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crystal plasticity FEM at small scalescrystal plasticity FEM at small scales
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small scales – single crystalssmall scales – single crystals



NanoindentationNanoindentation , Cu Single Crystals, Cu Single Crystals



experiment

simulation

Simple Simple ShearShear , Al Single Crystals, Al Single Crystals
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Deformation Behavior of AlDeformation Behavior of Al --bicrystalsbicrystals (with friction)(with friction)

Deformation experiments

Channel die experiment: 
plane strain defor-
mation (30% 
thickness reduction)

Bicrystals with <112> tilt boundaries

7.8° 15.0° 30.7°{111} {111} {111}



Fließfelddivergenz und intrinsische Orientierungsgr adientenFließfelddivergenz und intrinsische Orientierungsgr adienten

89 % plane strain
Orientation and band contrast

EBSD pattern quality:

low high

(011)[100]:   0° - 15° Misorientierung

(111)[11-2]:  0° - 20° Misorientierung

(111)[-1-12]: 0° - 20° Misorientierung
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small scales – single crystalssmall scales – single crystals

X
Y

Z

40 mmmmm

<111> Cu (Measured )
100 mN Indent Force
69 µm Indent Radius
Slice at Center of Indent

5 o

111 
Pole

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

Bennett Larson, Oak Ridge Nat. Lab.



8%

y

xz

von-Mises strain

Kleine Skalen: Oligokristalle, Al, ebene DehnungKleine Skalen: Oligokristalle, Al, ebene Dehnung



15°, 30% reduction

30.7°, 30% reduction

experiment simulationeq. strain

7.8°, 30% reduction

Plane Strain Deformation of AlPlane Strain Deformation of Al --bicrystalsbicrystals



7.4°, experiment

Deformation Behavior of AlDeformation Behavior of Al --bicrystalsbicrystals (no friction)(no friction)
33.2°, experiment

7.4°, simulation 33.2°, simulation



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

MicrostructureMicrostructure



Dislocation classesDislocation classes

� Mobile dislocationsMobile dislocations

accommodate the external plastic deformation

�� Immobile dislocationsImmobile dislocations

work hardening, including locks and dipoles

� Geometrically necessary dislocationsGeometrically necessary dislocations

preserve the lattice continuity
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Rate equationsRate equations

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

Four physical mechanisms will be used: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
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Distinction of slip systemsDistinction of slip systems
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A forest and a parallel dislocation density is calc ulated for A forest and a parallel dislocation density is calc ulated for 
each individual slip systemeach individual slip system
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Roters: phys. stat. sol. b 240 (2003) 68-74
Ma, Roters: Acta Materialia 52 (2004) 3603–3612

OrowanOrowan equationequation :

Calculation of the mobile dislocation densityCalculation of the mobile dislocation density
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For a homogenous dislocation structure…For a homogenous dislocation structure…

Calculation of the mobile dislocation densityCalculation of the mobile dislocation density



Evolution law for GND dislocationsEvolution law for GND dislocations
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Non local integration algorithm for FEMNon local integration algorithm for FEM



Local control equations:Local control equations:

Non local integration algorithm for FEMNon local integration algorithm for FEM



Local algorithm:Local algorithm:

Non local integration algorithm for FEMNon local integration algorithm for FEM

(1) Use i
SSDr  and i

GNDr  to calculate 1

~
+iS . 

(2) Use i
GNDr  and 1

~
+iS  to update 1+i

SSDr . 

(3) Check convergence of 1+i
SSDr , yes goto (4), no goto (1). 

(4) Use 1

~
+iS  and 1+i

SSDr  to update 1+i
GNDr . 

(5) Check convergence of 1+i
GNDr , yes goto (6), no goto (1). 

(6) Finish iteration. 



� Separate the iteration number n into odd and even.

� If n is odd,  record the deformation gradient, return one constant stress and 

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

Global algorithm:Global algorithm:

Non local integration algorithm for FEMNon local integration algorithm for FEM



Conservation of lattice defect during the penetrationConservation of lattice defect during the penetration

Grain boundary mechanismGrain boundary mechanism



Grain boundary mechanismGrain boundary mechanism

Slip systems for FCC crystalSlip systems for FCC crystal

activation energy plots for activation energy plots for gbgb penetrationpenetration



Simple shear of Al single / bi crystalsSimple shear of Al single / bi crystals

� 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: 20°C,  0.001 1/s 

experiments using GOM Aramis

Simulation by FEM



Simple shear of Al single crystalSimple shear of Al single crystal

Fitting parameters

1.0Self-
interaction

4.5Lomer-
Cottrel lock

1.6Hirth lock

3.8Glissile
junction

3.0Cross slip

2.2Coplanar

Interaction strength constant

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

0.3C8

1.0E1010�

0

1.0E-30C6

1.0E7C7

10.0C5

1C9

1.5E7C4

1.0C3

2.0C2

0.1C1

2.4E10-19JQbulk

3.0E10-19JQslip



10%                20%                  30%                 40%                   50%

Simple shear of Al single crystalSimple shear of Al single crystal

experiment

phenomenological
model (local)

physics-based
model (nonlocal)



Simple shear of Al bi crystal, 7.4°Simple shear of Al bi crystal, 7.4°

10%                20%                  30%                 40%                   50%

experiment

phenomenological
model (local)

physics-based
model (nonlocal)



Simple shear of Al bi crystal, 15.9°Simple shear of Al bi crystal, 15.9°

10%                20%                  30%                 40%                   50%

experiment

phenomenological
model (local)

physics-based
model (nonlocal)



Simple shear of Al bi crystal, 33.2°Simple shear of Al bi crystal, 33.2°

10%                20%                  30%                 40%                   50%

experiment

phenomenological
model (local)

physics-based
model (nonlocal)



Simple shear of Al bi crystalsSimple shear of Al bi crystals

7,4° 15.9° 33.2°

experiment

phenomenological
model (local)

physics-based
model (nonlocal)
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crystal plasticity FEM at large scalescrystal plasticity FEM at large scales

TCCP-FEM: the texture component crystal plasticity FEM



Procedure

constitutive parameter

texture component crystal plasticity FEM

(ABQ or MARC in conjunction with MPI - Subroutines)

3 Pole figures

(Textur goniometer)

Texture components

(Multex Software 
- freeware)

Large scale anisotropy: TCCP-FEMLarge scale anisotropy: TCCP-FEM



Common SolutionsCommon Solutions

s

s

FEM

e.g. Hill s e.g. TBH

s

analytical yield surface:

u i,j

M

FEM e.g. TBH

n i

b j

gggg
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u i,j

M

FEM e.g. TBH

n i

b j
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texture approximation by single orientations:



TextureTexture ComponentComponent Crystal Crystal PlasticityPlasticity FEMFEM

A combination of 

� crystal plasticity
FEM (several
orientations per 
integration point) 

� texture component
method for the
approximation of 
statistical textures

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

T
T



ModelModel ComponentsComponents
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Lücke, 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
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Lücke, 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

Texture Representation by ModelTexture Representation by Model ComponentsComponents



choice of
normal direction

choice of
prefered direction

introduction of
sample symmetry

MulTex 2.0 K. Helming

ComponentComponent FitFit



experimental
pole figure

recalculated
pole figure

differential
pole figure

MulTex 2.0 K. Helming

ComponentComponent FitFit



DecomposeDecompose thethe ComponentComponent



DecomposeDecompose thethe ComponentComponent



LocalLocal HomogenizationHomogenization
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sample: Hydroaluminium (Bonn)

ApplicationApplication



Aluminium Hot BandAluminium Hot Band

Experimental <111> Pole Figure

Recalculated <111> Pole Figure

Texture Component Fit

71 %

29 %

Vol.bcjjj j 2 [°]f f f f [°]jjj j 1 [°]

-random

15.2245.06.5197.9



Aluminium Hot BandAluminium Hot Band
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Simulation
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Aluminium Hot BandAluminium Hot Band



Aluminium Cold BandAluminium Cold Band

Experimental <111> Pole Figure

Recalculated <111> Pole Figure

Texture Component Fit

38 %16.810.637.5141.1

32 %

30 %

Vol.bc [°]jjj j 2 [°]f f f f [°]jjj j 1 [°]

-random

14.534.229.3108.9
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Aluminium Cold BandAluminium Cold Band
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Aluminium Cold BandAluminium Cold Band
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MixingMixing S and S and CubeCube componentscomponents

Quantative analysisEar profiles with different volume fraction

Inverse Engineering



Cube 37.5% + S 62.5%  with 15 °°°° scatter width

InverseInverse AnisotropyAnisotropy EngineeringEngineering



ConclusionsConclusions

�� Small scaleSmall scale
�� Constitutive law based on dislocation densitiesConstitutive law based on dislocation densities

including geometrically necessary dislocationsincluding geometrically necessary dislocations

�� Grain boundary mechanismGrain boundary mechanism

�� Non local integration algorithmNon local integration algorithm

�� Large scaleLarge scale

�� Texture Component method for the mapping of Texture Component method for the mapping of 

crystallographic texturecrystallographic texture

�� enhanced prediction of local deformation behaviour of enhanced prediction of local deformation behaviour of bicrystalsbicrystals

�� enhanced prediction of anisotropy, e.g. enhanced prediction of anisotropy, e.g. earingearing in cup drawingin cup drawing
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