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M MAGNA

Fatigue Analysis in Adhesive Joints
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Way to Assessment of Bonded Joints M MAGNA

1. Analysis Concept & Strength Data

Master S-N curve:

Validation S-N curves:

FOSTA [1][2] [3] [4]

3. Calibration (+ Method Improvement, if nec.)
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Analysis Concept & Strength Data




Master S-N Curve Generation: M MAGNA

FE Modelling Guideline: T o D 3 Stripes,
L2 TS o T 2 Coats,
Influence Factors: = ra =7 hexa8

f

RBE3-hexa-RBE3

Stress Gradient
 Endurance Limit

Mean Stress

50.00

« Endurance Limit Sope o T
. . Cycle I;imit: . 2.0E6
b S|Ope/ CyCIe lelt Ts (10%/ S0%X 145 ¢ Tube specimen tension
Tube specimen torsion
Stress Rearrangement ~ o ¢ Tube specimen combined

e Mean

- Overlap joint P653 12,5mm
* Overlap joint P796 17,6mm
e P2P653

Master SN curve Ps=50%
& - - - - ~=---Master SN curve Ps=10%
= = Master SN curve Ps=90%

Analysis Parameters: @

Local stress amplitude o, [MPa]
(normal stress in crit. cutting plane)

MINER Elementary
Normal Stress in Critical Plane

100 1000 10000 100000 1000000 10000000
Cycle limit N

.........
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Middle Plane Assessment

M MAGNA

Reduction of high coupling sensitivity through assessment of middle plane

F

ZN307 [1]
SPC
SPC F, = 2,445kN Py =50%
i Npupture = 30631 R =0.1
Middle plane analysed separately: no
PLAST: Mean
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Validation

May 2021 / ECS, St. Valentin AT / M. Frank



Validation: Betamate 1496V

Examples A MAGNA

Tensile-shear specimen ZN307: P2, BM1496V, R =0.1, f = 7Hz
— —Rupture: Test [1]
== Crack: FF21M-BM

*

1139
Z
w
\
\
\
991 3
1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1E+08
N[-]
L specimen 18107N: Shear dominated, BM1496V, R = 0.1, f = 10Hz
F — —Rupture: Test [2]
2 =—Crack: FF21M-BM
1.860
g
S Fa[kN] Fa [KN]
- , 1.86 0.09
H 1.17 0.05
— \
- 1.170 A
F1 1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1E+08
N[-]
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Tensile-shear specimen ZN307: 1_o =12.5mm, BM1496V, R=0.1, f = 7Hz

A
*

— —Rupture: Test [1]
—Crack: FF21M-BM

2.445 A
z
=3
.
1.712
1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1E+08 *
N [-]
PS = 50%
Damper Dome ZN307: BM1496V, R = 0.5, f= 10Hz
Crack: Test [1]
5 — —Rupture: Test [1]
= Crack: FF21M-BM
Crack: Test [1]
= = Rupture: Test [1]
= A8
. o Rupture: Test (N>2e6) [1]
R =05 \!
26 N g

1E+03 1E+04 1E+05 1E+06 1E+07 1E+08 1E+09 1E+10
N[

1E+00 1E+01 1E+02



Correlation for Stress Concentrations




Correlation for Stress Concentrations

M MAGNA

T-joint, R=0.1, longitudinal loading

al
o

A}

local sress amplitude o, [MPa]
(Normal stress in critical plane)

(&l

Stress concentration

=
>16.6186
O- 1 14.88)

13.1413

e
s *\\\\‘/w/ >8.18583

0)

7.18771

6.18959

E, = 100N

>5.36144

4.5175

3.67355

100 1000 10000 100000 1000000 10000000
Cycle Number N .
Rupture in test
T-joint, R=0.1, perpendicular loading —— FEMFAT result
PS = 50%
52
=3 s0
g
o E
B o
=c
5§
7]
0n un
£
5 E
5
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Cycle Number N

— New MP1 specimen tests
— New assessment approach?
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M MAGNA

Failure for Stress Concentrations
... by tests on MP1 specimen
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Test MP1 Specimen: Crack Propagation A MAGNA

SikaPower 493 Cohesive Fatigue Failure

Force perpendicular
R=0 spc

N = 5010 N = 9960

N = 15090 | N = 19900 |
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Test MP1 Specimen: Failure Criterion A MAGNA

Crack Initiation:
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Test MP1 Specimen:

S-N Curves

M MAGNA
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Force Amplitude F,

, Force perpendicular, R =0

.+ Crack Initiation
---- Crack Initiation

s Zone .

- —— Zone

x  Rupture

Rupture

MP1 Specimen
SikaPower 493

Small Bead
F perpend., R =10

________________

103 10* 10°
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M MAGNA

New Method for Adhesive Assessment
... against Zone Failure
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New Method for Adhesive Assessment

Determination of Equivalent Length [, from Intersection
Area A and of Virtual Cracked Zones

— Result of Interest: Degree of Utilization ay,

Middle plane analysed separately: yes

PLAST: Mean
Dma.r:: 10.0
i N (12 5
! ® - |10 *
T 0.8
* middle plane

1 0.6

Critical Length [,,.,;; calibrated
by Zone S-N curves:

= A
v' Method implemented in Standalone Tool S o
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Validation: SikaPower 493

Examples A MAGNA

* Tensile-shear specimen ZN307: P2, BM1496V, R = 0.1, f = 7Hz
— —Rupture: Test [1]
= Crack: FF21M-SP
1139 Zone: FF21M-SP
z
w
991

1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1E+08
N [-]

L specimen 18107N: Shear dominated, BM1496V, R = 0.1, f = 10Hz
— —Rupture: Test [2]

2 ——Crack: FF21M-SP
1.860 \
\ Zone: FF21M-SP
\
= \
= \
= Fa[kN] Fay [kN] \
- kY 1.86 0.09 %
117 0.05 \
— \
- 1.170 A
F1 1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1E+08

N[-]
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Tensile-shear specimen ZN307: |_o =12.5mm, BM1496V, R=0.1, f = 7Hz *

— —Rupture: Test [1]

——Crack: FF21M-5P *

2.445
Zone: FF21M-5SP

F [kN]

1.712

1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1E+08
N[-]
Ps =50%
Damper Dome ZN307: BM1496V, R=0.5, f = 10Hz
Crack: Test [1]
— —Rupture: Test [1]
= Crack: FF21M-SP
Zone: FF21M-SP
Crack: Test [1]
= Rupture: Test [1]
o Rupture: Test (N>2e6) [1]

5 Wk

F [kN]

1E+00 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1E+07 1E+08 1E+09 1E+10
N []



M MAGNA

Case Study — Vehicle Body
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Case Study — Vehicle Body M MAGNA

FE Model

FE Analysis

Fatigue Analysis |FEMFAT —— ;f .

Damage Assessment
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Fatigue Analysis




IE=EY1ZN1 - Minimum Input & Analysis Run

M MAGNA

Groups:

Node Characteristics:

Manage Groups Group Selection

|9 - Adh_ELE(MOD.)

|9-Adn_ELEMOD.) |

9 - Adh_ELE(MOD.)

10 - Bahn_Adh_ELE
11-Bahn_Adh_GRI_all

12 - Bahn_Adh_GRI_mid(MOD.)

21 - BU1496Y_Adh_GRI_all

22 - BU1496Y_Adh_GRI_mid(M!
30 - SiPo495_Adh_ELE

31 - 5iPo498_Adh_GRI_all

32 - SiPo498_Adh_GRI_mid(MC

Analysis Parameters:

Analysis Target

Surface Roughness:

Technological Size at 3D Nodes: 7.500| [mm]
Range of Dispersion {(10% to 90%): 1.260

Assign Mode Material/Characteristics
120 - BM1496V_Adh_ELE Material:

[1- sikaPower 493 ~|

[Defautt (= 1um) ~|

(® Damage MINER Modified
() Endurance Safety Factor R =const.

BREAK FEMFATS.0
(O Stress/Strain Comparison  STRAIN Comp
(Z) Degree of Multiaxiality

() Static Safety Factor

Global Parameters Analysis Filter Cutting Plane Parameters

Filter Type
J (0) Relative Stress Limit [%]
ZI (® Absolute Stress Limit [N/mm2]
Stress Filter Limit
[ Advanced

Cutting Plane/MNode Filter
(C) 2D-Stresses, Surface Nodes

Stress Selection

() 3D-Stresses, Surface Nodes

|Aut0matic

(® 3D-Stresses, All Nodes
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Add Nodes of
to Elements of
to create the Analysis Group

Add to
for separate analysis of the adhesives

Assign the available Material

to the Analysis Group

Select

Set to

Select
(for MAX only)



Damage Assessment




— Minimum Input & Analysis Run A MAGNA

GUI Mode: Batch Mode:

1. Select FE Entities:

B ClaRP 211 — O x
=H ©0o = Job File (*.crp):
FEEntities Fatigue Results Fracture Analysis Test Data
Version: ClaRP 21.1
FE-File | NASTRAN Bulk v| | .A1_femod\body_dblnad || Browse
# FE
FE File: ..\..\l femod\example.nas # file path
L # FF
2. Select Fatlgue Results FF File: ..\..\3 femfat\max\example.dma # file path
B ClaRP 211 — O *
== H @ ©o =
FE Entities Fatigue Results Fracture Analysis Test Data Run the _[Ob (*_bat’ *.que’ )
DMA-File | I-DEAS MS Universal v| [ A3femfatibody.dmd || Browse S
set CP=CALL "C:\path2\software\clarp\win\ClaRP.exe"
J I — o
%$CP% —--crp C:\path2\projects\projectl\jobl.crp
H %CP% --crp C:\path2\projects\project2\jobl.cr
3. Save H & Run = the job P Crpathprojects project ) e
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— Database (*.drp)

M MAGNA

Standard Database:

# Database : Adhesive Layer Assessment on FE-Structures
# Content : Critical Lengths of Virtual Cracked Zones
# Program : ClaRP

# Version 0 21.1

# Material Data

#

# Source : ECS - Test MPl specimen: Zone, EP1_k s0O, Mid M a3250_RO
# Last Modification : Mar 14 2021

Identifier : SP493

Critical Length : 2.12044

# Requirements for validity of Critical Length

# Material Data in FEMFAT Analysis ................ SikaPower493 FEMFAT54 ClaRP211.ffd
# Last Modification of ffd-File ................... Mar 14 2021

# Material Data : Betamate 1496V

#

# Source : ECS - Test MPl specimen: Zone, EP2_k s0, Mid M a3250_RO

If your Material is not included,
choose an available with similar
properties (before FE Analysis):

Long cohesive crack propagation
phase for grinded + degreased parts

Betamate 1496V

Small cohesive crack propagation
phase for grinded + degreased parts
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Results:

SikaPower 493

PS=50%

M MAGNA

Assessment result in the report file (*.rrp):

ANALY SIS REPORT

Virtual Cracked Zones Data

Virtual Cracked Zones Types

ci ... D>1at i corner nodes

Computation time: 14s

... combined types are possible

Program ClarP
Version 21.1
Date

Analysis Content

Notice
Comment

General Input Data

ClaRP Input
C:\FEMFAT\body\4

ClaRP Database

C:\FEMFAT\body\4 clarf

ClaRP Allocation Table
C:\FEMFAT\body\4 cl

FE Input
C:\FEMFAT\body\1 fer

FEMFAT Result
C:\FEMFAT\body\ 3

Status

Analysed Adhesive Layer Planes

Fatigue Analysis ..

Fracture Assessment .

Scaling
Report
Zones per Layer
Sorting ....
Number of Lead Cycles

Limits
Damage from Crack Ini

May 2021 / ECS, St. Valentin AT / M.

: Adhesive Layer Assessment on FE-Structures

larp\body.crp

Di Apr 13 16:31:22 2021

... based on Fatigue Analysis Results from FEMFAT

\body.drp

\body.drpa

i\body_dbl.nas

“\body.dma

....... Middle Plane
. Middle Plane
Linear

a1l
Deg.
1

. Utili.

tiation

1.0 [-]

ei ... D>1 at i edge nodes
mi ... D> 1 at i middle nodes
In Scope
Adh. ID Zone ID Zone Type Dmax Node ID(Dmax) Asse.
85 3 cz2e3 1.578E+04 4260471
117 3 c2e3 1.057E+04 4363734
2 1 c2e2 2.378E+02 4398927
121 1 c2e2 4.228E+02 4474239
86 1 c2e2 2.752E+01 5477385
12 1 c2e3 4.935E+03 5572658
42 1 c2e3 3.153E+03 5570711
89 3 c2e2 2.231E+02 4328595
118 1 c2e2 8.232E+01 4435071
40 1 c2e2 1.911E+01 5616679
1le 1 c2e2 1.083E+01 4356714
33 1 c2e2 1.967E+01 5643278
7 1 c2eb 4.102E+02 5641541
46 1 c2eb 1.902E+02 5643488
15 3 clez 3.098E+02 4329963
49 1 c2e2 4.111E+01 5570918
124 3 c2e2 7.393E+02 4388406
50 5 cle2 3.005E+01 4440378
45 2 cled 7.585E+01 5643932
3 1 c2et 9.527E+01 5642828
50 3 ed 1.598E+02 4440198
)\ -
- ) I
gy ) / IIII
,~~’ﬂ,‘ 3 a 1
- . 7 . .
= Ty ﬁ%t - G = =
- . e 7

Mat.
SP493
5P493
SP493
S5P493
SP493
SP493
5P493
SP493
5P493
SP493
SP493
5P493
SP493
SP493
SP493
SP493
5P493
SP493
SP493
SP493
SP493

Equiv. Len.
.53003E+00
.51498E+00
.33234E+00
.22838E+00
.21192E+00
.14312E+00
.13976E+00
L01723E+00
.90110E+00
.89957E+00
. T7T718E+00
. 76410E+00
. 75993E+00
.42202E+00
.36398E+00
.36396E+00
.35127E+00
.26355E+00
.18922E+00
.18041E+00
.05837E+00

NNRNRNMNRONNRONRONRDWWWWWWwW

Utili.

Deg.

1.66476E+00
1.65767E+0Q0
1.57153E+00
1.52250E+00
1.51474E+00
1.48229E+00
1.48071E+0Q0
1.42293E+00
1.36816E+00
1.36744E+00
1.
1
1
1
1
1
1
1
1
1
9

30972E+00

.30355E+00
.30159E+00
L 142228400
.11485E+00
.11484E+00
.10886E+00
.06749E+00
.03244E+00
.02828E+00
.70725E-01

ClaRP Res.

OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK

20 critical Zones

with Ay >1




Results:

SikaPower 493

PS=50%

M MAGNA

z e L st00z seasa seazsza1
z 5 7.suEe0 P smaca
1 et LomsEac saz1z0 sesea
: e sessa
a2 seasa
: o smaca
3 = sesea
L clel sessa
L clel seasa
L clel smaca
1 o1 sesea
L clel sessa
L clel seasa
: =1 smaca
1 clez sesea
L clel sessa
L clel seasa
L clel smaca
1 clel sesea
L clel sessa
clel seasa
f clel smaca
1 e sesea
L = sessa
L clel seasa
z oL smaca
3 = sesea
L clel sessa
z clel seasa
f clel smaca
1 e sesea
L e sessa
L e SeeE2  L.ZLLSTEHO0
26 L = SmE2  1.20854Ee00
st 1 = seesa 1
100 L e Seesa  1.1SSSIEHD0
e L e seee2 LSEETEMOD
1008 1 = SmE2 1185042400
12t 3 e seesa 1.1sEznEene
7z L e seesa 1.1sEasEenn
1 L e seee2  1.mSalEs00
2 L = SmiE2 1181702400
E L e sesa 11781400
= L e seer  La7ERlEen
100 L e Sees2 117008400
a 1 = SmiEy  1.1EReamens
uz z e Seesa  1.16S02E+00
o L e seer  l.agEssEen
ur L e seasa
N L = smaca
1 L e sessa
o L e seasa
100 L e seasa
26 L oL smaca
s L clel sessa 5_gas552-01
7% L o seasa 5.427ER-01
1 L e seasa
o z = smaca
& L e sessa
s L e seasa
= e seasa
a : = smaca
s z e sessa
s6 L e seasa
6 z e seasa
1o f = smaca
1 L e sessa
z e seasa
L e seasa
z = smaca
z e sessa
L e seasa
L e seasa
1 = smaca
z e sessa
z e seasa
7 L e seasa
. 1 = smaca
ez z = sessa
a7 L o seasa
[ @ e seasa
Y 1 = smaca
1005 L e sessa
108 L el e sesesen seaea zessz-0l
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1310 Adhesives in BIW

180 Virtual Crack Zones (VCZ) at
133 Adhesives with D, > 1

VCZ (Region) —, .

. Adhesive

20 critical VCZ with ay > 1




Detailed Investigation




Detailed Investigation: SikaPower 493 Ps =50% Msmacna

— Visualization:

Unit Grid Plot: Geometry Plot:

vad amplitude: - Load anmplitude: -
Stress ratio: - ADIH#114 Stress ratio: - ADH#114
.. . - Freque SiPo498 Frequency: - SiPa408
FE Entities Fatigue Results Fracture Analysis  Test Data l\';:ﬂ; oad cycles to failure: 1 ’ Number of load cycles to failure: 1 |
Failure criterium: Zone Failure criterium: Zone
A Damage limit for crack initiation: 1.0 Damage limit for crack initiation: 1.0
Scope  Damage Assessment Visualization Output Report Middle plane analysed separately: yes Middle plane analysed separately: yes
PLAST: Mean PLAST: Mean
. e 1 Dyat 15,15 ay: 0.885 0771
Adhesive Layers 1| List v| |114 1 ® 16 5
1 1 4 =
12
« middle plane D:471 o
Scope Damage Assessment Visualization Qutput Report i
1 Unit Grid Plot H “
DMA: body.dma DMA: body.dma
Geometry Plot NAS: body_dbl.nas NAS: body_dbl.nas
. HyperView: S
_— u p u . === 3 D 4355103 D 4223 ID: 4223253
: Load model and results: 1 D:2.1053
H -
1 1
. - i H v Load model 4 IE:\FEMFAT\bod 41 _femodibody_dbl.nas 1
FE Entities Fatigue Results Fracture Analysis  Test Data ! 22 L WAl v 1
1
S 3 ¥ Load results o IE:\FEMFAT\bod ha_clarphbody. uny 1
Scope  Damage Assessment  Visualization Output Report H . WAS_clarpibad, ]
e e e e e o o 3
. 1 1
Adhesive Layers 1| All - :
[l .
1D: 4223367 1D: 4223559
. . 1D: 4223103 3 1 X
M Extended Entity Selection v 367375 a.V: 0885156 a.V:0.771382

Wigibility filter: Displayed ﬂ 1]

Select set: | ADHH14_SiPod98_2L35 o {j

[ADHHT4_5PodS8_2035_o 112123] {SETS_ID_POOL} *
[ADH#115_SiPod98_2L35_o {12124} {SETS_ID_POOL}
}
}

Scope Damage Assessment Visualization Output Report

Output-File I-DEAS M5 Universal v| | Browse

[ADH#116_SiPod98_2L35_o 12126} {SETS_ID_POOL}
[ADH#117_SiPod98_2L35_o 112126} {SETS_ID_FOOL}
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Conclusion
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Conclusion A MA

«  The new method for the assessment of adhesives calibrated by test results

— provides with the Degree of Utilization a;, a further result in addition to Damage D
— consider nodes with damage maxima and their neighboring nodes

— enables a clear comparison of highly damaged areas

— limits the number of critical cracked zones significantly

« The assessment of adhesives by the new Standalone Tool

— Is applied to damage results in a post-processing step

— is directly applicable to complex structures

— requires low computational effort

— enables the visualization for detailed investigation

— be executed in Batch Mode and thus automated

— can be used to locate critical adhesive layers for sub-model analyses
— uses an open Universal format for the input of node-based results

— uses an open database, that can be extended

« The focus is now on gaining experience & the improvement of usability
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