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Welding Between Two Plates Temperature & Residual Welding Progression & Effects
END POINT stress Distribution Across c/s
Plate 1 Plate 2 :
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Figure 1. Temperature and Stress distribution during welding process
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Operating Loading Cycle Residual Stress S-N Curve
AG = Oy - Omin 4 Change in S-N Curve on the account
A Of Weld Residual Stresses
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Stress Cycle | GmI Tensile residual stress
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Influencing factors for change in S-N curve
in fatigue line estimation
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[ 1_ —d loading concentration / Geometry conditions

Residual stress causes
change in mean stress

Figure 2. Combined effect of Fatigue load & Residual stress
@Copyright, Confidential, Tata Motors Limited

May 2021 ECS Simulation Conference 2021




TATA MOTORS [ Fatigue Analysis Approaches ] ‘r' TATA

Connecting Aspirations

WELD FATIGUE ANALYSIS APPROACHES

Toe failure at Throat
fusion plane failure
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>
Root failure at .
fusion plane Toe failure

in plate
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(Crack growth per cycle)
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* Classified as weld type, Load & data stresses at weld discontinuities LOW SPEED STABLEGROWTH
Shape. + Measured stresses extrapolation * Single S-N test curves ropasATIen
* Assumption - S-N curve of test for toe/root area. * Consider both geometrical & local
specimen of particular class * Fewer S-N test curves are stress concentration effects
applicable for practical case Considers macro geometrical e e — — — —_——_—— -l
* Do not consider Complex geometrical stress concentration effects. ' "
configurations & local stress effects. (Stress Intensity ratio]
Residual stress effects are p a da
considered as local stresses ‘_av = [(AK,R) | m—pp N = Im
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Rear Twist Beam:

Semi-independent suspension

Structural simplicity, durable and lightweight design

Main components : Coil spring, shock absorber & brackets, trailing
arms, hub, wheel mounting bracket, trailing arm plates.

Loading : Absorbs the cyclic road loads through the wheels attached to
the ends of beam through twisting and hence serve as an anti-roll bar
mechanism.

Trailing arm : Fabricated part of RTB comprising of lower & upper arms
joined together through welding.

Failure causes : Repetitive cyclic nature of load on RTB Suspension

makes it imperative to assess trailing arm in fatigue point of view.

¥ TATA

Rear Twist Beam ?

P

Trailing arm

Figure 6. Rear Twist Beam

Comprehensive study during Weld manufacturing followed by fatigue simulation in

FEMFAT makes design safe & ensures that the vehicle has good handling and stability.
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GEOMETRICAL DATA MATERIAL DATA ENVIRONMENTAL DATA PROCESS DATA
* Mechanical Initial temperature Torch angle
=S * Thermal Ambient temperature Clamping forces
y/ * Chemical Composition Convective heat transfer coefficients (h) Run time
* Flow curves Conduction heat transfer coefficients (k) Weld path

Emission coefficient (g) Weld sequence

Heat source parameter

WELD RESIDUAL STRESS ANALYSIS

DYE PENETRANT TEST
(Surface Flaw Detection)

CO-RELATION WITH
EXPERIMENTAL DATA

MACRO LEVEL WELD INSPECTION
(Weld Quality Examination)
- ¥
all k-

X-RAY DIFFRACTION TESTING \ MICROSCOPIC TEST
(Residual Stress Evaluation) (Phase Transformation Study)

( ResuLT MAPPING |
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Figure 9. Temperature vs Time Figure 10. Residual Stress vs Time
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FEA Vs Test results

Top side of Trailing arm near Welding HAZ (Heat affected zone)

Along Length of Trailing arm

Test Results

CAE Results (Mpa
[ Along (Mpa) (Mpa)

length
fomitos | PtL | Pt2 | Pt3 | Pta | Pts | Pt6
298 | 309 | 338 | 350 | 360 | 370

293 to 366

Figure 11. Residual Stress along Length

CAE Results (Mpa) Test Results
(Mpa)

) Along C/s of Trailing arm
.
1

=
]

Pt1 Pt2 Pt3
281 309 358

293 to 366

Figure 12. Residual Stress along cross section

Observation :

1. Residual stress pattern : The stresses on top side of trailing arm are tensile in nature &
resembles the stress pattern measured in x-ray diffraction testing.

2. Residual stress quantification analysis : On top side, the stresses are within range of the

experimental data.

@Copyright, Confidential, Tata Motors Limited

Bottom side of Trailing arm near Welding HAZ (Heat affected zone)

Along Length of Trailing arm

-P° te Test Results
Along CAE Results (Mpa)
length (Mpa)

|| from 1t0 6 Pt1 | Pt2 | Pt3 | Pt4 | Pt5 | Pt6
-108 | -198 | 270 | -325 | -335 | -367

-85 to -332

Figure 13. Residual Stress along Length

Along C/s of Trailing arm

E CAE Results (Mpa) Test Results
(Mpa)
—

Pt1 Pt2 Pt3

-158 to -92

-137 -96 -82

Figure 14. Residual Stress along cross section

Observation :

1. Residual stress pattern : The stresses on bottom side of trailing arm are compressive in
nature & resembles the stress pattern measured in x-ray diffraction testing.

2. Residual stress quantification analysis : On bottom side, the stresses are within range

of the experimental data.
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/

\_

Meshing in Weld Residual stress analysis \ /

RTB - Trailing arm Mesh

Element size : 1 mm to 5 mm
Element Type : Hexa 8 & Penta 6 Solid Mesh /

Figure 15. Weld Residual Stress mesh
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Meshing in Durability analysis
RTB - Trailing arm Mesh

Element size : 1 mm to 5 mm
Element Type : Tetrahedral Solid Mesh

\

/

Mesh Mapping

Mesh Mapping steps comprises of Extraction of
Welding Residual stresses on Durability Mesh

Figure 16. Durability mesh

Figure 17. Residual stress on Durability mesh
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FATIGUE ANALYSIS FATIGUE ANALYSIS
| (Without Residual Stress ) (With Residual Stress )

~
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UNIT LOAD STRESS
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’ ' r RESULT MAPPING )
[FEMFAT [ \ i {
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e I « Statistical influence SN Curve . i !
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[ DAMAGE PER TRACK ]

v 7

[ DAMAGE PER TRACK ]

CUMULATIVE DAMAGE ApX CUMULATIVE DAMAGE
7, RESULT COMPARISON

@Copyright, Confidential, Tata Motors Limited Figure 7. Fatigue analysis flowchart
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Rear Twist Beam

Figure 18. RTB Suspension in Vehicle

Figure 20. Unit Load Application on Camber Plate
Unit Load at all 8 locations of RTB

@Copyright, Confidential, Tata Motors Limited
19th May 2021

[ Unit Load Inertia Relief Analysis |

Camber Plate (LH) Damper mounting bracket (LH)

Spring seat (LH)
Trailing arm Sleeve (LH)

' - » l ‘ -— IZI Camber Plate (RH)

Vebhicle Front
IZI Spring seat (RH)
Trailing arm Sleeve (RH)

Figure 21. Unit Moment Application on Camber Plate

Figure 19. Rear Twist Beam (RTB)

¥ TATA

Unit Load at all 8 locations of RTB

Figure 22. Unit Load Stress Output
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Track 1
= RLDA Measurement Location
(LH & RH side)
1. Damper mounting bracket
2. Camber Plate
3. Spring seat
4. Trailing arm Sleeve
Figure 24. Trailing arm Measurement RLDA points
+ - Vehicle Programme - RLDA Loading cycle
I Loading Condition
Unladen Partial Loading Laden
I Sr. No. |Event/Track
X Y 4 X Y 4 X Y 4
I Fe | My Fy||v|y ol My | R | My Fy||v|y F,o| My | Ry | My Fy||v|y |l M,
* 1 Track 1
2 Track 2
+ Road Load Data Acquisition (RLDA)
viv
Track 6 5 Track 5
6 Track 6
Figure 25. RLDA Loading details
Summary - Road Load Data Acquisition
Figure 23. Test tracks > Data Locations > RLDA Test tracks > Loadmg_ condition
4 (LH) + 4 (RH) 6 Tracks 3 Loadings
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[FEMFAT [EVEINEN

MULTI AXIAL FATIGUE ANALYSIS
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ChannelMAX

IE FE Entities —_t
b{}rnups 5
[E33] Channels —_—
E%Haterial Data ———»

*’ Node Characteristics —4—p
élInﬂuence Factors ———»
1Strain Gage Data ——»

?Analysis Parameters —/——»

Scratch Setting ——1—»
ﬁﬂutput — T
[Eyreport —
> Analyze >
dvif.ualizatinn s e

Figure 26. ChannelMAX definition in FEMFAT

ECS Simulation Conference 2021

Bulk data file (RTB file in *.bdf Nastran format)

Only Trailing arm elements group submitted for
evaluation of damage

Total channels = 49
(6 tracks x 8 locations = 48 channels + 1 Residual stress channel
Measured test data of material

Single node characteristics to single group

Definite influence factor Stress Gradient, Surface roughness
Statistical Influence, Mean & Amplitude stress rearrangement

Not applicable

Damage — Miner modified & Relative stress defined

Individual scratch file for each load channel will be
generated in scratch directory

Hyper view Output file format selected
Not defined
Fatigue Analysis

Hyperview post-processing tool is used
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|
=3 = B E £ current Working Directory: /scratch/temp/aaa_Anup/X451 RTB_solid weld/FEM FEMFAT
ChannelMAX Channels
.FE Entities Channel Definition =
bﬁmups R L N NN NN Auto Fill Anchor
Number of Channels: 49 Import Export ¥ Delete All
Total No. of channels = 49 : 1 ] B = > Channel Label Last
-———
&“]Malerlal Data Stress Format Specific Options
#¢ Node Characteristics Data Location: [at nodes on Elenent [+
élnﬂuence Factors Current Channel: 49 P’&q View Channel History x Delete Read Nodal Force: [ for WELD SSZ
o - —— -
-JJSUEM Gage Data LbL Format Stress File \LC Factor | L.HIST l Load History File \Ruw Col | SCR Scratch File g
7 Analysis Paramaters 26 OP2 NASTRAN ... Unitload set 01.0p2 & 26 1.00008 RPC ASCII M..N4 L Car track 40 FY.txt 2 ASC ... track 40 20.fms
21 0P2 NASTRAN ._Unitload_set_01.0p2 | 21 1.80000 RPC ASCII .N4_L_Car_track 48 FZ.txt | 2 ASC  ..._track_48_21.fms
Scratch Setting 22 0P2 NASTRAN I unitload set ®1.0p2 g 22 1.00088 RPC ASCII N4_L_Car_track_48_MX.txt I 2 AsC ._track_48_22.fns
23 OP2 NASTRAN Unitload set 81.0p2 @ 23 1.60000 RPC ASCIT N4_L_Car_track 48_MY.txt 2 ASC ... track 48 23.fms
& outpur 24 0P2 NASTRAN | Unitload set 81.op2 || 24 1.00008 RPC ASCII N4 L Car track 48 MZ.txt || 2 ASC ... track 48 24.fms
B report 25 0P2 NASTRAN |- Unitload set 01.0p2 g 25 1.00080 RPC ASCII N5 L Car_track 40 FX.txt I 2 ASC ... track 40 25.fms
26 0P2 NASTRAN _Unitload set_81.0p2 B 26 1.00008 RPC ASCIT N5_L_Car_track_48_FY.txt 2 asc ._track_48_26.fns
> Analyze 27 0P2 NASTRAN I Unltlnadisetiﬂl‘npzl 27 1.00000 RPC ASCIT N5 L Car_track 48 FZ.txt | 2 ASC ... track 48 27.fms
e 28 0P2 NASTRAN 1 Unitlnadisetiﬂl‘npzl 28 1.00000 RPC ASCIT N5_L Car_track 48 _MX.txt I 2 ASC ... track 40 28.fms
20 0P2 NASTRAN Unitload set ©1.0p2 0 20 1.00000 RPC ASCII N5 L Car_track 48 MY.txt 2 AsC _track_40 29, fms
30 0P2 NASTRAN 1 Unitload set 01.0p2 [] 30 1.00008 RPC ASCIT Ns_L_Car_track_40_MZ.txt || 2 ASC ... track_40_30.fms
31 OP2 NASTRAN I ._Unitload set B1.0p2 = 31 1.88000 RPC ASCIT N6 L Car_track 48 FX.txt 2 ASC ... track 48 31.fms
32 0P2 NASTRAN Unitload set 8l.op2 | 32 1.00008 RPC ASCTI N6_L Car_track 48 _FY.txt 1 2 ASC ... track 40 32.fms
33 0P2 NASTRAN I, unitload set ®1.0p2 g 33 1.80080 RPC ASCII N6 L Car_track 40 FZ.txt 1 2 ASC ... track 40 33.fms
34 0P2 NASTRAN I Unitload_set_81.0p2 M 34 1.00000 RPC ASCII N6_L_Car_track_48_MX.txt 2 ASC ... track_40_34.fms
35 OP2 NASTRAN _Unitload_set_81 upzl 35 1.00000 RPC ASCIT N6_L_Car_track_4B_MY.txt I 2 AsC ._track_48_35.fns
BASIC 36 OP2 NASTRAN | .._Unitload set ©1.0p2 g 36 1.88000 RPC ASCIT NG_L_Car_track 48 _MZ.txt I 2 ASC ... track 40 36.fms
P 37 OP2 NASTRAN Unitload set 01.0p2 | 37 1.00000 RPC ASCIT N7 L Car_track 40 FX.txt 2 ASC ... track 48 37.fms
ChannelMAX Module - 1| channelmax l 38 OP2 NASTRAN | Unltluad_set_ﬂlale 38 1.00000 RPC ASCIT N7_L_Car_track_40_FY.txt | 2 ASC ... track_40_38.fms
S —————— 30 0P2 NASTRAN | --bnitload_set_61.0p2 I 39 1.00000 RPC ASCIT N7 _L_Car_track_48_FZ.txt I 2 ASC ._track_4@ 39.fus
TransMAX 40 OP2 NASTRAN Unitload set ©1.0p2 | 48 1.08088 RPC ASCII N7_L_Car_track 48 _MX.txt 2 ASC ... track 408 _40.fms
41 0P2 NASTRAN L. unitload set 61.0p2 g 41 1.00088 RPC ASCIT N7 L Car_track 46 Y. txt (] 2 ASC ... track 40 41.fms
HEAT Sehitoglu 42 0P2 NASTRAN | ._Unitload_set_01.0p2 1.00008 RPC ASCIT .N7_L_Car_track_48_MZ.txt 2 ASC ... track_40_42.fms
43 OP2 NASTRAN “Unitload set p1.op2 | 43 1.008 RPC ASCTT N8_L_Car_track_4B_FX.txt 1 2 AsC ._track_48_d43.fns
SPECTRAL 44 0P2 NASTRAN I Unitload set ©1.op2 g 44 1.00808 RPC ASCII .N8_L Car_track 48 _FY.txt I 2 ASC ... track 40 44.fms
45 0P2 NASTRAN i Unitload set B1.0p2 M 45 1.00000 RPC ASCIT N .N& L Car track 48 FZ.txt 2 ASC ... track 40 45.fms
SPOT Remeshing 46 OP2 NASTRAN . Unitload set 01.0p2 | 46 1.00080 RPC ASCIT W.NB L Car track 40 MX.txt ] 2 AsC H.itrac::‘lﬂjs‘?ﬂs
1. 2 AsC ._track_40_47.fms

47 0P2 NASTRAN \ itload_set_B1 upz 47 000868 RPC ASCIT . &ua“rﬁ_&ww
SRR SN xgwl o S i Pl it el 0 i o ol s - e o v i e s e - s i ) i H
r — 49 0P2 NASTRAN = -‘/Rasidualistrass‘npz 1 1.00006 Constant |- = |ASC-‘-iduaLStress‘fms .- n - Residual Stress asa

—________________f_____________ e e e e e ‘Constant’ history data

Figure 33. Load History
Unit Load Stress data Load & Moment history data
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Cumulative Damage factor by Miner’s Rule Derived Loadcase for Damage calculation
A
A1,M1,n1
52 A2,M2,n2
_ 8 - Loadcases Selective Load cases & Multiplying factor
‘E’ A3,M3,n3 -E- N l l
] @ MARA S-N Curves
z ” a A2 'L - - -
3 @
3 B h £ Create/Edit Derived Load Case X
= = -
g El : : H Load case: | Derived load case: [Residual_Stress_Study - New
< < ‘ ] : : Type: ‘Lmear—superpus\tmn jIMax j Rename...
|| | ! !
v > e [z fles. . Constant scale: 10 Delet
(] ‘ \ NI N2 N3 No. of Cycle [N) Y EEe =@ | oo |
| ‘ | ‘ (1 S Iproj/atks21107/RLDA/WIth_Residual_Stress/X451_Traili * Label | Scale |~
I n3 = (i Loadcase 1 Loadcase 1 : FEMFAT 5.2D- Results 1 100.0
P11 Loadcase 1 : FEMFAT 5.2b- Results 1 100.0
I:I < Maan Stress(M) > ‘ | | o * > : EEEE:¥ ; ::: :Z:::t: ; Loadcase 1 : FEMFAT 5.2b- Results 1 100.0
. &. S5 [proj/atkS21107/RLDAMith_Resicual_StressiXas) Traili |, | Loadcase 12 FEMPAT 5.25- Resuls 1 100.0
. . nl . . E’f—@ Loadcase 1 Loadcase 1 : FEMFAT 5.2b- Results 1 100.0
Figure 27. Different Load cycles «—»  Figure 28. Cumulative damage factor e 4 |Loadcase 1: FEMFAT 5.2b- Results 1 100.0
e S e [Toadcase 1: FEMFAT5.20-Resuls T | 000
Damage factor by Miners Rule HE [proj/atk521107/RLDA/With_Residual_Stress/X451 Trailir
(i Loadcase 1
. j . Individual 4 FEMFAT 5.2b- Results 1
Amplitude Mean Cumulative | Equivalent t 1 FEMFAT 5.20- Results 2
Load Cycle Damage S5 [proj/atks21107/RLDA/WIth Residual_Stress/X451 _Traili
stress Stress cycle load cycle - Loadcase 1
factor [ 4 FEMFAT 5.2b- Results 1 o v
< > < >
1 Al M1 nl N1 dl=n1/N1
Note: Linear Superposition should be applied on Linear Analysis results only Apply oK Cancel
2 A2 M2 n2 N2 d2=n2/N2
Figure 29. Derived Loadcase
3 A3 M3 n3 N3 d3=n3/N3
n A, | M, | n, | N | dn=n,/N By Linear Superposition of different load cases
Cumulative Damage Factor (D) = 3 (di) = d1 + d2 +d3 + ----- +dn Cumulative damage factor is calculated
When }di =1, the fatigue failure occurs |
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Location 1 : Top side of Trailing arm near toe Location 3 : Bottom side of Trailing arm near toe

Without Residual Stress With Residual Stress Without Residual Stress With Residual Stress

Location 2 : Top side of Trailing arm on curvature / Location 4 : Hole on Trailing arm

Without Residual Stress With Residual Stress , Figure 30. Damage factor at I Without Residual Stress With Residual Stress
different location on Trailing arm
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Connecting Aspirations (At Top & Bottom side of Trailing arm)

Location : Top side of Trailing arm near toe Location : Bottom side of Trailing arm near toe

S

Figure 31. Damage factor comparison on top side D Figure 32. Damage factor comparison on bottom side

Damage factor Comparison (Top Side) Damage factor Comparison (Bottom Side)

Sr. No. Node ID Without Residual| With Residual Change in Sr.No Node ID Without Residual| With Residual Change in
stress effect stress effect Damage factor - NO- stress effect stress effect | Damage factor
4 N -
1| 1752655 | 10601 2.32801 p 119-51% : 1 1065818 7.69E-08 1.58E-08 [ -79.49% 1
2 1752676 1.24E-01 2.87E-01 : 131.59% ) 2 1065859 3.68E-07 3.54E-08 : -90.37% :
3 1752697 143e-01 3.15€-01 ] 120.76% : 3 1065872 4.60E-07 2.09€-08 I -95.46% 1
i
4 1752719 1.26E-01 3.04E-01 ! 141.01% | 4 1065887 1.28E-06 7.07E-08 i -94.43% |
5 1752742 1.23E-01 2.70E-01 1 119.12% I 5 1065896 1.31E-06 1.22E-07 ! -90.69% !
] 1 1
6 1752753 1.26E-01 2.81E-01 g 123:35% I 6 1065914 1.79E-06 2.20E-07 1 -87.72% |
i

7 1752771 1.84E-01 3.86E-01 L109-95%’ 7 1065908 3.34E-06 3.07E-06 I\ -8.15% ll
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Results & Discussions :

*  Welding process generates most of the time unfavourable residual stresses & affects structural performance.

* These stresses have a significant impact on fatigue life.

* Conventional approach in fatigue assessment accounts residual stress in generic way.

* Comprehensive inclusion of residual stresses & its association in fatigue life assessment is more precise approach for robust product development.
* Manufacturing processes leads the component in pre-stressed condition. Without capturing those, there are chances of pre-mature failures.

Way Forward :

» Effect of Phase transformation also leads to generate the residual stresses & needs to be studied.

* Distortion due to welding affects fatigue life & needs to be studied.

* Optimized weld process parameters will minimize the residual stresses & improve fatigue life of component.
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