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Multiaxial Fatigue of Welded Joints
under the Aspect of Local Assessment Concepts
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Car Structure in White
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Welded Aluminium Rearaxle Carrier

Material: AA 5454 (AIMg3Mn) Ref.: Daimler AG
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Comparison of Welded Steel and Cast Aluminum Truck Wheels (22.5x9.00)

a. Welded steel wheel b. Cast aluminum wheel
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Material:  Disk: St 52, Rim: St 37 Material: G-AISi7Mg T6 (A 356 T6)
Weight: 41 kg Weight: 27.1 kg
Ref.: Hayes Lemmerz Holding GmbH Ref.: Borbet GmbH
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Fatigue Crack on Welding between Disc and Rim
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Silos aus Aluminium zur Aufbewahrung von Kunststoffgranulaten

DIA 6037d
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Kritische Bereiche eines Druckentlastungssystems eines Reaktors
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Fatigue Critical Areas of a Welded Stirrer
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Stirrers of a Fertilizer Plant
« M, n=27rpm e My
Section of strair‘1/ " Critical area—_ . St52-3
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Most Important Loading Components of a Wind Power Plant
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Geschwei3te Krankonstruktion

Ref.: Gottwald Port Technology GmbH
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Schiffstruktur mit SchweiBverbindungen und Durchbrichen in hoch

beanspruchten Bereichen
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Fatigue Damages in Tankers
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Seto Bridge, Highway and Railway Combinations of Suspension and
Cable Stayed Bridges

Ref.: Ch. Miki
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Stratospheric Observatory for Infrared Astronomy (SOFIA)
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Design Concepts of Structural Durability

Nominal stress concept | |Structural stress concept Local concept

Nominal strain concept | | Structural strain concept Strain Stress

Fracture mechanics concept

Crack propagation

Stress intensity
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Definition of Stresses According to Different Assessment Concepts

\ Max. principal notch stresses 0;

or max. von Mises notch stresses 0,y max

Thick sheets (t>5mm): rg =1.00 mm

Linear extrapolation to )
P Thin sheets (t<5mm): rg =0.05mm

weld root (exceptional)
Linear extrapolation
to weld toe (usual)

Hot-spot-
stresses Oy

Weld toe, reference radius r, = f (thickness)

/ Ghom» NOminal stress

Weld root, reference radius rref

\

Z Fraunhofer
LBF

10



DIA 7472d

Berechnung von Kerbspannungen mittels des Referenzradius

Referenzradius r
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Typisches FE-Netz fiir eine Schlissellochkerbe aus Elementen mit quadratischem
Ansatz
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FE-Modelling of a Fillet-Welded End Joint of a Rectangular Hollow Section

a. Overall model

b. 3D-submodel

¢. 2D-submodel
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Uni- and Multiaxial Stress-Strain-States
i i
Geometry and
stress distribution
a,, Axial stress
O m
T= Ky 'Ua:o,w —— g,, Tangential stress
Orom gt 03, Radial stress
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Errors by Formal (Scalar) Application of von Mises Hypothesis

a. Components of b. Formal application c. Tension-compression
the stress tensor of von Mises criterion consideration
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Conventional Strength Hypotheses
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Einfluss von zeitabhdangigen Hauptspannungsrichtungen auf die
Lebensdauer

Sprodes (wenig duktiles) Semi-duktiles Duktiles
Materialverhalten Materialverhalten Materialverhalten
Ga 03 03

12 2N 1) [ N 2N

\00 — 900 \900 Qo \900 N Qo

N N N

— ¢ =0°, proportional -> konstante Hauptspannungsrichtungen
— ¢ = 90°, nichtproportional -> zeitabhangige Hauptspannungsrichtungen
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Spannungen in der Schnittebene und Schadensmechanismen

a. Schnittebenenspannungen b. Zahigkeitsabhangiger Schadens- . Rechenalgorithmus
mechanismous
* o (@) TUr sprode \Werkstoffe + haximale Normalspan-
(Aluminiurnguss, Gusseisen, nung in der kritischen
Sinterstahle) Schnittelbene

* Kombination aus o,(¢) und T, (¢) Tir = Spannung als Kombi-
semi-duktile erkstoffe nation aus Normal- und
tAluminiurmmknetlegierung, Stahlguss)  Schubspannung in der

kritischen Schnittebene

_o,+0, ©,-0, ) e 1 () Tlr duktile \Werkstoffe ¢ Integraler Wert aus der
G W)= ==+ ———cos2aH T, sin2 o (z.B. Baustihle) Schubspannung Uber alle
Schnittebenen
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DIA 3707e

Correlation of the Calculated Stresses and Fatigue Strength

Strength Diagram Local Stress State
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Verbundwerkstoff SchweiBnaht

Werkstoff: Gruqdwerbﬁsfoff Warmeeinflufzone Schweifigut
(weich, zah) (harter, weniger zdh) (am hdrtesten,
am wenigsten zdh)

Kerbe

Nahtanstieg — r

Radius

Geometrie:  Nahtlibergangskerbe, K,=f (r, O, Belastungsart )
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Probenformen zur Untersuchung des Einflusses von mehrachsigen
Beanspruchungen auf das Festigkeitsverhalten von SchweiBverbindungen

a. Kreuzprobe
Filo°)

-7

/ b. Rohr - Flansch - Verbindung

by: Schweifnaht
unbearbeitet

b, Nahtiibergangs-
kerbe Uberdreht

¢. Rohr - Rohr - Verbindung_

Ep—— —_ N\— cy: Schweifinaht
. . R unbearbeitet

|

i ) % ) 7L ¢, :Schweifinaht
- i Uberdreht
~_7

= Mt Mb
g
kel - Konstante Beanspruchungsrichtungen - Konstante und verdanderliche Haupt -
By beanspruchungsrichtungen
in - Unbearbeitete Schweifindhte - Unterschiedlich hohe Spannungskonzentrationen
< durch Probenform und Schweifinahtbearbeitung
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Biaxialer Kreuzprobenprufstand und geschweil3te Kreuzprobe
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Harteverteilung quer zur SchweiBnaht der Kreuzproben
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Mefstellen
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Uni- und biaxiale Schwingbelastung der geschweissten Kreuzproben
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Anordnung von Dehnungsmessstreifen und Beispiel einer Dehnungsmessung
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DIA 5205d.ppt

Bewertung der Ergebnisse nach der Gestaltanderungsenergiehypothese

10 T T
mm/m L] F4 einachsig ° i I
S s=6mm Streuband flr Versuche
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*]Verglaichsdehnung berechnet aus Strukturdehnungen gemessen
mit DMS - Rosetten in einem Abstand von 1,5mm bis 2mm vor
den Nahtlbergangskerben
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Bewertung der Ergebnisse nach der Normalspannungshypothese

10 ,
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= spannungsarmgegliiht Rp0z = 280 MPa R=-
S ¥
g Ry = 450 MPa et
> 2 Ag = 20 %
Y4 = 70 %
10 f. |
5 102 2 5 10° 2 5 10 2 5 10°
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mit DMS - Rosetten in einem Abstand von 1,Smm bis 2mm vor
den Nahtiibergangskerben
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Bewertung der Ergebnisse nach der Normaldehnungshypothese

10’ T :
Ll ® £ einachsig l '
O F,. einachsig Streuband fir Versuche
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Angaben zur Probengeometrie
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Bewertung der Ergebnisse nach der Gestaltsanderungsenergiehypothese
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Bewertung der Ergebnisse nach der Normalspannungshypothese
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Bewertung der Ergebnisse nach der Normaldehnungshypothese
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Probenformen zur Untersuchung des Einflusses von mehrachsigen
Beanspruchungen auf das Festigkeitsverhalten von SchweiBverbindungen
a. Kreuzprobe S b. Rohr - Flansch - Verbindung
Filo°)
by: Schweifnaht
unbearbeitet
b, Nahtiibergangs-
E@ﬁ) F, (90°) kerbe Uberdreht
¢. Rohr - Rohr - Verbindung_
Ep—— —_ N\— cy: Schweifinaht
unbearbeitet
: : gl
Fy ) i ) ¢, :Schweilnaht
~Z oA o I e
N
= Mt Mb
g
kel - Konstante Beanspruchungsrichtungen - Konstante und verdanderliche Haupt -
4y beanspruchungsrichtungen
in - Unbearbeitete Schweifindhte - Unterschiedlich hohe Spannungskonzentrationen
< durch Probenform und Schweilnahtbearbeitung
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DIA 5139d

Mehrachsigkeit - Winkelprifstand
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Test Rig and Specimen Geometry for Aluminium Connections

a. Experimental setup for biaxial testing b. Flange-tube specimen and clamping

25 240

W
= N movable
1
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@ 250
fixed

2 68.9
7 88.9
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Geometry of the Welds

a. Steel St E 460

b. Aluminium AISiTMgMn T6

rm=045mm, 6 =45°
K =393, K;= 1,85

rn=17,0mm, 6 =38°
Kip=1,62,Ky=1,14
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3
&
<
o
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Multiaxial Fatigue Behaviour of Welded Steel Joints under Constant
Amplitude Loading
500 :
MPa Material: StE 460, R =670 MPa, R, = 520 MPa
400 Welding: MAG, thermal stress relieved
v Loading: Bending and torsion, R = -1, 1./0, =058
=50
300 .
® ~-. ® in-phase, 5=0° P =50%
Z O  out-of phase, 8= 90°
S 7
£ 200 Sy Calculated for 8 = 90° by von Mises hypothesis,
% RN Overestimated of fatigue life by a factor of 15
n \"\‘\ (Nominal as well as structural stress concept)
§ \ %\~ .
@ 2 o~
© ~ ‘—‘i -
c - ~ .
= NS T~ i
§ 100 4 RS ™ 87-MPa =
= Reduction of T nd L
~o —
fatigue life O~ . . o T
= 1:4 Se
: e
& Seal
I 66 MPa
© 50
<
a 10° 10 10° 10’

Cycles to break-through N,
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DIA 6736e.ppt

Multiaxial Fatigue Behaviour of Welded Aluminium Joints under

Constant Amplitude Loading

150 -
MP Material:  EN-AE 6082 T6 (AlSi1MgMn T6),
@ R, =332 MPa,R ,, =315 MPa
100 - Welding:  TIG, filler rod: S-AlSi5
%0 | Loading:  Bending and torsion, R = -1, 1./0,=058
80 o ® inohase 5= 0° P =50% Calculated for & = 90° by von Mises hypothesis,
04 o pnase, 0= s Overestimation of fatigue life by a factor of 12.5
out-of-phase, &=90° R
o — (Nominal as well as structural stress concept)
2 60 =
5 RN/
\ - ~
[} ~ -
T 50 60 sz
s 2 -
£ 40 + — T e
© — ik BE A
a \\\\ 7
[ —
= 30 4 ”\.Q.\O‘—;
= =65 —~
£ \l%__
IS —
S
< 20—
15
10° 10° 10’

Cycles to break-through N,
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Effective Equivalent Stress Hypothesis (EESH)

1 m
F(3) =_’__[(J;fp(¢) do M
fo () =1, () )
15
fo (@) =— 215, () 3
Ls i=1
_ _ oy )
ov(é)—ov(é—o)Dm @)
o,(6=0° :\/cxz +cry2—cX (o, +3 rxyz ©)
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Application of the Effective Equivalent Stress Hypothesis for As-Welded
Flange-Tube Connections under Combined Constant Amplitude Loading

g 2000 N q -

b . N curve an O Bending
MPa P;[/°]3 scatter range . O Torsion

i 10 from pure bending: - )

2 v Bending and torsion § = 0°

2 1000 4 :g & A Bending and torsion & = 90°

© H

A

b

|2 : Do, ‘ k=50

S 500 i M TR S e B M

© ; {

Z 400 g

: o Co

o i

3 R=-1
200 —— ——————rt —

104 10° 108 107

Cycles to break-through N,

\
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Hypothesis of the Combined Normal and Shear Stress (KoNoS)

S (9,3) = 0,20, 3) + 31,2 (9,5)

S(d**,0)

ov (0 =0 80 B 5= 07)

(M

0,(0=0°= \/GXZ +0y2 -0y (o) +3 Txyz

—
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Application of the Hypothesis KoNoS for Tube-to-Plate
Weldings under Constant Amplitude Loading

Material: AlSitTMgMn T6 300
EN-AW 6082 T6
R = 315MPa MPa
02
R = 332 MPa
" 200 4 4
Welding: TIG bg
Filler rod: S-AlSi5 o
k]
=
Test series: Flange-tube =
R=-1 £ 100
Constant amplitude loading g 90 4
A Bendi g 801
Bending = 70 A
-
B Torsion E 60 1
£ 50 -
O Bending and Torsion 2
(6= 0°,T/S,=0.58) T 40 A ]
©
@ Bending and Torsion § —® run-out/stopped without break-through
(5=90°,T/5,=0.58) 30 T LI B B B T LI B B B T T T T
10° 10° 10° 10

Cycles to break-through N,

\
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Introduction of Local Normal and Shear Stresses into the Gough-Pollard
Equation According to Different Hypotheses

kg ke
Modified Gough-Pollard Bad | " 4 Bload | ¢ p kg =k, =2
Equation: AO'SN(N) ATSN(N)
_ Ao Load AT Load
Stress tensor: AO) pag = X209 Xyos
Aty 10ad DOy, 0ad
Shear stresses: ATjag = ATyy joad
with Atg(N) from pure torsion
Principal stress: AO|5ad = A0 pad1 = A0y | 0ad
with Ao (N) according to PSH
. - _ 2 2
von Mises: A0 gad = AOLoad,von Mises = \/on,Load + Aoy,Load —A0, | pad ATy | 0ad

with Agg(N) according to von Mises

\
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Coordinate System for Normal and Shear Stress Components

IUBBBBY BN

|
|
|
|
|
|
|
|
|

Ay 0ad  DTyy Load
— _ ) y,Loa
G| paq = |:

ATy 10ad A0y, 0ad

a
a
@
2 [
8
<
o
[ —]
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Fatigue Testing Results Obtained with As-Welded Steel
H H ; ; o o
Specimens under Combined Bending and Torsion (¢ =0° and 90°)
Variable amplitude loading|—| rna/crnaz.O.SS—— A Constant amplit.ude, (p‘:‘ 0°F
. : Gaussian spectrum, o =0°090° [ & Variable amplitude, ¢= 0
1o L = 5.10" cycles L] ¥ Constant amplitude, ¢ = 90°
bg : </ Variable amplitgde, @=90° |
8 Sl BEre : =
2 ] T v~ =
5 Z‘Constant amplitude loadin B \\\\ /"na =184 MPa
g 200 VLﬁ/‘ ~ ; .
© e nY A ; ;
2 ] A k=50 i < : ‘
8 o] ~ WY Al A = ~ 1 ~5 =140 MPa
= - - - na s ]
o < ; ;
€ V- -
S Y "wv¥_ - A e oond
e i . e~ ; e BN
[} ~: ~— -~
o 100 =< o =87 MPa——]
— na, E
] — runout oas < : o
| = -~ . ~ 3
= </ runout, retested on a higher level S v T
2 MPa{[Material:  Fe E 460 Sorgebmio, =66 MPa
1 |Specimens:  As-welded and stress relieved flange-tube connections T
50 Loading: Combined bending and torsion, R = -1 j P =50%
° 10* 10° 10° 107
& —
8 Cycles to break-through N, N,
<
a

?
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Fatigue Testing Results Obtained with As-Welded Aluminium Specimens under
Combined Bending and Torsion (¢ =0° and 90°)

200 - o
128 T - Sn  — t /o, = 0.58[|Variable amplitude loading A Constant amplitude, ¢ = 0°
- 140 1Y T X Te=00 000 [T Gausslanfpectrum, 1 A Variable amplitude, ¢ = 0]
1 — 5 i
é120' 7 L,=5"10" cycles ¥ Constant amplitude, ¢ =90°
qu T - <7 Variable amplitude, ¢ =90°[|
3 100 v
= ] \\
€ 80 ———
; J |Constam amplitude ]oading\ A\:\& ;
[}
& 60 Y/ VI
& T k=65 =
E= 1 Tlyyy AA A
S —
3 404t My [P &
= ! = P ——
= M —~—\
g j i Ay Ay
Z  MPa Mate.riali EN-AW 6082 T6 (AlSi1 Mgl\/lr\ T6) \\‘
Specimens: Welded flange-tube connections, as-welded by | s
20 Loading: ~ Combined bending and torsion, R = -1 H P, =50%
g 10' 10° 10° 107
S
© -—
g Cycles to break-through N, N,
=
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Assessment of Fusion Welded Thick Steel Flange-Tube Joints under In- and
Out-of-Phase Multiaxial Loading (Nominal Stress System)

100 -
Flange-tube specimens, StE 460
i MPa
R 1 MA®
[
©
2 e
=
g ] 0.5
© - —.
i <
g 5010
»
T
2
@ 0.5
©
£
E E
S
< 1w
0 T T T T T o . T T T v r T r
0 50 100 MPa 150

Nominal normal stress amplitude o

an

\
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Assessment of Fusion Welded Thick Steel Flange-Tube Joints under In- and
Out-of-Phase Multiaxial Loading (Local Stress System)

300
MPa ]
250

r.=1.00mm Flange-tube specimens, StE 460

xy, a, local

200 4
150

100
i

Local shear stress amplitude t

50
] s P—977% \
\ \

L T T T USRI L LR R A
0 50 100 150 200 250 300 350 400 MPa450
Local normal stress amplitude o

X, a,local

DjA 8358e

\
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Assessment of Fusion Welded Thick Aluminium Flange-Tube Joints under In-
and Out-of-Phase Multiaxial Loading (Nominal Stress System)

50

Flange-tube specimens
AlSiTMgMn T6
(EN AW 6082 T6)

Xy, an

<
5

Tests

Nominal shear stress amplitude 1

W M \

97 7%\ \

0 50 MPa
Nominal normal stress amplitude s,

\

Z Fraunhofer
LBF

30



Assessment of Fusion Welded Thick Aluminium Flange-Tube Joints under In-
and Out-of-Phase Multiaxial Loading (Local Stress System)

100

xy, a, local

Local shear stress amplitude <

MPa] D :

50+ =

Flange-tube specimens
AISiTMgMn T6
(EN AW 6082 T6)

r . =1.00 mm
ref

TR e N=1-10
=-1
oy
5 90° \.\
i P =97.7%
w7y °
0 4 k r B - T B L N z T K g i g T : i L 4
0 50 100 150 MPa 200
Local normal stress amplitude s, .
3
g =

Z Fraunhofer
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DIA 7898e

Recommended Assessment Procedure for Multiaxial Loading (2010)

( A0 554 Jko +(
AGSN(N)

ke
ATIoad j <

ko =k, =2 Exponents of the Gough-Pollard equation

Dua=1.0 For constant principal stress directions, in-phase (proportional)
loading for steel (Eurocode 3, 1IW) and aluminium

Dya= 0.5 For changing principal stress directions, out-of-phase

(unproportional) loading for steel and ductile aluminium alloys*

Ao-Ioad = 2'o-a,load
ATload = 2'Ta,load

Nominal, hot-spot or local stress components of the biaxial stress
state induced by external loading

AO—SN(N) = Z.OE,SN(N)
Aty (N) = 2-T, 5n(N)

Endurable nominal, hot-spot or local stresses at N cycles under
pure axial loading (or bending) and pure torsion

*)For semi-ductile aluminium alloys Dy, = 1.0

\
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Prerequisites and Equations for the Assessment of Multiaxial
Spectrum Loading

1 Cumulative damage

X+
L‘E\”\ — i‘\x,,

— c_

T
\ a, eq

By, = 0.5
PM L |
N

Xa,eQ = kJD

1 2 o) O oy oy

2 Multiaxial assessment

PILEDIY

3 SN _curves

p Experimental
1550

LBF-curves

IIW-curves |

Ps=97.7%

o 2 T 2
a,eq + a,eq < D
[Ua,SN <N)] [Ta,SN <N)] A
B
g Material Proportional Non-proportional
& loading D loading D t
2 - - . 1107 N
a Steel / Aluminium 1.0 0.5
[ —]
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Evaluation of Multiaxial Spectrum Loading on As-Welded Steel Joints
with IIW-SN-Lines
500 :
400 A i Variable amplitude loading, ¢ = 0°, 7 /o = 0.58—’ P=977%
. 300 4 Loss ‘/\L EiP@Lirnelvtal, /Ia =50
2200 ~ i cn b W, £
o ~ AL R s :
G100 \\ | Senal i
~re by SN Er HER
4] k= & \\\_ : Streg
o° 3 A H \0 I () S(Ca/()
= 50 - Constant amplitude loading] — o
£ 40 T ——
© ~
P 30 | ——
v P4 \\ k
+ e s )
i 20 A T —— ]
£
=
2 10 1 .
MPa Material: Fe E 460
o Specimens:  As-welded and stress relieved :
5 5 —_——— — -
s 10" 10° 10° 107 10°

Cycles to break-through N, N,

?
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Evaluation of Multiaxial Spectrum Loading on AS-Welded Steel Joints

with [IW-SN-Lines

500 - 7 z T T —7
400 4 : fodod ‘Variable amplitude loading, ¢ =90°, t /o = 0.58 P =97.7%
= 300 R - i
e Ly S iy XD@/imema/ P :
W 2001 ~ L Rl OO0 e
. By VUM i b o R St
10° P o Stregs TS
< ure toys; ; B (ra/(i)
of 100 metien (L ==
2 ] - 74 k=5, i \\\ Piype, i
3 T T e
= 50-—|Constant amplitude loading} T o I~ /
= O 35 ;
= 40 4 : T ———— :
© : ——
Q 30 T— B
8 \\
+ o
h 204 ]
©
£
£
2 104
MPa Material: Fe E 460
& Specimens:  As-welded and stress relieved
g - i R I 13 H :
2 10° 10° 10° 10’ 10°
Cydles to break-through N,, N,
=
Z Fraunhofer
LBF
Evaluation of Multiaxial Spectrum Loading on AS-Welded Steel Joints
with [IW-SN-Lines
500 g g
400 J : frecind | P.=97.7%
o 300 -[Constam amplitude Ioadinq| | Variable amplitude loading, ¢ = 0° and 90°, t_ /o, =0.58 ‘ !
e E
G2 200
o
B 100 -\ el - Experime, ; H
g s 1 REL = e P =50y
g \\\\ S o | IS ";Gi v
= 50 = To s gt -
g 40 —NL : B - Stregs (calc.
i 30 T~ Pure torsion \\\ ,l‘
8 S (Iw), k _ ey
7 204 T — 3
£ TN H
= gy :
g o ==
MPa Material: EN-AW 6082 T6 (AlSiTMgMn T6) H \\~—_
. Specimens:  Welded flange-tube connections, as-welded i REe
T T
g 10° 10° 10° 10 10°
< Cycles to break-through N, N,
o

?
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Biaxial Testing of Overlapped Laserbeam-Welded Tube-Tube Specimens

Test conditions: Biaxial test rig:

- Constant and variable amplitudes
under load control

- Load ratio: R =-1

- Test frequency: 20 Hz

- Laboratory conditions:

In air at room temperature specimen

F., max =80kN
o M, max = 3 kNm
x
a Z Fraunhofer
LBF
Laserbeam-Welded Overlapped Steel Tube-Tube Specimens under
Constant Amplitude Multiaxial Loading
%g_ @ Axial+Torsion(p= 0% M/F=28;t/o=13,k=52] EEEEEE 282
16 - B> Axial+Torsion(p = 90°% M /F = 28; < /o = 1.3; k = 5.4)———— LR LT : L 448
14 : — ' ’ L 392
O B SN m
Wl "t s
§ s | N [}
= TR o
= Pl 2
g P 2
© 6 o
© =
9 g
4 S
o
S
kN Matérial: .52.35. éZT (St 35) ‘
Specimen:  Tube-tube, t = 1.0 mm
2 Loading: Axial + Torsion, R = -1
10* 10° 10° 107
8 Cyles to failure N,
z
[}

?
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Assessment of Laserbeam-Welded Thin Steel Tube-Tube Joints under In- and
Out-of-Phase Multiaxial Loading (Local Stress System)

MPa 1 : .
4504 D, 5 Overlapped tube-tube specimens :
- ] St 35 (5235 G2T) =
8400410 0©°
i ] t=1.0mm, D =45
= 350 3
3 ] r=0.05mm
2 3004 - — _ _
g o5 90°7 =~
& 250 3 oy
2 ; s N=110°
£ 200 ™ % -
g ] R=-1
S 1504 . _._ _.
@ 110 0°7 T =2
® 100 F----ae____ S
3 Jos5 90° TTe-l . ~
50 3 S5e N
] I \P,=97.7%",
o+ T
0 100 200 300 400 500 600 700 MPa
g Local normal stress amplitude O, . local
p
° =
Z Fraunhofer
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Laserbem-welded Overlapped Aluminium Tube-Tube Specimanes
under Constant Amplitude Multiaxial Loading
20 ) . = " -
18 | Material: AISi1TMgMn T6 (EN AW 6082 T6) | ® Axial+Torsion(p= 0° M/F=27.6; rn/cn= 1.3;k=4.1)
16 - Joint:  Tube-tube, overlapped, t = 1.5mm—— B> Axial+Torsion(p=90° M /F =27.6; /o = 1.3, k = 3.9)
14 - Loading: Axial + Torsion, R = -1 H T T T z T
12 - -
=10 ; 2760 S°
S : : @
2 8 ‘ 2208 B
g B2 =
c 6 B 1656 &
o ©
3 ’ g
4 1104 S
. 3 o
-
N > P =50% Nm
2 — AR L1 —t it LRt = 552
10" 10° 10° 10 10°
Cycles to failure N,
=
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Laserbeam-welded Overlapped Aluminium Tube-Tube Specimens under
Constant Amplitude Multiaxial Loading

%g —| Material: AIMg3.5Mn (EN AW 5042) @ Axial+Torsion(p= 0% M/F=27.6; t/c =13 k= 4.8)
16 - Joint:  Tube-tube, overlapped, t = W.Smm-i—— P Axial+Torsion(p = 90°% M /F = 27.6; 1 /5 =13 k=3.4)
14 - Loading: Axial + Torsion, R = -1 [ T T T : T T H : —
12 —_— )
e 10 — — 276.0
o i A
2 8 2% 220.8
= >R e
& 6 ——— _ 165.6
3 B I L
° ! L H H H
S e . ;
4 2 - : 110.4
S e S A N SR
kN ; \“\ ARTIT (B n Nm
P =50%:
2 T — T T T T T — T T T T T T T 55.2
10" 10° 10° 107 10°
Cycles to failure N
| BF
=
DIA 8298¢ Z Fraunhofer
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ta

Torque amplitude M

Experimental Results for Laserbeamwelded Magnesium Tubes

300 ‘ 158
MPa| Pz~ 50% re=0.05mm <« combinedd=0° |MPa
> i —90°

b;';. 200" £ combined =90 1105 Ng
P e <5 r lo =0.53

ho] ~ 3 4/ xy,a - x,a [}
2 -9 o =v-ag E
a y.a X,a 2

Q.
; :
@ 100f 153 O
= k'= 3
7 =22 =
g = run-out Ay &
5 60/~ retested run-out €3 %
E Material: AZ31 (3.5312) b
= Specimen Tube-tube,t = 1.5 mm S
Loading: R=-1
30 : — : — —16
10' 10° 10° 1017

Cycles to ruptureN,

?
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DIA 8532 e

Typical failures

Independent of load combination and level!

?
Z Fraunhofer
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Assessment of Laserbeam-Welded Thin Aluminium Tube-Tube Joints under In-

and Out-of-Phase Multiaxial Loading (Local Stress System)

MPa 1D, 5 Overlapped tube-tube specimens
- 2504 AlSiTMgMn T6 (EN AW 6082 T6) *—
8 11.0 0°
q-; 200_‘ t=15mm,D =45
i < -
£ ] 5
E— :_0_5_ _90 Tests r_=0.05mm
o 150 - - €
» 1 =<
@\ T ~
- 1 ~ N=110
5 100740 0° R=-1
o e——
L P L
T o =
5] 50__ -------- — oo
N | ] 82 N
4 ~ = op
] W B, = ST
0 —— T e T T
0 50 100 150 200 250 300 350 400 MPa450

Local normal stress amplitude o

x,a, local

?
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DIA 8366e

Assessment of Laserbeam-Welded Thin Aluminium Tube-Tube Joints under In-

and Out-of-Phase Multiaxi

al Loading (Local Stress System)

MPa ] Overlapped tube-tube specimens
5 250 1Dyal 3 AIMg3.5Mn (EN AW 5042) =
o 110 o
; 200_‘ t=1.5mm, D =45
kel i -
2 ]
g los o90° r_ =0.05mm
c 1504 == — - _ _ ©
(72} T =S
173 B ~ $ =90°
(] = 5
o ] ~ N=110
7 ] . ~_d
< 100410 0 D R=-1
2 ———— N
2 105 90° Bl \
8 50 Tl "~ N
B ] e o779
. Iw w5 o0y
o+ R
0 50 100 150 200 250 300 350 400 MPa450

Local normal stress amplitude &

x,a, local

\
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Assessment of Laserbeam-Welded Thin Aluminium Tube-Tube Joints under In-

and Out-of-Phase Multiaxial

Loading (Local Stress System)

xy,a, local

Overlapped tube-tube specimens

t—

AlSiTMgMn T6 (EN AW 6082 T6) *

t=1.5mm,D =45
Tests
r=0.05mm

é f
2 o 5 =90°
g 100 - 22 ézoox&
© 7 TS
§ 1 - N=1-10°
% \\ R=-1
§ N
o N
8 120 \
© =
8 05 90° T~ R
- | [TEsssaEg " . b}
e N
%\
| nmw ‘.ES=97.7%\
0 —— = T T L
0 50 100 150 200 MPa 250

Local normal stress amplitude o

x,a, local
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DIA 8368e

Assessment of Laserbeam-Welded Thin Aluminium Tube-Tube Joints under In-

and Out-of-Phase Multiaxial Loading (Local Stress System)

Overlapped tube-tube specimens
MPaq1D,: & AIMg3.5Mn (EN AW 5042) e e
§1504410 o° t=1.5mm,D =45
j ] M= 0.05 mm
5 :
3 Tests_—O—;_ e
ﬁ 4
0.5 90°
§ 1004+=- 2 _
@ 1 i N=1-10°
2 5=90°
2 R=-1
(]
£ 11.0 0°
= 50 =e—eol -
o | 05 90° T
e I Sy .
%\ \
1w P, =97.7%,
o+———7 77 L S S S
0 50 100 150 200 MPa 250
Local normal stress amplitude L -
=
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Evaluation of Test Results from Laserbeamwelded Magnesium
Tubes According to Gough-Pollard Equation

100
MPa

xy.a
o) o)
o _ O

T

N
o

Local shear stress amplituder,
N
o

OO« D> Testresults AZ31
D N=2-10° |
1.0 rref=0.05 mm

P,=97.7%,R = 0.

\
\
\
h ‘
i It It It

0
0

20 40 60 80 100 120 140
Local normal stress amplitude 7 _ MPa

2 2
Ga load Ta load
: + : <D
(o.a,SN(N)J (Ta,SN (N)J "

\
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DIA 7898d

Bewertung mehrachsiger Spannungszustande nach den
lIW-Empfehlungen (2010)

k k
Aopsst | ° n At | <Dy
Aoy (N) Aty (N)

ke =ki=2 Exponenten der Gough-Pollard Beziehung

FUr konstante Hauptspannungsrichtungen, phasengleiche

Dwa = 1.0 (proportionale) Belastung fur Stahl (Eurocode 3, 1IW) und Aluminium

Dus = 0.5 Fur sich &ndernde Hauptspannungsrichtungen, phasenverschobene
MA T (nicht proportionale) Belastung fiir Stahl und duktiles Aluminium®

AC|ast= 2 - OgLast Nenn-, Hot-Spot oder ortliche Spannungskomponenten des

ATiast = 2 - Tatast zweiachigen Spannungszustandes infolge der aul3eren Belastung

Aoy (N) = 2-a,w(N) | Ertragbare Nenn- , Hot-Spot oder der ortliche Spannungen bei N
Aty (N) = 2-Towe (N) | Schwingspielen unter reiner Axialbelastung bzw. Biegung und reiner
Torsion

*) Far semi-duktile Aluminiumlegierungen Dy, = 1.0

\
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The Stress Space Curve Hypothesis SSCH

o, =\l -(4-a),

Ty
g

Oy =Aa P+ (4-a) U9 + Ty

p=(o,+0y,)/2

with q=(o0-0,)/2 P q
Tuy
This approach can be linked to other hypotheses:

- V. Mises

a=1
a=0 - Tresca

\
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Assessment of Multiaxial Loading

= =2 2
I\\ Geq— a+b

4-aR 2 2 2
o 0° =\Julp,” +(4-a)dy,” +1,°)
@ =45°
?,= 90° a: semi minor axis of the ellipses
™ b: semi major axis of the ellipses
N
~va - -
e b Consideration of out-of phase effects:
Jal-a GE
a o / @ 1))
eq a +b2 1+ 22 — P .
™ a’+b
Free parameter p:
o p>0 - lifetime decrease
8 p =0 - neutral behaviour
0
2 p <0 - fiftetime increase=
a Z Fraunhofer
LBF
Experimental Results Constant Amplitude Loading
20 560
18 —|—* Run out (no rupture)“ - : . = Sy T - 504
16 I : JAC A ass
14 Pl iiie I I e s H Y Y H 392
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12 —— —— e a— : 0=0° 336
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Cyles to failure N,
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®
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Assessment of Multiaxial Loading with SSCH

0.eq, SSCH Vs. I\Iexp

Ncalc Vs. Nexp

Life-time calculation with SSCH

1888 ¥ pure axial 10" < Alsi1MgMn T6 (EN AW 6082 T6) =
800 W pure torsion pure fx‘a‘ :
. pure torsion
&5 700 ~ : Comg‘rmd 98“ combined 0° M/F = 28 Nm/kN @ X
¥ 600 combine: combined 90°; M/F = 28 NvkN_ A v
% 500 -éﬁ,‘
g 400 | s erene 10° T =133 A
A = / TR
Z 300
5 Neai A
3 i
2 200 3 /.o/
& 10° i
MPa | == Run out (o rupture) ‘/
Material:  AISi1MgMn T6 (EN AW 6082 T6) \ ‘p:UBA o
100 | Specimen: _ Tube-tube, t= 1.5 mm el
4 s s s
10 10 10 10 . Y SSCH with: p = 0.34
Cyles to failure N, 10 4 t
T
10° 10° N 10° 107
exp
[
X
o
wn
0
< =
3 Z Fraunhofer
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Assessment of Multiaxial Loading
Multiaxial Variable Amplitude
Loading Signal
Assessment of the arc’s size Stress ellipses/straight li
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v T !
P = | [
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\ |
frp & Nt VR -
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Experimental Results Variable Amplitude Loading
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Assessment of Multiaxial Loading
Calculated Lifetime N, for multiaxial spectrum loading
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DIA 8528 e

Neaic Versus N, for Variable Amplitude Loading

Life-time calculation with SSCH
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Praktische Hinweise fur die Auswahl einer geeigneten Hypothese

* Eine allgemeingultige Festigkeitshypothese ist nicht verfugbar.

* Fur Werkstoffe mit geringer Bruchdehnung (A5 etwa < 5%) liefert die Normal- (Hauptspannungs-) Hypothese
sowohl bei konstanten als auch drehenden Hauptspannungsrichtungen (infolge von Phasenverschiebungen), die
die Lebensdauer verlangern, zufriedenstellende Ergebnisse (wenig duktiles / sprodes Werkstoffverhalten);
mafBgebend ist die Schnittebene mit der gréBten Normalspannung.

* Semiduktile Werkstoffe (5% < As < 15%) zeigen ein neutrales Verhalten bezlglich der Drehung von
Hauptspannungsrichtungen, keine Lebensdauerverldangerung oder —verklrzung. Die unglnstigste Kombination
aus schnittebenen bezogenen Normal- und Schubspannungen ist fur das Versagen verantwortlich. Die
Gestaltdanderungsenergiehypothese, als ob keine drehende Hauptspannungen (keine Phasenverschiebung)
vorliegen wiirden, anwenden; dabei Vorzeichen (Druck oder Zug) beachten.

* Duktile Werkstoffe (As etwa > 15%) reagieren auf drehende Hauptspannungsrichtungen mit einer Verkirzung
der Lebensdauer. Fir das Versagen sind Uber verschiedene Schnittebenen interaktiv wirkende Schub- und
Normalspannungen verantwortlich. Die Gestaltdnderungsenergiehypothese, als ob keine drehende
Hauptspannungen (keine Phasenverschiebung) vorliegen wirden, anwenden; dabei Vorzeichen (Druck oder Zug)
beachten. Allerdings die sich ergebende Vergleichsspannung pauschal um 20% erhéhen, um dem schadigenden
EinfluB der drehenden Hauptspannungen auf die Lebensdauer Rechnung zu tragen.

« Die Grenzen von Hypothesen sind nur durch Einbeziehung von Labor- und Felderfahrungen feststellbar und so in
die Berechnung einzubeziehen.
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12 Channel Road Simulator at LBF and Numerical MBS Model

DIA8074e

Design life: 300.000 km
Spectrum occurance: P,= 1%
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27-Kanal Ganzfahrzeugprifstand

© IterationsgroBen
sind Radlasten &
lokale Messstellen

® Lokale Messstellen
zur Sicherstellung des
gleichen Lastflusses
im Prufstand und
Strecke

® Lokale Messstellen
zur Bewertung der
Simulationsgute

® Lokale Messstellen
kalibriert in kN oder
in kritischen
Bereichen in MPa

?
Z Fraunhofer
LBF




Vorlesung bei der EPFL, Lausanne, 9. September 2015

Thanks for the kind invitation
and for your kind attention!
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