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Crystal plasticity FEM

continuum mechanics:
F =FF"
T =CE with E :%{F*TF* ; 1}

crystal plasticity:
F* =L°F°
L” = S, with S =m,An,
=f( , ;) with » T 5,
i =90 )



Crystal plasticity FEM

strain rate law:

hardening law:

= h ‘ ’ h =q h()’ h():ho 1- _crit

crit
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small scales — single crystals
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Nanoindentation , Cu Single Crystals




Simple Shear, Al Single Crystals
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Deformation Behavior of Al

Deformation experiments

e TN

Vo

{111} RD_7.8°

-bicrystals (with friction)

Bicrystals with <112> tilt boundaries

Channel die experiment:

plane strain defor-
mation (30%
thickness reduction)




Flielsfelddivergenz und intrinsische Ornentiertingsar adienten

Experiment

5.00 ym = 100 steps  1Q -14.348...76.6936, Orientation
WR

| (011)[100]: 0°- 15°Misorientierung
(111)[11-2]: 0°- 20°Misorientierung
(111)[-1-12]: 0°- 20°Misorientierung

89 % plane strain
Orientation and band contrast

Simulation

EBSD pattern quality: ) H;L.%F_RE; -

low high
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Ircz 142 [

<111> Al (Calculated )
100 mN Indent Force
70 pm Indent Radius
Slice at Center of Indent

.

all scales — single crystals

Bennett Larson, Oak Ridge Nat. Lab.

111
Pole

40 mm

<111> Cu (Measured)
100 mN Indent Force
69 um Indent Radius
Slice at Center of Indent
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Plane Strain Deformation of Al -bicrystals
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Deformation Behavior of Al -bicrystals (no friction)

7.4°, experiment 33.2°, experiment
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Microstructure

1. Dislocations 7= o, Gbp,

£
2. Grain boundaries T = Jd

— n
a, = a,Ge

3. Solute foreign atoms -
DS=n=1

— m
X3 Vew L+ 2R
m =1 resp. 1.3

4. Particles )
{a) coherent precipitates P

- ot SR
{b) incoherent precipitates by _ rh
and dispersions, LR ~ —- Tp T % I

respectively

(c) granular arrangement ) —
of 2nd phases PoNA
A
{d}) lamellar arrangement ol — @5
of Znd phases PoT

(e) two phases with
coarse grains

V. Schulz, Plastic Deformation: Constitutive Description
Encyclopedia of Materials: Science and Technology



Dislocation classes

Mobile dislocations

accommodate the external plastic deformation

Immobile dislocations

work hardening, including locks and dipoles

Geometrically necessary dislocations

preserve the lattice continuity



Rate equations

Rate equations are formulated for the immobile disloca tion densi ties:

rSSD :(rl+)SSD+(rIT)SSD+(rI- )SSD+(rI-I )SSD

Four physical mechanisms will be used:
mechanism 1 : lock formation
mechanism 2 : dipole formation
mechanism 3 : athermal annihilation

mechanism 4 : thermally activated annihilation by climb



Rate equations

+ 1 ™
rinr, xvxl—
Locks 1 1 1 >|:> Iy =CuyIeXgd
— = + + ...
/ /dis /other _/
rIJIr u rm Xfm xdedipole\
Dipol +
PO \/73Gb 1 :D Iy :C6ddipolermg
ddipole = x— >
160(1- u) t
_/
r, Qo xrvxd h
Athermal . |:> r, =-crxg
d =const
_/
~
roWrxe v, xd
Thermal : climb i Qbuik ‘[ ‘ 2
r, =-C,expt—= r
DS 8 > |:> [ G p( KBQ) KBq 9JCB
VcIimb l-l o, [gc
Keq /



Distinction of slip systems

A forest and a parallel dislocation density is calc
each individual slip system

N

Fa = kabrb‘cos(na’nb, db)‘
b=1
N .

Pa = kabrb‘SIn(na’nb db)‘

ulated for



Calculation of the mobile dislocation density

Orowan equation :

Q.

expt —=)exp

C2
Jre Keg

g= bv =

- ¢Gbyrp+r,
>VC
Keq

[ —CleW+ Quip + KBqln 29 \/7 \/—

c,C,0° Qo  brge, r,

Roters: phys. stat. sol. b 240 (2003) 68-74
Ma, Roters: Acta Materialia 52 (2004) 3603—-3612



Calculation of the mobile dislocation density

For a homogenous dislocation structure...

define: |A=(Bg)/2
2K ,
c,c,c,Gb*®

1 _2A
vV P+ m_ m\/T

ri'4A2 F m'4A2 rp=0

|
m:2A2 F+2A\/A2 I§+ F P

for Al;

Kg=138" 10 *®JK '
0.1£c, £05

1£c, £10

1£c, £10

G » 19GP¢
b=286" 10°M
20°C £ g £ 450°C

g

A= (104107

ik
r =Bg.rer,










Local control equations:



Local algorithm:

(1) Use r ., and r,, to calculate S _,.

i+1

(2) Use ri, and S, to update rit

i+1

(3) Check convergence of r ., yes goto (4), no goto (1).
(4)Use S, and r-L to update 7t .

i+1

(5) Check convergence of r ., yYes goto (6), no goto (1).
(6) Finish iteration.



Global algorithm:

Separate the iteration number n into odd and even.

If nis odd, record the deformation gradient, return one constant stress and

If n is even, call local algorithm using recorded data, because we have




Conservation of lattice defect during the penetration



Slip systems for FCC crystal

activation energy plots for gb penetration



Single crystal test

Bi crystal with small angle grain boundary
Bi crystal with intermediate grain boundary
Bi crystal with large angle grain boundary
Material: Aluminum 99.999%

Test condition: 20C, 0.001 1/s

experiments using GOM Aramis

Simulation by FEM



eraction strength constant

Fitting parameters

Self- 1.0
interaction
Coplanar 2.2
Cross slip 3.0

Glissile 3.8
junction
Hirth lock 1.6
Lomer- 4.5
Cottrel lock

Journal of the Mechanics
and Physics of Solids
50 (2002) 1979 — 2009

o 1.0E160
Quip 3.0E10'9
Quuic 2.4E10'9

C, 0.1
C, 2.0
C, 1.0
C, 1.5E7
Cs 10.0
Co 1.0E-30
c, 1.0E7
Ce 03
Co 1
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7,4°

experiment

phenomenological
model (local)

physics-based
model (nonlocal)

15.9°

33.2°
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crystal plasticity FEM at large scales

TCCP-FEM: the texture component crystal plasticity FEM



Large scale anisotropy: TCCP-FEM

Procedure

3 Pole figures

: constitutive parameter
(Textur goniometer)

Texture components

(Multex Software
- freeware)

texture component crystal plasticity FEM

(ABQ or MARC In conjunction with MPI - Subroutines)




analytical yield surface:




A combination of

crystal plasticity
FEM (several

orientations per
Integration point)

' texture component

X | ' B method for the
' ' approximation of

statistical textures

Zhao, Roters, Mao, Raabe: Advanced Engineering Mater ials 3 (2001) p. 984/990



W' =mw(g°,g) f*(g)= NcedeC COS!?T/)

g In2 1

= and N°f=
1- cosp®/2) 1,(S%)- 1,(S°)

l,(X) generalized Bessel functions

D°  value is the halfwidth
(mean diameter of a
spherical component in
orientation space)

Licke, Pospiech, Virnich, Jura: Acta metall. 29 (19 80) p. 167
Helming, Schwarzer, Rauschenbach, Geier, Leiss, Wen k, Ullemeier, Heinitz: Z. Metallkd. 85 (1994) p. 54 5/554



f(@=F+ wi(g)= wif*(g)

c=1 c=0

W’ =F, f°(g) =1

g orientation

f(9) orientation distribution function

F random texture component

Ww°  volume portion of all crystals which

belong to the texture component c

Licke, Pospiech, Virnich, Jura: Acta metall. 29 (19  80) p. 167
Helming, Schwarzer, Rauschenbach, Geier, Leiss, Wen k, Ullemeier, Heinitz: Z. Metallkd. 85 (1994) p. 54 5/554



choice of
normal direction

choice of
prefered direction

Introduction of
sample symmetry

MulTex 2.0 K. Helming



experimental
pole figure

recalculated
pole figure

differential
pole figure

MulTex 2.0 K. Helming









Loceal Homogernizaiiorn



relative ear height
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Apolication

Qb

sample: Hydroaluminium (Bonn)



Experimental <111> Pole Figure

Recalculated <111> Pole Figure

Texture Component Fit

i1 | F0 o[ be Vol.
1979 | 65 | 2450 | 152 | 29%
random - 71 %




relative ear hight [1]

1,05

1,04 —
1,03 -
1,02 —
1,01 -
1,00 -
0,99 —
0,98 -
0,97 -
0,96 -

Experiment

Simulation

0,95

angle to rolling direction [




Alurniniurn Flot Band



Experimental <111> Pole Figure

Recalculated <111> Pole Figure

Texture Component Fit

i 01| 01 |ij.[4 | bell | Vol
141.1 | 37.5 10.6 16.8 | 38%
108.9 | 29.3 34.2 14.5 30 %

random - 32 %




relative ear hight [1]

1,04

1,03 -
1,02 -
1,01 -
1,00 -
0,99 —
0,98 -
0,97 —
0,96 -
0,95 —

0,94

Simulation
Gauss only

Experiment

angle to rolling direction [



Alurniniurn Cold Bard



Earing height (mm)
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Cube 37.5% + S 62.5% with 15 ° scatter width



Small scale

Constitutive law based on dislocation densities
including geometrically necessary dislocations

Grain boundary mechanism

Non local integration algorithm

enhanced prediction of local deformation behaviour of bicrystals

Large scale

Texture Component method for the mapping of

crystallographic texture

enhanced prediction of anisotropy, e.g.  earing in cup drawing
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