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class times 

Friday, 10 am – 2 pm  at  IMM / RWTH 
(class at MPI Düsseldorf: 17. June 2016) 

Contact, website and class days 

Course Lecturers:  

Dr. S. Sandlöbes, Dr. H. Springer,  

Dr. P. Shanthraj, Dr. S.-L. Wong, Prof. D. Raabe 

Notes at: 

 

http://www.dierk-raabe.com/teaching/ 
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Homework ?  
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Date / Location Topics Lecturer 

  

15. April 2016 

IMM / RWTH 

Introduction to materials micromechanics, multiscale problems in micromechanics, 

case studies, crystal structures and defects, relation to products and manufacturing  

Raabe 

22. April 2015 

IMM / RWTH 

  

Crystal structures, dislocation statics, crystal dislocations, dislocation dynamics Raabe 

29. April 2015 

IMM / RWTH 

  

Dislocations, crystalline anisotropy and crystal mechanics in hexagonal metals Sandlöbes 

6. May 2015 

IMM / RWTH 

  

No classes - 

13. May 2015 

IMM / RWTH 

  

Fracture mechanics 

Introduction to FEM 

 

Shanthraj 

  

20. May 2015 

IMM / RWTH 

  

Athermal phase transformations in micromechanics Wong 

27. May 2015 

IMM / RWTH 

  

No classes - 

3. June 2015 

IMM / RWTH 

Crystal micromechanics, single crystal mechanics, yield surface mechanics, polycrystal 

models, Taylor model, Integrated micromechanical experimentation and simulation for 

complex alloys, hydrogen embrittlement 

  

Raabe 

10. June 2015 

IMM / RWTH 

Micromechanics of polymers and biological (natural) composites 

 

  

Raabe 

17. June 2015 

MPI / Düsseldorf 

!! Class at MPI !!  Applied micromechanics: multiphase and composite material design 

MPI Lab tour  

Springer 

Contact, website and class days 



4 Raabe, Zhao, Park, Roters: Acta Mater. 50 (2002) 421 

Multiscale crystal plasticity FEM 



Body centered cubic (bcc) lattice structure 
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Crystal dislocations: Relationship between lattice and defects 

Why is the crystal lattice relevant for  

understanding complex dislocation 

structures? 

What is the connection between  

‚simple ‘ structure data  

and complex dislocation structures? 
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Why is the crystal lattice relevant for  

understanding complex dislocation structures? 

Stacking fault energy: planar dislocation cores, cross slip, recovery, 

annihilation, Suzuki effect, twinning, strain hardening, stair rod dislocations, 

reactions 

Shockley partial dislocations (b = a/6<112>) 

Densely packed planes: glide planes; densely packed translation shear 

vectors: Burgers vectors 

Twinning systems 

Crystal dislocations: Relationship between lattice and defects 
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Special properties of the 3 main lattice types regarding plasticity defects 

BCC: non-close packed planes: pencile glide behavior; multiple 

slip systems:  {110}; {112}; {123}; complex core of dislocation; 

twinning vs. anti-twinning glide sense 

FCC: stacking fault energy can vary from very low values (α-Brass- 30 wt% Zn 

in Cu; TWIP steels:  ≈ 20 mJ/m2)  to very high values (Al :  ≈ 180 mJ/m2): 

Regarding lattice defects in plasticity FCC and hcp is not a ‘homogeneous‘ or 

unique crystal structure 

Hex: hcp or hex?; c/a ratio determines slip systems and twinning: some 

hex metals are very brittle (Mg) and some are rather ductile (Ti) 

Crystal dislocations: Relationship between lattice and defects 
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Example FCC – TWIP steels 
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Mn Atoms 

APT 
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How frequently do certain crystal structures occur in the PSE? 
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FCC: Face centered cubic 

close packed, (a) 

Hexagonal close packed (a, c) BCC: Body centered cubic (a) 

Cu (3.6147) Be (2.2856, 3.5832) Fe (2.8664) 

Ag (4.0857) Mg (3.2094, 5.2105) Cr (2.8846) 

Au (4.0783) Zn (2.6649, 4.9468) Mo (3.1469) 

Al (4.0495) Cd (2.9788, 5.6167) W (3.1650) 

Ni (3.5240) Ti (2.506, 4.6788) Ta (3.3026) 

Pd (3.8907) Zr (3.312, 5.1477) Ba (5.019) 

Pt (3.9239) Ru (2.7058, 4.2816)   

Pb (4.9502) Os (2.7353, 4.3191)   

  Re (2.760, 4.458)   

Lattice parameters 



atoms per cell 

coordination number 

atomic packaging 

12 

Crystal structure: BCC 
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Glide plane: BCC 
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Glide plane: BCC 
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BCC-Fe: non-close packed planes: pencile glide behavior; 

multiple slip systems:  {110}; {112}; {123}; complex core of 

dislocation; twinning vs. anti-twinning glide sense 

Crystal dislocations: BCC structure 

source: Ambrosch-Draxl 

source: ICAMS/RUB 

V. Vitek 
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Tongsik Lee et al 2012 J. Phys.: Condens. Matter 24 225404 

Crystal dislocations: BCC structure 

may lead to non-Schmid behaviour 
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Perfect screw: no fixed glide plane 

real screw:  due to the asymmetry between forward and 

backward motion, there is a certain probability that 

screw dislocation switches glide planes 
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Crystal structure: FCC 



atoms per cell 

coordination number 

atomic packaging 
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Crystal structure: FCC 
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Crystal dislocations: FCC structure 

L. Perondi, M. Robles, K. Kaski, and A. Kuronen 
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Crystal structure: Hexagonal 

Seperate class by Dr. Sandlöbes 



Crystal structure: Hexagonal 

21 
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Crystal structure: Hexagonal 



23 Gottstein, Physical Foundations of Materials Science; Springer 

Crystal dislocations: Hex structure 



vectors and planes 

for hexagonal  

materials 
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Miller Indices 
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Ilgyou Shin and Emily A Carter 2012 Modelling 

Simul. Mater. Sci. Eng. 20 015006 

Hex: hcp or hex?; c/a ratio determines slip systems and twinning: some 

hex metals are very brittle (Mg) and some are rather ductile (Ti) 

Crystal dislocations: Hex structure 
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hexagonal alloy systems: crystal structure and plasticity: examples 

Mg - RE 
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S. Sandlöbes et al. / Acta Materialia 70 (2014) 92–104 

Crystal dislocations: Hex structure – example of Mg 
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Crystal structure: Hexagonal / FCC 
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Crystal structure: Hexagonal / FCC 
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Crystal structure: Hexagonal / FCC 
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Crystal structure: Hexagonal / FCC 



stacking sequence 

stacking sequence 
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Crystal structure: Hexagonal / FCC 



Intercepts 
reciprocals 

Indices 
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Deriving Miller indices: the description of lattice vectors 
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Deriving Miller indices: the description of lattice vectors 
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Miller Indices of typical planes and directions in FCC metals 
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Miller Indices of typical planes and directions in BCC metals 
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Miller Indices of typical planes and directions in BCC metals 



specific general 

direction 

plane 

vectors and planes 

38 

Miller Indices 



Dierk Raabe 
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Plastic deformation of a single crystal by dislocation slip 

Gottstein, Physical Foundations of Materials Science; Springer 
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Plastic deformation of a single crystal by dislocation slip 
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Gottstein, Physical Foundations of Materials Science; Springer 
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Boundary condition: determines lab frame constraints 

Constraints lead to specific crystal rotations 

Non-symmetric dislocation shear leads to rotation 

Symmetric-shear can lead to shape change without rotation 

Change in local constraints leads to heterogeneity 

Roters et al. Acta Mater.58 (2010) 
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u=u(x,y,z) 

u(1)(x,y,z) 

1 

1 

1 2 

2 

2 

u(2)(x,y,z) 

(x(1),y,z) (x(2),y,z) 

u(1)(x,y,z)=u(2)(x,y,z) 

Kinematics: displacement vector in continuum space 

Roters et al. Acta Mater.58 (2010) 
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u=u(x,y,z) 

u(1)(x,y,z) 

1 

1 

1 2 

2 

2 

u(2)(x,y,z) 

(x(1),y,z) (x(2),y,z) 

u(1)(x,y,z)≠u(2)(x,y,z) 

Kinematics: displacement vector in continuum space 

Roters et al. Acta Mater.58 (2010) 
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Kinematics, displacement, displacement gradient: general 

Roters et al. Acta Mater.58 (2010) 

Strain tensor: symmetrical part of displacement gradient tensor 

Distorsions come from gradients in the displacement fields 
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Kinematics: Micro-to-macro-transition 

Roters et al. Acta Mater.58 (2010) 
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Geometrical interpretation 

Roters et al. Acta Mater.58 (2010) 
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Displacement gradient 

Roters et al. Acta Mater.58 (2010) 
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Displacement gradient tensor 
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Displacement gradient tensor: the Cauchy strain 
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Displacement gradient tensor: the Cauchy strain 
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Displacement gradient tensor: the rotation 
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Displacement gradient tensor 
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Displacement gradient tensor: strain components 
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Displacement gradient tensor: special cases 

    Rigid Body Displacements 

 

 

 

Rigid Body Rotations 

 

 

 

   Stretching 

 

 

 

Shear (with Rotation) 

 

 

 

   Pure Shear 
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Displacement and strain field: infinite straight screw dislocation 
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Strain and stress field: infinite straight screw dislocation 
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Summary: infinite straight screw dislocation 
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Summary: infinite straight edge dislocation 
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Summary: infinite straight edge dislocation 
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Forces and stress field: infinite straight edge dislocation 
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true strain 

stress 

Dislocations and strain hardening 
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  22

21
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Peach-Koehler Force 

Dynamics: forces among dislocations 
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Forces among edge dislocations 
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Forces among edge dislocations 
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Forces among screw dislocations 
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Stable configurations for dislocation ensembles 

T T T T 

T T T T 

T T T T 

T T T T 

T T T T 

T 
T 

T 

T T 

T 
T 

T 

T T 

T 
T 

T 
T 



69 

Homework: calculate forces among dislocations 

Calculate the mutual forces for the following dislocation configurations: 

 

2 parallel edge dislocations (same glide plane) 

parallel edge and screw dislocations (same glide plane) 

2 parallel screw dislocations (same glide plane) 

2 parallel edge dislocations (above each other) 

2 anti-parallel edge dislocations (same glide plane) 

 

 

 

Write program: 

store:  stress fields of 2D infinite screw and edge dislocations (along z axis) 

enter: position (x,y) and Burgers vector b of second dislocation (place first 

dislocation in origing) 
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Overview 

Discrete Dislocation Dynamics 

 

Statistical Dislocation Dynamics 
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Basics of Discrete Dislocation Dynamics: DDD 

Discrete Dislocation Dynamics 



2D – view parallel to dislocation line 

Types of Discrete Dislocation Dynamics in 2D and 3D: DDD 

Discrete Dislocation Dynamics in 2D 



2D – view parallel to dislocation line 

Types of Discrete Dislocation Dynamics in 2D and 3D: DDD 

Discrete Dislocation Dynamics in 2D 

Some questions: 

Difference between edge and screw dislocations? 

How to do multiplication? 

Dislocation bow-out? 

Annihilation? 

Climbing? 



2D – view into the glide plane 

Types of Discrete Dislocation Dynamics in 2D and 3D: DDD 
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Discrete Dislocation Dynamics in 2D 



2D – view into the glide plane 

Types of Discrete Dislocation Dynamics in 2D and 3D: DDD 
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Discrete Dislocation Dynamics in 2D 

Some questions: 

Difference between edge and screw dislocations? 

Cross-slip? 

Climb? 

Cutting? 

Jog-drag? 



2D – view into the glide plane 

Types of Discrete Dislocation Dynamics in 2D and 3D: DDD 
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Discrete Dislocation Dynamics in 2D 

Some questions: 

Difference between edge and screw dislocations? 

Cross-slip? 

Climb? 

Cutting? 

Jog-drag? 



2D – view into the glide plane 

Types of Discrete Dislocation Dynamics in 2D and 3D: DDD 
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Discrete Dislocation Dynamics in 2D 

Some questions: 

Difference between edge and screw dislocations? 

Cross-slip? 

Climb? 

Cutting? 

Jog-drag? 
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Dislocation Interactions 

Dislocation-Dislocation Interactions 

Straight dislocation can intersect to leave Jogs and 

Kinks in the dislocation line 

Extra segments in a dislocation line cost energy and 

require work done by the external force 
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Edge-Edge Intersection Perpendicular Burgers vector 
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Edge-Edge Intersection Parallel Burgers vector 
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Edge-Screw Intersection Perpendicular Burgers vector 
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Screw-Screw Intersection Perpendicular Burgers vector 



3D: DDD  (discrete dislocation dynamics) 

Types of Discrete Dislocation Dynamics in 2D and 3D: DDD 

83 



Full 3D segment treatment 

Types of Discrete Dislocation Dynamics in 2D and 3D: DDD 
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Discrete Dislocation Dynamics in 3D 

Some questions: 

Difference between edge and screw dislocations? 

Junctions? 

Cutting? 

Cores of the dislocations? 



2D – view parallel to dislocation line 

 

Principle procedure 

Types of Discrete Dislocation Dynamics in 2D and 3D: DDD 

Discrete Dislocation Dynamics in 2D 



86 

? How to proceed? 

 Stress field of (edge) dislocation 

 Get coordinates 

 Use Peach Koehler 

 Move it  

Basics of Discrete Dislocation Dynamics in 2D 
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  aa
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a tbF
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Force 

Basics of Discrete Dislocation Dynamics in 2D 

Force on dislocation ‘a‘ 

by all others 
‘a‘ 

ab

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Force 

Motion xBxBxmF




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
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
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Basics of Discrete Dislocation Dynamics in 2D 

inertia 

acceleration 

velocity 

friction coefficient (drag) 

  aa

a

a tbF
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
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Equilibrium of forces 

Basics of Discrete Dislocation Dynamics in 2D 
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F F F F F F F F F Fdisloc self force extern therm viscous obstacle Peierls osmotic image inertia          0

Fdisloc : elastic – other dislocations 
 
 
Fself force : elastic – self 
 
 
Fextern : external 
 
 
Ftherm : Stochastic Langevin 
 
 
Fviscous  : viscous drag 

F  0

Fobstacle : obstacle 

 

FPeierls : Peierls 

 

Fosmotic: chemical forces 

 

Fimage : surface forces 

 

Fpoint defect : point defects 

 

Basics of Discrete Dislocation Dynamics: 2D and 3D 

Equilibrium of forces 
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Example of Discrete Dislocation Dynamics in 2D 
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T 
? 

Example of Discrete Dislocation Dynamics in 2D 
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? 

1) Calculate stress field of machine and of 

all other dislocations at position of T  

 

2) Use Peach-Koehler equation to get force 

on dislocation 

 

3) Integrate with very small time step 

(explicit) viscous eq. of motion 

T 

Example of Discrete Dislocation Dynamics in 2D 
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Set-up of Discrete Dislocation Dynamics in 3D 

3D segments and node construction 
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Annihilation events 

Set-up of Discrete Dislocation Dynamics in 3D 
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Set-up of Discrete Dislocation Dynamics in 3D 

Jog formation 
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Dislocation-Point Defect Interactions 

 

• The stress field of a dislocation can interact with the stress field of 

point defects. 

• Defects associated with tensile stress fields are attracted towards the 

compressive region of the stress field of an edge dislocation (and vice 

versa). Higher free-volume at the core of the edge dislocation aids this 

segregation process. 

• Solute atoms can segregate in the core region of the edge dislocation 

-> higher stress is now required to move the dislocation (the system is 

in a low energy state after the segregation and higher stress is 

required to ‘pull’ the dislocation out of the energy well). 

• Defects associated with shear stress fields (having a non-spherical 

distortion field) can interact with the stress field of a screw dislocation. 
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Dislocation-Point Defect Interactions 

 

• Vacancies are attracted to the compressive regions of an edge dislocation 

and are repelled from tensile regions. 

• The behavior of substitutional atoms smaller than the parent atoms is similar 

to that of the vacancies. 

• Larger substitutional atoms are attracted to the tensile region of the edge 

dislocation and are repelled from the compressive regions. 

• Interstitial atoms (associated with compressive stress fields) are attracted 

towards the tensile region of the edge dislocation and are repelled from the 

compressive region of the stress field. 
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Dislocation-Point Defect Interactions 
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Dislocation-Point Defect Interactions 
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Dislocation-surface Interactions 

 

• Vacancies are attracted to the compressive regions of an edge dislocation 

and are repelled from tensile regions. 

• A dislocation near a free surface experiences a force towards the free 

surface, which is called the image force. 

• The force is called an ‘image force’ as the force can be calculated assuming 

an negative hypothetical dislocation on the other side of the surface. The 

attractive force between the dislocations (+ & 􀀐) is gives the image force. 

• If the image force exceeds the Peierls stress, then the dislocation can leave 

the crystal spontaneously without application of external stresses! 

• Hence, regions near a free surface or nano-crystals can become 

spontaneously dislocation free. In nanocrystals due to the proximity of more 

than one surface, many images have to be constructed and the net force is 

the superposition of these image forces. 
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Dislocation-surface Interactions 
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Examples in 2D and 3D 

Examples 
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Example of Discrete Dislocation Dynamics in 2D 
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Example of Discrete Dislocation Dynamics in 2D 
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Example of Discrete Dislocation Dynamics in 2D 
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Example of Discrete Dislocation Dynamics in 3D 
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Example of Discrete Dislocation Dynamics in 3D 
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Example of Discrete Dislocation Dynamics in 3D 
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Example of Discrete Dislocation Dynamics in 3D: superalloys 
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Example of Discrete Dislocation Dynamics in 3D: superalloys 
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Example of Discrete Dislocation Dynamics in 3D 
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Example of Discrete Dislocation Dynamics in 3D: superalloys 
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Example of Discrete Dislocation Dynamics in 3D: superalloys 



 

WHY Statistical Dislocation 

Dynamics ? 
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Statistical Dislocation Dynamics 



• kinetic equation of state 

• structure evolution 

• coupling to continuum kinematics 

117 

Statistical Dislocation Dynamics 
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Statistical Dislocation Dynamics 
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Statistical Dislocation Dynamics 



• kinetic equation of state 
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Statistical Dislocation Dynamics 



• kinetic equation of state 

kinetics: collective dislocation behaviour 
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• coupling to imposed shape change 

• structure evolution 

121 

Statistical Dislocation Dynamics 


