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Motivation

http://www.virtualexplorer.com.au/special/meansvolume/contribs/jessell/labs/02a.m
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Crystal Plasticity is always
a multi-scale problem |
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Motivation

simulation requirements

arbitrary mechanical
boundary value
problems

continuum mechanics

accounting for crystal
plasticity

Crystal Plasticity
Finite Elemente Method
(CPFEM)

Or
Crystal Plasticity
Spectral Method
(CPFFT)
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solver for
* equilibrium
* compatibility

CPFEM/CPRFT strategy
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deformation
partitioning

&
homogenization

material point model

-

F crystallite

elasto-plasticity
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constitutive law
* elasticity
* plasticity




The snectral solver

A little history

>
>
>
>
>

Use spectral method instead of FEM
Solution based on FFT
Much faster than FEM
Small strain framework

Elastic material law

Extended to viscoplastic materials

Large strain formulation

Coupled with DAMASK
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Spectral method

Static equilibrium:; Material law:
div(e) =0 o=Ce¢
Split strain:
E=¢&+E&

Introduce refeience medium:
Stiffness C

:> m+1 — T % o.m @ m+1 m . j;'—l(f: a\.m)

I _ _ I —
with Fijkl = kjklNik and N = [klk]CL]kl]
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Comparion FEM vs FFT

Finite Element Method Spectral Method

64x64x64
256x256x256

0.6

P. Eisenlohr., M. Diehl, R. A. Lebensohn, F. Roters: International Journal of Plasticity (2013), 37 - 53
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Experimental-Numerical

Example: Basal slip in Magnesium

F. Wang, S. Sandloebes, M. Diehl, L. Sharma, F. Roters, D. Raabe:Acta Materialia 80 (2014) 77-93
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Mesoscale mechanics

* High Resolution Crystal plasticity enabled through robust
spectral solvers
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(@) Equivalent stress o, (b) Equivalent struin £ (c IRO1 am;l bcrvm. :‘l

Shanthraj et al. [IJP, 2075]
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Jemo (1D elasticity + spectral methad using petsc4py])
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Interface decohesion (formability limiter)

Lagineenng Stress (Mia)
H : H H

]

- " .
Srgineering Strain (%)

Role of the Interfaces Void
Surrounding Microstructure Growth/Propagation  y/qig
f? Initiation
! Computational tool to model

Interface decohesion
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Interface modeling of polycrystals

Interface elements Interface band

ﬁ}E] : t"’2]:"ﬁl‘illfg'rai + Q1 — Pnl = 0.
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E i g en SUG i M D amd g e [Pundolfi, Ortiz et al.; Menzel, Eknh et al,

Damage
Plastic intermediate
intermediate coanfiguration

configuration

F4
Y |
> ﬁ
F

Reference

configuration Currént

configuration

e Accomodation by eigen strain.
* |n an anisotropic way (normal and tangential modes),

e (interface-) plane stretching effects.

e
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Fleld problem

» Static Mechanical Equilibrium.

Vo P(F) = 0.

» Nonlocal damage (regularisation/localisation limiter).

ﬁﬂ ' FD\;"}U{PHE + @1 — pn = 0.
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Damage regularization solved using FFT

0=V. FD?@HE + (‘faf - [pﬂf)

2(X)D =’D + 2(X)D * Hetrogenous regularization lengthscale

0=V-(2+12(X))DVeu + (o1 — o)

Enl (]- - v ! "!EDV) — V ’ IE(X)DV{FM ‘l‘ ¥

e Utilize Fourier transform

— At 1 [ Flort VR (X)DVenu) - :
Riam = Py — F ( (v Dv) ) . Solveq for its roots using
Jacobian free Newton
method,
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Test Simulation

19



Polycrystal Simulation

e Resolution: 256x256x2

 Randomly orientation
FCC
 Elasto-plastic-damage

» (crystal plasticity)

* |Interface Band thickness:
4 voxels
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Polycrystal Simulation: Damage evolution

Nonlocal Damage
1.00e-02 0.505 1.00e+00
[ .

B
v




Polycrystal Simulation: Stess Unloading

Nonlocal Damage Stress XX (Pa)
1.00e-02 0.505 1.00e+00 0.000e+00 4e+7 8e+7 1.2e+8 1.597e+08
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Polycrystal Simulation: Damage vs Plasticity

Total Shear

0.000e+00 0.0025 0.005 0.0075 1.000e-02

II|IIII|II|IIW

23



Future work

Coupling with damage models in the bulk
Monolithic schemes for Multiphysics
Implementation using petsc4py

Time integrators (Fortran support)
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Dusseldorf Advanced MAterial Simulation
Kit, DAMASK

» Avallable as freeware according to GPL 3

» Integrates into MSC.Marc and Abagus
(std. and expl.)

» Standalone spectral solver

» Web: https://DAMASK.mpie.de
» Emall: DAMASK@mpie.de
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Simulation (hexagonal polycrystal loaded horizontally

Damage Stress XX (Pﬂ)

1.500e-01 0.425 0.637 0.85 1.000e+00

“I LLLLL L L L L Ll 1.000e+03 8e+5 l.éeté  2.4e+6 3.181e+06
“ W||||||||||||||||||||w

= :




Simulation

damage
2.022e-01 0.402 0.601 0.801 1.000e+00




Strain localisation

F11
1.095e+00

1.0714

1.0478

1.0241

1.001e+00

SHEENNE NUY N

T s
T4

F1
7.457e-02

1
[=1
2
L=
B
[+
o

(=

—-0.039466

E-B.J 29e-02

29



Brittle Simulation

Damage

Strain (F11)

Stress (P11)
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Mesoscale mechanics

 Crystal plasticity.
 FFT based Spectral method

100 —— ) MPa 0 e 4 0 o )

(@) Equivalent stress o,y (b) Equivalent struin £ (c IRO1 am;l bcrvm. :‘ al

Shanthraj et al, [2075]
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Experimental-Numerical

Example: Basal slip in Magnesium

Wang et al. [2074]
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Rate independent

25

201
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10

y/50000 - 0.002 y*° + 0.01 -x =0




Rate independent
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Local Damage

e 1 for undamaged material

e (O for fully domaged

 Monotonously decreases
(irreversibility)

» Local damage:

» History variable:

_— K

Bt

otherwise.

k@):(éﬁ)+‘54
k(0) =0

, ifO,, <k<O,.
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Normal opening strains

» Normal opening strain rate

n
. . |Tn‘
O, = Oy, < - - 1> sgn (75,) H(05,)
tlpn,!T(.‘g
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Fdot=1e-1 10d
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Tangential opening strains

» Tangential opening strain rate

Stress XY (MPa)

100

=60+

_a L L i L L
—S.EI'ZEI' -0.015 -0.010 =-0.005 0000 0005 0010 0015 0020

Strain XY
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Stress Integration (the Local problem]

F.=FF, 'Fq'

F,=L, F, F, = (I—- AL, (M,))"'Fy
Fy =Ly Fy Fq = (I - AtLy (My)) ™ 'Fyo

—

Rp — Lp — Lp (Mp (i—p ]:.l))

R, = Lq — Ly (Md (ffp E}))

£ (tn) — € (tn—l) + At£ (Mpa Md: Fpa Fda Lpa Ld)




Mesh Opjectivity

iy « Coarse mesh (10 fourier points in the
A — R band)

* Fine = 2x coarse

—  fine
——  coarse [

Stress XX (MPa)
5 & B

g8

8

10

] . . . . )
0.000 0.001 0.002 0.003 0.004 0.005 0.006
Strain XX

M ’




Work of separation with band thickness

2.5 T T T T T T 110 —
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; : : : | H 108} ;
sob.. N AT S S ..l J.".'—..:.?.-.'.:!'.“..._ : : :
: : — |3Jf|_::3_[]ﬁ TOB e P -
a — I/L=0.08 é é :
= 15 | { . 1041 ;
: 1”_ - G].U w'lllwrml.r : :
o : 102l L R ORI S
0 . : : :
LD : :
5 1LO0|. .. __._4.-_“____*_
ul ‘_____——d‘——_ : o —k
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L,y = 0001 see Jf ot = 0.001 par see

» recovery of work of separation for different width of interface
band.

» scale the damage parameters (critical opening strain) with the
width of interface band.
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Voxelized field of the normals

e Generator points of e First order cartesian
standard vaoronol tessellation. moments.
[L/bermann et al,, 2075]




