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Abstract. The stress distribution in welded joints primarily depends on geometry, stress concentration, loading case
and material elastic or plastic behavior. Classical analysis of fillet weld joints is not generally feasible when complex
3D geometry and load cases are involved. The Finite Element Modeling, when properly integrated with the weld
parameters can be of great help for calculating these stresses. In this work a Finite Element modeling technique was
developed to better adequate the representation of weld stiffness and stress distribution, considering the structural hot
spot stress approach and mesh refinement sensitivity study to address the singularities at sharp corners normally seen
at the toe of a weld. A T welded joint problem was studied to evaluate the practical use and benefits of this
methodol ogy. The welded joint was modeled with both 3D shell and 3D solid elements subjected to bending loading.
The FE results were than compared with analytical studies and previous work. The stress results were imported to a
Fatigue Analysis Program to predict the Fatigue Life according to the appropriate welded joint configuration, using
Sress x Life (SXN) curves from standard weld codes (such as BS7608), considering material thickness, stress relief,
environment and fatigue strength improvements. The practical use and benefits of this methodology is discussed and
compared to other approaches. Major challenges associated with this modeling and improvements proposals are
finally presented.
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1. INTRODUCTION

A welded joint submitted to a cyclic load can cratle to fatigue. Branco et al (1986), summarizeerse aspects
related to the fatigue strength of a weld joinf@®wing:

- geometry and structural discontinuities

- stress distribution

- material and microstructure

- cyclic stress

- mean and residual stresses

As pointed out by Kou (2003pud Sanders and Day, in developing any fatigue behaiteria for welding, the
severity of joint geometry is probably the mostical factor. This can be explained because genetry of the seam
weld results in high stress concentration thatrdoutes to reduce the Fatigue Life strength (Fri@@03).

The classical method for calculating stresses llet fivelds requires the determination of the losghsmitted
through the weld per unit length. This load is Uijueomposed by normal, shear and bending compsn&ttigley,
1989), but this method does not account Stress ération Factors (SCF) or geometric discontingité weld
location,only nominal stresses are considered.

This work is based on Alexandre et al (2001), adersng the finite element mesh refinement influerscel
integrating FE results to the Fatigue Analysiswsafe.

The Fatigue Analysis software (FE-Fatigue) caladathe Fatigue Life distribution on the componeritsis
software uses the stress results from the FE progfansys) and the Stress x Life curves from thei@ri standard
BS7608 (1993) to calculate the life distributiontbe welded component.

2. HOT SPOT APPROACH

Hot-spot is a term which is used to refer to théoal point in a structure where fatigue crackoan be expected to
occur due to discontinuity or notch. Usually the-bpot is located at the weld toe. The hot-spassis account only
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the overall geometry of the joint and exclude I&ta¢ss concentration effects due to weld geonatdydiscontinuities
at the weld toe (Backstrom, 2003). Hot-spot stresssed in combination with modified Wo6hler curvesn doe
successful in predicting Fatigue Life time of weld#etails subjected to multiaxial fatigue loadilgugmel and Tovo,
2006). The figure 1 shows the approximate locationominal and hot spot stress.

Figure 1. Approximate location of nominal and hpotsstress (Miki, 2003).

In this approach, the fatigue strength, expressedrmaS-N curve, is generally based on strains medso the
specimen near the point of crack initiation (Nie895).

For design, there are three possible methods fdr an analysis (Niemi, 1995):
1) The calculated nominal stress is multipley the stress concentration factog, for the appropriate structural
discontinuity;
2) Strain ranges are measured during progotypmodel tests at the hot spot as describedimdi2;
3) Stresses and strains are analysed by BiE® shell or solid elements.

This work considered theé®&analysis, where the results include the biaxiadffgcts. According to the figure 1, all
values of hot spot stress in FEA simulations waken in a distance @&4*t from weld toe, being the throat thickness
of the fillet welds (further dimensional informatién section 4.)

Hot spot strain (extrapolated)
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Figure 2. Measurement of the hot spot strain rarsiyeg linear extrapolation method (Niemi, 1995).
3. FATIGUE ANALYSIS

The Stress results from the Finite Element Analygére imported on the Fatigue Analysis softwareFREgue to
calculate the Fatigue Life through BS7608 Strekgex(S x N) curves.

The geometric discontinuities usually present indeed structures act as stress raisers. Such s@esss can
produce global or local effects and they frequeinttgract resulting in very high local stresses.

There are four basic approaches for Fatigue Liégliption of weld components (lida, 1984), i.e. noahj structural
hot spot stress, local notch stress and fractuharécs approach.

In this work the nominal and the hot spot stretsyiéical location, were used. Although the hobtsis located at a
local notch, the hot spot stress does not inclbdenbnlinear stress peak caused by the local notch.

The T-joint configuration was classified as “F2as$ with 2,3% of failure probability according t& B08 (1993).
A general curve from BS7608 is presented in figuiend the calculation equations to Fatigue Lifeaaréollowing:

C,=NS" (1)
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)
C4 = Predicted mechanical solicitation to failure

o = The standard deviation of log (N)
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d = Number of standards deviation below the mearNScurve
m = The inverse slope of log {Sersus log (N) curve.
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Figure 3. Fatigue life curve to each welded jolass (BS7608, 1993).
4. MATERIAL AND METHOD
Two materials were used to model the T-joint, acated in table 1.

Table 1. Monotonic Material Properties.

Monotonic Properties MaFer lal
Class F2 welded joint SAE1020
S, (Yield Strength) 355 MPa 260 MPa
Sit (Ultimate Tensile Strength 500 MPa 441 MPa
E (Young Modulus) 207 GPa 207 GPa
v (Poisson Ratio) 0.3 0.3

The SAE1020 was used for the base material and €l2gor the heat affect zone (HAZ) location. Thess-life
(SxN) curves from both materials are showing inifegs 4 and 5.

S-N Data Plot
——— SAE1020_107_HR
SRI1: 1669 b1:-0.11 b2: 0 E: 2.07E5 UTS: 441

1Es

Stress Range (MPa)

Figure 4. Stress-Life curve (logS x logN) to SAEQ02
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Figure 5. Stress-Life curve (logS x logN) to cl&&s

The T-Joint configuration with fillet welds at rigand left corners is shown in the figure 6.

a

—f-

i :

Figure 6. T-Joint configuration (Alexandre et €002).
The section properties for double sided fillet weld
* Throat Area
A=2[t[L=2[blcos45°[L 3)

* Moment of Inertia about x axis

_tl® _bltosAzO® 4
6 6

The dimensions of the plates are:
a =200 mm; L =200 mm; h =rBm
The weld fillet size (b) is 3 mm and the throatkmiess of the fillet welds (t) is 2.12 mm.

4.1. Element type

In order to show the influence of the finite elemnime and weld geometry on the numerical modely ftifferent
FE models for the T-joint were created. Two 3Dlismedels (Ansys Shell 63), based on the work dopeAlexandre
et al (2001) and two 3D solid models with 20 nodmdratic hexahedron elements (Ansys Solid 95). ddmact
element (Ansys contact 174) was used to modeb#pebetween the two plates at the no weld penmtréication.
The four FE models are listed bellow.

FE-MODELS - Has been considered four kinds of meédlowing:

1 Shell 1 —with common T-Joint (fillet weld not catesred; shell elements simply connected).
2 Shell 2 — with increased throat thickness in thé&veene;

3 Solid 1 — 3D solid elements without contact at @cef3-4 (figure 7)

4 Solid 2 — 3D solid elements with friction contattarface 3-4 (figure 7)
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4.2. Loading

A bending Fy load was applied on the 1-2 surfaack @damping the lateral surfaces 5-6 and 7-8 by ttaimsng all
degrees of freedom (see figure 7).

Figure 7. Loading and boundary conditions.
The load was out-of-plane bending momeptHA,000 N.
4.3. FE Model
The first two 3D solid models were initially modelgith a coarse mesh, as indicated on figure &otawluct the
mesh refinement sensitivity study. The mesh refieet that led to minimum stress error in this asiglymaximum of

10% in stress results) is the one shown in figurB@h 3D Solids models 1 and 2 have the same F&hmefinement.
The figure 10 shows the mesh refinement from Alelxaret al (2001) with 3D shell elements.

(b)

(a (b)
Figure 9. Refined mesh: Solid 1 and 2 mesh (a)datail of the weld zone (b).
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(a) (b)
Figure 10. Shell 1 and 2 mesh (a) and detail offiheat thickness in the weld zone (b) (Alexandral £2001).

The stresses from Finite Element Analysis resuisveompared to classical as per the equation

o (Fly 2) d )

XX

5. RESULTS AND COMMENTS
5.1. Stresses and displacements

The 3D numerical models were analyzed applyinghen the surface 1-2 (figure 7).

Shell models 1 and 2 displacements from Alexandralg2001) are shown in figure 11. The displacemen
distribution on solids 1 and 2 are showed in figlige for the refined mesh only. The 3D shell analygs conducted
in Ansys classical code and the 3D solid analiystee Ansys Workbench.

AN

NCDAL SOLUTI ON FEB 19 2008
SUB =1 17:26: 38
TI ME=1
uy (AVG)
RSYS=0
DX =. 833566
SWN =-. 745822

— S I

-. 745822 -. 580084 -. 414346 -. 248607 -. 082869

-. 662953 -. 497215 -. 331477 -.165738 0
ABS SHELL
NODAL SOLUTI ON AN
STEP=1 FEB 20 2008
SUB =1 11:13:01
TIME=1
uy (AVG)
RSYS=0
DMX =. 833625
SMN =- . 745876
I
-. 745876 -. 580126 -.414376 - . 248625 -. 082875
-. 663001 . 497251 331501 -. 16575 o
ABS SHELL

Figure 11. Displacement UY (mm) Shell 1 (top) &ieell 2 (bottom) (Alexandre et al, 2001).
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Figure 12. Displacement UY (m) Solid 1 (top) andi&a (bottom).

The Normal stress, (direction 1-3; figure 7) was used to compare witbvious works like Alexandre et al (2001).
The figures 13 and 14 show the normal stress gegu)tfrom Alexandre et al (2001) for the shell anatyand the solid
models stress distribution in this work are shoivefigures 15 and 16.Note that the “x” axis on the solid model built
in this work corresponds to the “z” axis on (Aledam et al, 2001) shell model.

AN

FEB 19 2008
17:26:18

AN

FEB 20 2008
11:16:38

NCDAL SCLUTI ON
SuB =1
TI ME=1
Sz

RSYS=0

DMX =. 833566
SWN =- 14, 535
SMX =14. 535

-14.535 8

-8.075
-11. 305

ABS SHELL

(a) (b)
Figure 13. Normal Stress (MPa&)to shell 1 model (a) and detail of weld locatibip (Alexandre et al, 2001).
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SWN =-16. 737
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Figure 15. Solid 1 Normal Stress (Ra)without contact) — detail of welded location. €Emesh (top) and refined
mesh (bottom).
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Figure 16. Solid 2 Normal Stress (Rg)with frictional contact) — detail of welded lo@ai. Coarse mesh (top) and
refined mesh (bottom).

Table 2 summarizes the normal streg¢direction 1-3; figure 7) for each model and maximdisplacement at edge
1-2. Nominal and hot spot stress are presenteddoh model in order to evaluate the stress corat@nir(SCF) and

mesh refinement effects for the solid model.

Table 2. Comparison of the stress and displacefoeatl models.

Normal Stressc at weld Maximum displacement
Models location [MPa] (1) at edge 1-2
Nominal Hot spot UY (mm)
Classical 7 - 0.004
1 — Shell 1 (simply connected) 8 15 0.746
2 — Shell 2 (double sided throat thick.) 9 17 0.746
3-Solid1 a — coarse mesh 30 102 0.764
(no contact) b — refined mesh 30 136 0.769
4 — Solid 2 a — coarse mesh 30 75 0.774
(friction contact) b — refined mesh 30 89 0.784

(2) “x” axis on the solid model = “z” axis a (Alexandre et al, 20015hell model

5.2. Fatigue

The stress results from each Finite Element Ansly&re imported to the Fatigue Analysis softwaie-Hatigue) in
order to calculate the Fatigue Life prediction. Tdhess F2 stress life (SxN) curve was selectedherwelded region
and SAE1020 was assigned for the base metal. @tigue Life distribution for the shell models werketained from
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the previous work conducted by Alexandre et al (3G shown in figure 17. The fatigue life disttiba for the solid
models in this work are shown in figures 18 and 19.

Model: ~ shell_throat_01.fer
Results: M:\GEP\Arnaldo\Solda\analises\shell_throat\fatigue\shell_throat_01.fer Life Cycles
3- Stress-Life (S-N)

Model:  solido_shell_01.fer
Results: M:\GEP\Arnaldo\Solda\analises\shell\fatigue\forca_em_todos_os_nos\solido_shell_01lféée Cycles
2 - Stress-Life (S-N)

No Data
- Beyond Cutoff

1.587e+020
3.695¢+018
8,604e+016
2.003e+015
4.664e+013
1.086e+012
2528e+010
5.886e+008
1.370e+007
3.190e+005

Max = Beyond Cutoff
At Element 390

Min = 3.19E5

No Data
Beyond Cutoff
1.663e+020
4.058¢+018
9.901e+016
2.416+015
5.895¢+013
1.438e+012
3509+010
8.563¢+008
2.089¢+007
5.098¢+005

et

(a) (b)
Figure 17. Fatigue Life (cycles) to Shell 1 — signpbnnected at the joint location — (a) and Shelldbuble sided
throat thickness — (b) (Alexandre et al, 2001).

Model: soldaT_SEM_Contat_02fer
Results: CS0ldalFE-F atiguelSoldaT_SEM_Contato_SOLDAlsoldat_sem_contato_normab_1020 fer
1- Stress-Life (SN : soldat_sem_contata_normal

Lite Repeats

NoData
Beyond Cutoft
1.5580+020
2.4280+018
—— 37834018
——— 5.80Be4014
——— a.188es012
—— 143284011
2.231e+008

Srsenosy
e
Hac= Seyondcuto
MRS

Min = 8446
Al MNode 82948

Mogel: solgaT_SEM_Contato_02fer
Results: CASoldalFE-Fatigue\SoldaT_SEM_Contato_SOLDAlsoldat_sem_contath_normab_1020fer Life Repea

1-Siress-Life (5-N): soldat_sem_contato_normalx_1020

Figure 18. Fatigue Life (cycles) — Solid 01 (no tzam) - refined mesh (top) and detail of weld lomatbottom).



Proceedings of COBEM 2009
Copyright © 2009 by ABCM

20th International Congress of Mechanical Engineering

November 15-20, 2009, Gramado, RS, Brazil

Model. SoldaT_COM_Contato,

I3
N

ey

ot fer
Results: C\SoldalFE-Fatigue\SoldaT_COM_Contato_SOLDAisgldat_com_contato_1020_fatori_normalcfer
1- Siress-Lite (S-N) - soldat_com_contato_1020_t3 ™

——— 617064014

972504012

380904007
°-5nn39onn5

245304003
Max = Beyond Cutoff
At Node 32989

Min = 9463
Al Node 82948

Model. SoldaT_COM_Contato_01

ter
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1- Siress-Lite (5-N) - soldat_com_contato_1020_fator! _normalx

Figure 19. Fatigue Life (cycles) — Solid 02 (frazticontact) - refined mesh (top) and detail of welzhtion (bottom).

As seen in table 2, the 3D solid models (model @ 4npresented the highest stresses in comparnistretother

models. These models were able to better simufestestress concentration at the weld toe, resuitinggher stress.
The displacement and stress deviation from thesicalsresult is due the fact that the finite eletmandel considers the

bending deflection of the clamped plate on the edgé and 7-8, resulting in higher stress and tisgdlacement.

Fatigue Life prediction based t¢he obtained stress for each solid model is contpagainst classical results. This

information is shown in table 3. The adopted begdimess considers a single reversed lgad F

Table 3. Fatigue Life prediction for fully reverssl

FE-Fatigue (software) BS7608 SxN curve (Analytical)
Models (Cycles) (Cycles)

Nominal Life | Hot Spot Life | Nominal Life Hot Spot Life
3-Solid 1 a — coarse mesh 6.30E6 1.32E5 4.60E5 1.40E5
(no contact) b — refined mesh 5.42E5 8.45E3 7.80E4 8.00E4
4 - Solid 2 a — coarse mesh 8.70E6 1.87E5 5.50E5 3.40E5

(friction contact) | b — refined mesh 6.00E5 9.46E3 5.50E5 1.80E5

Table 4. Reference values for Fatigue Life prediti(Alexandre et al, 2001).

Models Life Prediction (N)
Theoretical 1,79x 10
Shell elements 2,35x 10
Shell with increased throat thickness in weld zone 1,46 x 168
Inclined shell elements for modeling weld zone X T4
3D — solid elements 1,84 x10
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6. CONCLUSION

Integrating FE results with fatigue analysis sofvaesulted in a more effective and reliable mettmgerform
Fatigue Analysis of welded components.

The Finite Element determination of hot spot stiesselded components at the weld location doessnbstitute
the experimental SCF inherent in S x N curves.

The 3-D solid modeling was able to better simuthtestress concentration and the stiffness of #lded plates.

The hot spot stress results on this study arefgignt higher than the previous work. This is calibg the finite
element mesh refinement. So, it is strongly recomdrd to conduct finite element mesh refinement ystiad get
precise results. The friction nonlinear contactlgsia produced similar results when compared toriba contact
analysis to simulate the gap of weld penetratiothatT-joint location. Considering that contact lgeis is extremely
time consuming and expensive, specially when egdgh large models, typically observed in real wdldtructures, it
is largely recommended to use the non contaclsisalvhich showed to be an effective approach tomde the hot
spot stresses in welded joints.

The great benefit of this methodology is the palsilio investigate several weld joints configuat, components
stiffness effects, weld location and stress comaéinh within the virtual environment, contributifigr product design
optimization. Validation time is then reduced amdduct quality and reliability achieved.
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