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ETH Option #3: Damage Indicator Approach

Chose stress-state dependent fracture criterion such as Cockcroft &
Latham (1968), Johnson & Cook (1985), Bai & Wierzbicki (2010), etc

SR #F = 517.01

QFHC COPPIR (0 @®) 7
Ef- .50 + 4.50 pxp3- B @

g 4340 STEEL (mmm) L dg
B 4 e+ et 20 D = j P —
- (TORS IGN DATA IGNORED | } = Pr
£ g [n,0]
2 st RMGO_(RON (44,
A i AAA
.g e 20+ 40 exp'-‘uo::
A D=0 (initial)
e D=1 (fracture)

TORS [ON DATA IGNORED
!_ FOR 4340 STEEL
1 1 I

1 1 1 1
-2 0 .2 4 .b .8 10 12 1.4

Stress triaxiality
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ETH Localization Analysis

@ @ NE) @ . ® - ® @
initial A growth & X primary A growth & A secondary i nucleation X  final
porosity Y nucleation flocalization & nucleation Hflocalization ff & growth f fracture
° o [ 0 o o] o
0 0 ) 0 0 0 [o] 0 0 o] 0 0 o 0 0 ) 0 0
° o 0 ol]o 0 0 0
o 0 0 0 0 0 0
dgp 0 o o 0 ° ° ° 5 o
D= . 0 0 0 0 0 0
° ° o ° 0 0 00006010 00000 [0 00060] o 0005,
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° 00 00 00 00 0° 00
o o o o 0o o 0o o 0o o o o
o ° 0 0 0 0 0 0
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. 0 0 0 o 0 0 0 0 0 o 0
0 RVE , 0 0 0 2

Macroscopic Localization Analysis Coalescence Analysis

* Using Phenomenological porous plasticity
—> Nahshon & Hutchinson (2008)

* Using Homogenization based porous plasticity
- Danas & Ponte Castaneda (2012)

i * |Single void unit cell analysis
i e Unit cell with random void distribution

- Tvergaard, Pardoen, Needleman,
Faleskog, Hopperstad & others
9
* Analytical criteria
- e.g. Leblond, Benzerga & others

- ongoing




ETH  Definition: Lode angle parameter

S

* Lode number (Lode, 1926)

OA-m
U= 20, —0, — 0y,
O, =0y,
* Lode angle parameter P
5
— 2
@ =1——arccos(&) = —u
T

=0

oceneralized shear

axisymmetric tension

O, Oy O O,
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ETH

Lode angle parameter 6 [-]

Stress State Map: Unit Cell Analysis

Dunand & Mohr (2014)
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ETH Unit Cell Model

[Dunand and Mohr, JMPS 2014]

 Matrix material: von Mises with isotropic
... hardening
R I * |nitial defect volume fraction: 1.2%
i !

Z5¢C)
S5er]

* Periodic boundary conditions

S0

AN YO W ¥

e e

_._.u-m-".-

o e e e

* Macroscopic stress triaxiality and Lode
parameter kept constant throughout loading

T

=

SN ALY

ALY S SN S8 SN NN Y

==
= = e i
S o s s o W

Kinematic criterion to detect localization

F Deformation gradient of the

F
cell £ = ”o” > 1
F° Deformation gradient F |
outside band of localization Needleman & Tvergaard (1992)
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ETH Micromechanical Localization Analysis
[Dunand and Mohr, JMPS 2014]

Stresses on
Plane of Localization

Unit Cell with
Central Void
1.2 I I I 800 ] | | T
' Linear Mohr-Coulomb
1 ) = N~ . .
approximation
< 600 7]
o ) o
= 0.8 \ S
S 2
0.6 y 0 400 -
B B
=2 ©
$ 0.4 . - $
e 0 2001 .
0.2+ = T
n=0.20304,05,086,0.7,0.8, 1
0 | | | O | | | |
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Lode angle parameter [-] Normal stress [MPa]
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ETH Hosford-Coulomb model

[Mohr and Marcadet, 1JSS 2015]

Coordinate Isotropic
transformation — hardening law
N c =h(0,n) g
Haigh-Westergaard
Principal stress space {n,0,5} Mixed strain-stress
space{o,,0y,0y} space {17,0,&,}
— — Fracture
Hosford- | _ +c[o, +a,,] = b &y = f(n,0) initiation
Coulomb | 9Hf I = criterion
1000} d

0 2.

g ..... 77

F 15- S

5

a0 1

£

© 0.5~ & ,
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21000 0 1000
first in-plane stress
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ETH Comparison with Johnson-Cook Failure Model

Plane stress

0.3
v Hosford-Coulomb
=
= 0.2}
{c
—
]
]
< 0.4t Johnson-Cook
=
¥

VAL J . |
Hosford-Coulomb 0% 0.33 0.66 Johnson-Cook
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ETH

Important Points for Experimental

Characterization
d 1t
2 e ] = ] T
4
: "
033 0.7 T
.,é\\’ﬁ\\ < ->
: A
L B
Ode Parames x@ 0 S\
er 0 0.33 0.66
Stress triaxiality
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ETH Experiments with Proportional Loading Paths

In-plane shear l T «— N
0.3r -

Mini-punch

0.2F

0.1} !
0 \ L\J ) Jl

0 0.33 0.66
Stress triaxiality

.\thr MECAMAT Aussois 2019
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ETH | Plane strain tension:
<| |» Mini-Nakazima with Dihedral Punch

l [Grolleau et al., IJMS 2019]

l Mohr MECAMAT Aussois 2019



ETH | Plane strain tension:

<| |» Mini-Nakazima with Dihedral Punch
l [Grolleau et al., IJMS 2019]

Effective Strain

0.3375

0.225

l Vileisls MECAMAT Aussois 2019 14.



ETH Equi-biaxial tension: mini-punch test

[Roth & Mohr, 1JP 2016]

D. Mohr MECAMAT Aussois 2019 =



ETH Enhanced Peirs Specimen |||||-

[Roth & Mohr, 1JMS 2018]

25 * Optimal geometry depends on material ductility!

Low Medium High
ductility ductility ductility

11
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Effects of Strain Rate and Temperature
on Ductile Fracture

D. Mohr

MECAMAT Aussois 2019
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ETH SHB Tension experiments
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Strain to fracture increases
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Joint work with Prof. P. Forquin & G. Gary
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ETH Rate-dependent Fracture Model

Roth and Mohr (1JP, 2014)

‘ Main assumption: strain to fracture increases with strain rate

e Basis: Hosford-Coulomb Model

—
— (@]]
| J

o
a
!

) a
Eiro =|1+yIN |8 g

o Equivalent Plastic Strain [-]

80
b Plane:Stress e
g 1

O So
;"ov
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ETH (onfirmation for Material #1 (TRIP780)

Roth and Mohr (1JP, 2014)

NT6I - fast
1 5
12¢ -
-
_ 10 | E DB'
=z w
X, O
3 7| z08
§ 5l 9_1 / fast
[
© o 0.4 int.
é 4“ ©
= slow
T 0.2t
L
2 . Exp l X
0 0.5 1 15 2 10°10%10™ 10° 10" 10% 10° 10" 10°
Displacement [mm] Strain Rate [1/s]
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ETH  Confirmation for Material #2 (DP980)

Erice, Roth and Mohr (MOM, 2017)

12 T T T I I 1 .2
10 1 1.0¢1
8 1 0.8
Z
3
Q 6 1 w067
(S
L
4 . 04+
5 Fast [+2 kN offset | 02|
Intemediate |+1 kN offset '
Quasi-static| 0 kN offset
¢ : ; 0.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Displacement [mm]
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ETH confirmation for Material #3 (CP1180)

Erice, Roth and Mohr (MOM, 2017)

12 . . . 1.2
10 1 1.0
8 . 1 038
z
=
8 5] ] . Ljn‘ 0.6
S
L
4 x . 0.4
|
2 Fast [+2 kN offset 0.2
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0 d ' ' | 0.0
0.0 0.2 0.4 0.6 0.8 10-3 100 103 105
Displacement [mm] Epll/s]
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ETH (Confirmation for Material #4 (Mars300)

Fras, Roth and Mohr (lJIE, 2018)

1 —— 0.4 0.5
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ETH Effoct of loading rate on fracture strain

200um
16 Simple shear: : Biaxial tension:
' ductility decreases i ductility increases 3
14 with strain rate : with strain rate ?
1.2 : i
) | fast | €
1 T\\/ ! int | £
'g . slow
g 0.8 - i g
S !
o 0.6 - :
O :
L ! .
0.4 | Hypothesis:
| Temperature softening
0.2 - | effect overwrites increase
0 il | in ductility due to high
0 0.33 0.66 Strainrate for shear

Stress Triaxiality
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Experimental setup

—

air cooling

@

@ water-cooled Pyrometer (induction control)
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. high speed camera
(DIC strains)

4

1024x1024 @ 2kHz
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ETH Tensile Testing at Elevated Temperatures

Slow @ 6.6 um/s
(universal testing machine with
induction heating)

Fast @ 3.4m/s
(Hopkinson bar with
induction heating)

200 3 o 3 25°C
= o 2sl = 25
i ~l 60°C ~l * 60°C
O . 1 L
O E 2_ 120°C E 2_ 2 e |
. <= N = | =) 120°c
N\ ( o 1.5¢ o 1.5¢ 1
= NQ p S I S I
- &? 1} 14
OO0 Curves shifted by 0.2kN for readability Curves shifted by 0.2kN for readability
\ 0.5 Experiment 0.5 Experiment |
- * Simulation + Simulation
© O o? : - : : : 0 : : :
0 05 1 15 2 25 0 0.5 1 1.5
Displacement [mm] Displacement [mm]
* Non-monotonic effect of temperature on displacement to fracture
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ETH Quasi-static Experiments from 20 to 300°C
Li, Roth and Mohr (2019)

14
12 /:N |
/ Non-monotonic temperature
1077 | response on plasticity!
< 8
L
Q o
5 6/ —20C |
= —60°C
4{ —120°C 1
| —180°C
2 240°C 1
DP780 300°C
0' L L L L

0 0.5 1 1.5 2 2.5
Displacement [mm]

|$ New plasticity model needed to calculate local fields in fracture specimens!

D. Mohr MECAMAT Aussois 2019 2



ETH

Machine-Learning Based

Johnson-Cook Plasticity Model

Li, Roth and Mohr (2019)

* Johnson-Cook plasticity:

0y = ky[5] X ka[E] X ks[T)

* New approach:

oy =|ka[5]|X knn [, &, T]
Scaling factor for

temperature and
strain rate

Mixed Swift-Voce
strain hardening

Neural Network

Central Idea:

strain rate and temperature

Introduce a neural network function to describe the effects of

D. Mohr

MECAMAT Aussois 2019
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ETH Structure of Neural Network

Li, Roth and Mohr (2019)

oy = ki|&p| X|knn [, &p, T]
 kyn [e_p, Ep, T] feedforward network with 10:10:10 structure

Input Layer Hidden Layers Output Layer

Implemented into user subroutine for Abaqus/Explicit

MECAMAT Aussois 2019



ETH

Performance of Trained Model
Li, Roth and Mohr (2019)

* Training data for loading @ room temperature (three experiments)
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D. Mohr
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ETH Performance of Trained Model

Li, Roth and Mohr (2019)

* Training data for quasi-static loading @ ~10-3/s (six experiments)

14 Excellent agreement ' 1.8 Excellent agreement
20°C .
12l 16} * Experiment
i — Simulation
120°C 1.4}
o 180°cl =,,|
= " 240°C 5
< 8ri o | = 1
= 300°C o
O — °
° o8 300°C|
= Y 240°C
(@) 06 o]
4K - — 180 C
0.4 120°C
2 e Experiment -
- SlmU|at|0n 02 zooC l
0™+ : ; ' ’ ' 0 : ; ' ' '
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 25
Disp [mm] Displacement [mm]
[ Curves shifted by -1.5kN for visibility ] [ Curves shifted by 0.2 for visibility ]
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ETH Validation of Trained Model

Li, Roth and Mohr (2019)

* Training data for loading @ room temperature (three NT6 experiments)

16 ———————————| 800d agreement |_ 1.2 ————————— g00d agreement |_
; FAST, shifted +0.4
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ETH Loading Paths to Fracture

for quasi-static experiments on DP780 steel
Li, Roth and Mohr (2019)
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* Non-monotonic effect of temperature on fracture strain!
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ETH Outlook

Jordan, Gorji and Mohr (2019)

» Application to other materials (e.g. polypropylene)
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more than 100 experiments for
different temperatures and
strain rates
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Machine-learning identified model
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... but we need “big data

’//

/
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Summary

Demonstrated non-monotonic effect of the
temperature on the plasticity of dual phase steel

Proposed a Neural-Network based
temperature/strain rate term as a substitute of
the classical Johnson-Cook term

Implemented the model into material user
subroutine of Abaqus/explicit, trained & validated
the model

Observed non-monotonic effect of the
temperature on the fracture strain at RT

D. Mohr
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