C Si Mn P S Al Cu Nb \% Cr Ni Ti
Composition (%) | 0,15| 0,30 | 1,37 | 0,013 | 0,006 | 0,034| 0,01 | 0,027 | 0,064 | 0,20 | 0,02 | 0,012

The material monotonic properties are describelblel
* E (Young Modulus) = 210 GPa

* v (Poisson Ratio) = 0.3

* S, (Ultimate Tensile Strength) = 530 MPa

* S (Yielding) =350 MPa

3.1. Finite Element Model.

Test specimen consisted of a combined circularetdangular hollow structural component with a flestgbe
welded joint, typically used in automotive axle bimgs, as indicated in figure 4. The 3D solid modak built on
Pro/Engineer CAD software and imported into the ysn8/orkbench to generate the finite element meshran a
linear-elastic analysis. The tube-flange joint wefined to better capture the stress concentralistmibution at the toe
location (figure 5).
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Figure 4. Finite Element boundary condition.

Figure 5. Finite Element Mesh.

The Finite Elements types and boundary conditisaslascribed bellow:
» Elements - Table 2 shows the Solid Elements tyged.u

Table 2. Element Types Summary

| Generic Element Type Name || ANSYS Namge Description |
|10 Node Quadratic Tetrahedron|| Solid187 10 Nodedfetral Structural Solid|
|20 Node Quadratic Hexahedron|| Solid186 20 Node StrakcSolid |
[20 Node Quadratic Wedge || Solid186| 20 Node Structmiit |

e Boundary Conditions:
0o Remote Force: 20,000N as indicated on figure 4.
o0 Constraint: Clamped at the holes location.
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3.2. Stress Analysis Calibration

A test rig was built to calibrate the FE model. eTist set up consisted of one hydraulic lineanedot, one lever
arm, the specimen and fixtures. See Figures 6 dduviénsions in mm).
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Figure 7. Test fixture plate to attach the sample.

The hot spot stress was obtained through two sgage Kyowa rectangular rosettes KFG-2-120-D174idched
to the flange-tube at the high stress critical afédee rosette location was defined based on FE hsbidiss distribution
and was disposed at 7mm from weld toe approximateliower side and in direction of corner line.eThoth rosette
were in the opposite side from the sample. The HBGICPlus data acquisition system was used to capit@rstrains
on each direction. The strain gage rosette insi@afias showed in figure 8.

Figure 8. Strain gage rectangular rosette.
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The test equipment consisted of one hydraulic aotu@ 100kN) which was controlled by the MTS catsystem
407. Figure 9 shows the equipment and test seseg.u

Figure 9. Test equipment — Servo-hydraulic actuatat Strain Gage Data Acquisition Systems.

The strain gage rosette calibration curve was deted applying incremental loads with the lineaditaylic
actuator up to 20 kN. The strain gage responsadai ehannel (0°, 45° and 90°) was recorded andrp&Gtrain-Load
graph (Figure 10). Both rosette presented the samat in calibration curve.

Calibration Curve - Strain gage rosette
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Figure 10. Strain gage rosette calibration curve.

3.3. Fatigue Life Prediction

To FE-Fatigue software was used to predict theydiatilife, by importing the finite element resultss( file) from
Ansys. The user needs to define the properly fatigie curve from FE-Fatigue database or input eciie curve. In
this work the BS7608 (1993) type “F” weld joint diguration was selected in the FE-Fatigue softwamijlar to the
Goes et al (2008) that better fits to the flandsetweld configuration in this study.

The FE-Fatigue predicted life using the BS7608 limta was compared with analytical calculation ughmeg
classical Stress-Life equations from BS7608 codedisated below:

NS™ =C, ()
Log(C,) =Log(C,)-d*o (2
Where:

N = Predicted number of cycles to failure

S = Stress range per cycle

Co = Constant related with the mean SxN curve (50%&ibire probability)
o = The standard deviation of log (N)

d = Number of standards deviation below the mearNScurve

m = The inverse slope of log §Sersus log (N) curve.
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The class F Stress-Life curve from FE-Fatigue degalis showed in figure 11.
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Figure 11. Class F (Stress-Life) S-N curve.

4. RESULTS & DISCUSSION

The Maximum Principal Stress distribution from FEfshowed in figure 12.

Figure 12. Maximum Principal Stress (MPa) — FEA.

The stress results from FEA were imported into FleFatigue software to predict the fatigue lifettire Virtual
Model. Class F material S-N curve was selected fB®7608 (1993), inside the software database. atigue life
result based on the Maximum Principal Stress isveldan figure 13.

Figure 13. Fatigue Life based on Maximum Principtess - BS7608 (1993) class F curve.

Table 3 summarizes the stress level results olgtaind table 4 the fatigue life at the hot spot tioca
It is observed a very good correlation between fihike element model and the experimental resuitenf the
calibration test.
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Table 3. Stress level results.

| Stress Analysis (MPa) || Nominal || Hot Spot || Lab test |
|[Maximum Principal Streds  215MPa || 360MPa || 330MPa |
|  EquivalentStress ||  186MPa || 320MPa || 340MPa |

Table 4. Fatigue life at Hot Spot Stress (in cycles

| Stress Analysis (MPa) || Class F (FE-Fatigu«ﬂ)Class F (Analytical)|
| Maximum Principal Streds 33,000 I 37,000 |

5. CONCLUSION

The FEA model was able to reproduce with a readeredruracy the test sample stiffness and preldéchiot spot
stress at the critical location close to the welkel fThe Fatigue Life prediction obtained on theéuwal model also had a
good correlation when comparing to BS 7608 anadjtialculation. These results could validate bbthfinite element
model and BS7608 type “F” S-N curve of the Fatigoéware. Next step is to complete the fatiguetésd to calibrate
the predicted life from the virtual model. This Wigéquire a number of test samples to conduct ®isisive study by
comparing the fatigue life predicted in the virtuabdel with the test sample results. Weld typicapérfections,
geometry discontinuities, residual stresses, deétet® microstructures in the heat affect zone (HA@)ernal defects,
not included on the FEA model would be considengdhle corrections of the S-N calibrated curve, tigyen the test
lab through the sensitivity study above mention&ldo the comparison with other fatigue design cdidesEurocode
[IW recommendations and ASME is required to defime better approach according to the loading dzessg material
properties and weld configuration. The local strapproach is another important study to computeirittiation life
based on low cycle fatigue concept, which couldveey useful and conservative when weld design ca@desnot
available or cannot accurate predict the fatigigedf the weld configuration investigated.
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