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Material modelling for mechanical joining of sheet metal

materials: dual-phase steel HCT590X; aluminium alloy EN AW-6014

locally severe plastic deformations (acc. plastic strains > 2) .ne eta. 2001/2002:
— finite plasticity in the logarithmic strain space (“In-space”) JFetal, 2022 (JSS)
modelling of process-induced damage: “damage is not failure”  Tekkayaetal, 2020
— phenomenological ductile continuum damage model

fully coupled plasticity-damage

— damage localisation

— regularisation with gradient-enhancement to ensure mesh-independence

— transfer to LS-Dyna using weakly staggered thermomechanical coupling

gradient- | numerical numerical state and
@ enhancement Implementatlon examples | challenges

ductlle damage

road map

Source code for logarithmic strain space available at: https://github.com/jfriedlein/Logarithmic_Strain_Space-Fortran
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https://github.com/jfriedlein/Logarithmic_Strain-Space_Fortran

\ Damage modelling

Damage and degradation
< damage variable

dmg fnc f(d)

d = [0...00)
< damage function A
. damage d
; 1 — nd, if f; > 0.01 [ )
i = 1—0.01—n;d — 11...0.001
0.001 + (0.01 = 0.001) exp (2% ) else
Ductile damage g 2 | |
= 1.5 oo _ HPE _Eieﬂt
ductile damage driven by plasticity: d'°¢(HP2) S 1 e
with undamaged acc. plastic strain 5 0.5

. 0 |
JIP-acc \/g;ypd > () 0 0.5 1 1.5

undmg. acc. plastic strain HP-a<
nonlinear damage accumulation:

15-

fpace _ P M el,): Plastic strain B
dloc — p P o init: damage initation =
“fail — Cinit fail: failure D R
“truly” local damage nq: damage exponent e SRR

Modified Mohr-Coulomb failure surface
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-\ Coupling elasticity, plasticity and damage

plasticity

plasticity <

stress:
Tlow = fp(d)Uflow < Oflow
plastic strain tensor:

. pd .
H™ = 4P = F°

plastic hardening variable:

stress

______ elasticity material degradation
........... A ) | | | | .
| —— Bulk modulus
’ 2 [ - - = Shear modulus ||
8,
> U g
v
> d am ag e damage d
concept of effective stress
50
— current stress .
40 - - = current yield stress \IIeIaStlc
lastic __ elastic
30| gP = |\ +
0 locPD _ . « pelastic +
10
00 0.5 i 1.5 2 25 3

& = fo(d)iP

strain 1072
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L -\ Regularisation and Gradient-enhancement

# Why regularisation?

. Local damage models
# mathematically ill-posed
« mesh-dependent (mesh size/orientation/...)

< Why gradient-enhancement?

< more efficient than non-local integral model
« more flexible than viscous regularisation

« Gradient-enhancement of free energy

U = U°°(H, HP, o, d) + ¥"°°(d, d)
with Wo¢ — ¢/2(|V x d|% + B/2 [d — d]

@ o Al

penalty parameter

< Partial Differential Equations (PDES)

PDE
balance of linear momentum: / o \

VX ' [F . S] =0 local variable

regularisation
regularisation \\k*///
3 Seupel et al., 2018 i

material model

Vx - [eVxd] —B[d—d] =0 Ostwald et al., 2019

What variable to regularise? Many more options. Interested? Just ask.

non-local damage variable
local damage variable Kiefer et al. 2018:
regularisation parameter Langenfeld&Mosler 2019;

Zhang&Lorentz&Besson 2018

Nahrmann&Matzenmiller, 2021
Niazi et al., 2013

Dimitrijevic&Hackl 2011;

Brepols et al. 2020

non-local variable

Friedlein et al. (PAMM21)
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£ weakly staggered thermomechanical coupling | l ruly”
imit local damage

< delayed non-local variable d,, localisation | |
« explicit time integration — directly applicable Nahrmannematzenmitier, 2021 /\

< implicit time integration — step size dependency j @ZQ?
d

£ mimic change of non-local variable dp, = d,,/d'° - d'°C, ARG

spread damage

umat4x Friedlein et al., 2021 (PAMM)

thumatlx UMAT with ITHERM=1
thermal solver d°° « local damage model

hsvm(d!,?c) W|th source term temp( n) KNL — an/dl,?c Non-local integral model: hSV(dIOC )
—p

Tvergaard&Needleman, n+1
i = and IHVE=1 — oo 199!

dnet = KNL - d2%  Andrade etal, 2011
2 P P loc| __ = =
FAxdn — [dn —dp, ] =0 dne1 = max(max( d, , dn ), dns1)
~~ =
d>0 spread
f(dny1) — material behaviour

=Y

IHVE=1: map mechanical history

Code soon available at: https://github.com/jfriedlein/Gradient-enhancement _thermomech weaklyStaggered Fortran LS-Dyna
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« thermal step ideally done after/before each mechanical step
« PDE for regularisation
Faﬂ%—ﬁﬁ—d?yzo
£ linear — single Newton-Raphson iteration d, = M~! . Ry
— gradient-enhancement by post-processing scheme

umat4x
UMAT

d, «+ local damage model

post-processing

K oo o least square
NL = dn/dy, hsv(dr1) minimisation

= En+1 — KNL . dl’?f'l — -
dn+1 - max(max( dn ) an )aan+1) d'” =M - Ry
~ ~~
d>0 spread \_ . )
f(dns1) — material behaviour implicit/explicit

hsv(d,,)

TRR285 Efficient Gradient-Enhancement of Ductile Damage for Implicit Time Integration J. Friedlein 7



]
4“ \ Numerical implementation II1

&

< Implementation

< nonlinear damage evolution using midpoint rule

« quadratic accuracy
« suitable for implicit time integration with larger steps
<% exact for damage exponent ng = 2 with constant damage parameters

loc __ nd p,acc p,acc p 1ma—1 p,acc
Ad - p p ng [Hn + 0'5AH - 6~|r"‘ti| AH (a) |damage initiation surface € |
[t — Einit |
with HP3¢¢: undmg. acc. plastic strain

el .. plastic strain at damage initation

plane stress

/

eq. plast. strain [-]

eb.: plastic strain at failure
nq. damage exponent, e.g. =2

G5

eq. plast. strain [-]

' (o)
< tensor-based— tensor toolbox for Fortran (ttb) \//\\

)
ralne,er[/ 1

« modular implementation

Nahrmann&Matzenmiller, 2021

Tensor Toolbox for Fortran

— G itH u b- u Se r: jfrl ed |e I n https://adtzlr.github.io/ttb/
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Seupel et al., 2018

coarse mesh

2
Wmmasioy 1 d%= [Hp’acc [ 0'01] ot
0.4 —0.01

steel HCT590X Friedlein et al., 2021 (IDDRG21)
(identified from tensile tests)

gradient-damage

fine mesh

comparison of local plasticity-damage and plasticity — gradient-damage on plane strain example
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Modified punch test |
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Punch geometries

lFPunch

d)

Linear ball
bearing

Die geometries

_—

Base plate

(+0.69s t+1.18s
Bohnke et al. 2022 (NUMISHEET22

experimental setup of the modified punch test
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aluminium EN AW-6014 T4: sheet thickness 2 mm

numerical setup of the modified punch test with a prismatic round punch
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\ Modified punch test Ili|

punch force F in kN

pure plasticity

— pure plasticity
3 —— local P-D
— P-GD [ =0.1mm
9L —o—P-GD/ =0.2mm
—4—P-GD[=1mm
b g— = X [ time step sizes

05 2 4 6 8 10 12 14 16 18 20 22 24
timetins

d
I 1.0

‘ 05 |
l,

local P-D

plasticity — gradient-damage { = 0.1 mm

numerical results for the modified punch test with a prismatic round punch
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‘4‘ State and challenges:
Gradient-enhancement of ductile damage
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Solution strategy
£ monolithic
« fully coupled
£ accurate
< unlimited time steps
& unsym. stiffness
# usu. need for UEL

Kiefer et al. 2018
Brepols et al. 2020

« weakly staggered
% approximate
« limited time steps
« efficient
« flexible
£ existing solvers
« existing ELFORMs
— possibility for
post-processing scheme
freeing thermal solver

Mesh

< regularisation
requires fine mesh

£ calls for mesh
adaptivity

< regularisation copes

well with changing
mesh size

£ gradient-
enhancement can
improve damage
history transfer by
inverse mapping
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Parameter identification
< internal length

.

<4 how to separate effects?
« challenging couplings
«% damage affects plasticity
«% damage affects stress state
«% gradient-damage affects
local damage evolution
< how to use existing strategies
without inverse FEM?
« reqularisation of
alternative variables

Friedlein et al. (submitted), Gradient-damage
vs gradient-plasticity for ductile damage.

force&strain vs time

strain along path
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Thank you for your attention!
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