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Zeitalter tragen die Namen von Materialien 

Experiment 

Models 



Answering societies' grand challenges with complex alloys 

Link to Society: Complex Materials for Innovation 2 

3.5 billion €  turnover per day in the EU 
World Trade Organisation 

70% of all Industrial Innovations are associated with progress in 

Materials Science 

 

Key fields: energy, transportation, information, health, safety, infrastructure 

Courtesy Airbus, GE, Siemens, Ford, TKS, EADS, Titanium 

1070 unknown alloys (we use only 1000 alloys) 

 
Mission: 

 

Understand and design complex nanostructured materials 

under real environments down to atomic scale by utilizing 

modeling and simulation 
 



Scientific mission: complex materials in real environments 

3 Scientific Mission: From Electrons to Complex Materials 
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Example: 4th generation superalloys for turbine blades (SFB / TR 103) 

20 nm 

Al 

Co 

Re 

 iso. 56 at.% Ni 

sources GE; FAU Erlangen Nürnberg und RU Bochum 



Bridging and jumping in ICME 

5 Scientific Mission: From Electrons to Complex Materials 

Atoms 

Experiment 

Simulation 

Continuum 

G. Larson 

ICME: Integrated Computational Materials Engineering 



Multiscale Modeling and Experimentation 

6 Methods: Scientific Fields 
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Bridging and jumping in ICME 

Scientific Mission: From Electrons to Complex Materials 

Looking for multi-mechanisms / alloy trends …. 

….or look for increments ? 

HELP 

HEV 

HEDE 

HYDRID 

Pyramidal slip 

Corrosion 



Overview 

www.mpie.de 

DFT: Density Functional Theory; APT: Atom Probe Tomography; MD: Molecular Dynamics; RVE: Representative Volume Element; 

ICME: Integrated Computational Materials Engineering 
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Ab initio Methods for materials science 

 

Counts, Friák, Raabe, Neugebauer: Acta Mater. 57 (2009) 69 













time-independent Schrödinger equation 

h/(2p) 

many particles 

square |y(r)|2  of the wave function y(r) at position r = (x,y,z)  

is a measure of the probability (Aufenthaltswahrscheinlichkeit) 

Raabe: Adv. Mater. 14 (2002) 10 



i Electrons:  Mass me ; Charge qe = -e ;  Coordinates rei  

j Cores: Mass mn ; Charge qn = ze ; Coordinates rnj 

Raabe: Adv. Mater. 14 (2002) 

time-independent Schrödinger equation for many particles 
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Adiabatic Born-Oppenheimer approximation 

Decoupling of cores and electrons 

Electrons 

Atom cores 

Raabe: Adv. Mater. 14 (2002) 12 
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• Instead of using Quantum mechanics, we can use classical 

Newtonian mechanics to model our system. 

 

• This is a simplification of what is actually going on, and is 

therefore less accurate. 

 

• To alleviate this problem, we use numbers derived from QM 

for the constants in our classical equations.  

 

 

Adiabatic Born-Oppenheimer approximation: classical mechanics 
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Molecular Dynamics 

For each atom in every molecule, we need: 

 

• Position (r) 

 

• Momentum (m + v) 

 

• Charge (q) 

 

• Bond information (which atoms, bond angles, etc.) 
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Molecular Dynamics 

From potential to motion 

   To run the simulation, 
we need the force on 
each particle. 

 

   We use the gradient of 
the potential energy 
function. 

 

   Now we can find the 
acceleration. 
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Molecular Dynamics 
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Integration of equation of motion (Verlet) 
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Molecular Dynamics 
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Molecular Dynamics 
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Molecular Dynamics 
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Molecular Dynamics 

Postech CMSE Lab. 

https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwi13aSnsIrSAhVEuxQKHYaJA1cQjhwIBQ&url=https://cmse.postech.ac.kr/research&bvm=bv.146786187,d.ZGg&psig=AFQjCNFqzcAVcSdY5yAjv14c26_LymFjzA&ust=1486982667594945
https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwi13aSnsIrSAhVEuxQKHYaJA1cQjhwIBQ&url=https://cmse.postech.ac.kr/research&bvm=bv.146786187,d.ZGg&psig=AFQjCNFqzcAVcSdY5yAjv14c26_LymFjzA&ust=1486982667594945
https://www.google.de/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&ved=0ahUKEwi13aSnsIrSAhVEuxQKHYaJA1cQjhwIBQ&url=https://cmse.postech.ac.kr/research&bvm=bv.146786187,d.ZGg&psig=AFQjCNFqzcAVcSdY5yAjv14c26_LymFjzA&ust=1486982667594945
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Gauss Centre for Supercomputing MD-Simulations on Strengthening 

Caused by GP-Zones in Al-Cu Alloys 

http://www.gauss-centre.eu/gauss-centre/EN/Projects/MaterialsScienceChemistry/2015/hummel_Al-Cu_Alloys.html?nn=1345690
http://www.gauss-centre.eu/gauss-centre/EN/Projects/MaterialsScienceChemistry/2015/hummel_Al-Cu_Alloys.html?nn=1345690


Overview 

www.mpie.de 

DFT: Density Functional Theory; APT: Atom Probe Tomography; MD: Molecular Dynamics; RVE: Representative Volume Element; 

ICME: Integrated Computational Materials Engineering 
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MC statistics 

~1023 events 

MD ~107 Atoms 

26 



Monte Carlo 

Algorithms that use sequence of random events 
 
Average behavior (statistics) 
 
Kinetics: e.g. diffusion such as random walk (drunken sailor) 
 
Thermodynamics: Phase transitions (Ising and Potts Models) 

27 



Monte Carlo 

28 



Numerical integration using random numbers (stochastic integration) 

e.g. circle area 
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Monte Carlo 
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Problem:    
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Monte Carlo 
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Metropolis Algorithm: importance sampling: prescribe areas 

where it is worth to look ! (meaning where to integrate) 

create sequence of states 

 

using transition probability 
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Monte Carlo: diffusion  
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Monte Carlo: diffusion  
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Monte Carlo: Coarsening 



Monte Carlo Ising and Potts models 

35 



Monte Carlo Ising and Potts models 
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Monte Carlo: Potts model 

S. Zaefferer, Y. Chen 
37 



Overview 

www.mpie.de 

DFT: Density Functional Theory; APT: Atom Probe Tomography; MD: Molecular Dynamics; RVE: Representative Volume Element; 

ICME: Integrated Computational Materials Engineering 

38 
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true strain 

stress 

Dislocations and strain hardening 
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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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Displacement gradient 

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

Roters et al. Acta Mater.58 (2010) 
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Displacement gradient tensor: the Cauchy strain 
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Displacement gradient tensor: the Cauchy strain 
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Kinematics: Micro-to-macro-transition 

Roters et al. Acta Mater.58 (2010) 
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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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Forces among edge dislocations 
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Forces among edge dislocations 
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  22

21

21 tbF





 

Peach-Koehler Force 

Dynamics: forces among 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 
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T 
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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 



2D – view parallel to dislocation line 

 

Principle procedure 

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

Discrete Dislocation Dynamics in 2D 
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? 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

a

a tbF



others all

Force 

Basics of Discrete Dislocation Dynamics in 2D 

Force on dislocation ‘a‘ 

by all others 
‘a‘ 

ab


at

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Force 

Motion xBxBxmF












Basics of Discrete Dislocation Dynamics in 2D 

inertia 

acceleration 

velocity 

friction coefficient (drag) 

  aa

a

a tbF



others all


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Equilibrium of forces 

Basics of Discrete Dislocation Dynamics in 2D 

  aa

a

a tbF



alle



0

0
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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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  aa

a

a tbF
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0 externala FxBF
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3 

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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Example of Discrete Dislocation Dynamics in 2D 
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Example of Discrete Dislocation Dynamics in 2D 



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? 
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Example of Discrete Dislocation Dynamics in 3D 



3D: DDD  (discrete dislocation dynamics) 

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



Overview 

www.mpie.de 

DFT: Density Functional Theory; APT: Atom Probe Tomography; MD: Molecular Dynamics; RVE: Representative Volume Element; 

ICME: Integrated Computational Materials Engineering 
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• Yield criterion for single slip: 

  ij bi nj = crss 

• In 2D this becomes (111: 

  11 b1 n1+ 22 b2 n2 = crss 

Single crystal plasticity: constructing the yield surface 

0 11 

22 

crss/b1n1 

crss/b2n2 

elastic 
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Single crystal plasticity: constructing the yield surface 

What is the straining direction? 

The strain increment is given by: 

  de = Ss dg(s)b(s)n(s) 

 2D case: 

 de1 = dg b1n1; de2 = dg b2n2  

vector perpendicular to the line for yield 

 

0 11 

22 

crss/b1n1 

crss/b2n2 

elastic 

Straining direction 
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straining direction in stress space 

 

normality rule for crystallographic slip 

 

Any given stress state can in a crystal in large-strain elasto-plasticity act only 

in the form of shear (except hydrostatic effects) 

0 1 

2 

crss/b1n1 

crss/b2n2 

elastic 

elastic-plastic 

de = dg (b1n1 , b2n2)  

Single crystal plasticity: constructing the yield surface 
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Single crystal plasticity: constructing the yield surface 
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Plasticity based on dislocation motion 

bcc 48 slip systems 

orientation {001}<100> 

12 x {110}<111> 

12 x {112}<111> 

24 x {123}<111> 

-6 -4 -2 0 2 4 6 

krit11 /
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Active slip system: 

𝜏𝛼 = 𝜏crit 

𝜏𝛼 ≈ 𝑻e ∙ 𝑺0
𝛼  

with    𝑺0
𝛼 = 𝒎0

𝛼 ⊗𝒏0
𝛼 



single crystal, bcc, (001)[100] 
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FCC, BCC 

12 systems 

section 

BCC 

24 systems 

section 

/
k
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/krit 

/
k
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/krit 

BCC 

48 systems 

section yield surface, bcc 
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Single crystal plasticity: constructing the yield surface 
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Macroscopic – empiricial yield criteria 

 (σ1 – σ3) = Y 

( σ1 > σ2 > σ3 ) 

Yield criterion: determine the critical stress required to cause permanent deformation 

 

Many different macroscopic yield criteria 

 

σij  stress acting on a solid 

σ1,  σ2,   σ3  principal values of stress tensor 

Y  yield stress of the material in uniaxial tension 
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Macroscopic yield criteria 

 (σ1 – σ3) = Y 

( σ1 > σ2 > σ3 ) 

Yield criterion: determine the critical stress required to cause permanent deformation 

 

Many different macroscopic yield criteria 

 

σij  stress acting on a solid 

σ1,  σ2,   σ3  principal values of stress tensor 

Y  yield stress of the material in uniaxial tension 
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Crystal rotations under heterogeneous constraints 

Grains in polycrystals do NOT experience the 

same boundary conditions. 

Differentiate between GLOBAL bounday conditions (tool, process) and the 

LOCAL (micromechanical) boundary conditions. The latter are influenced 

by grain-to-grain interactions and local inhomogeneity. 

Raabe et al. Acta Mat. 49  (2001) 101 



The Taylor Model 

102 



The Taylor Model 
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3% 8% 

15% 
Sachtleber, Zhao, Raabe: Mater. Sc. Engin. A 336 (2002) 81  

Homogeneity and boundary conditions at grain scale 

Raabe et al. Acta Mater. 49  (2001) 3433 

104 



Crystal Mechanics FEM, grain scale mechanics (2D) 

Experiment  

(DIC, EBSD) 

v Mises strain 

Simulation  

(CP-FEM) 

v Mises strain 

Sachtleber, Zhao, Raabe: Mater. Sc. Engin. A 336 (2002) 81  105 



1mm 

8mm 

       

       

      5mm 

       

       

      5mm 

FE mesh 

exp., grain orientation, side A exp., grain orientation, side B  

equivalent strain 

equivalent strain 

Zhao, Rameshwaran, Radovitzky, Cuitino, Roters, Raabe : Intern. J. Plast. 24 (2008) 

Crystal plasticity FEM, grain scale mechanics (3D Al) 
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ICME: Integrated Computational Materials Engineering 



SiO2 pattern 

1µm 

Strain map 

Experiments 

Spectral solver Digital model Strain map & 

stress map 

Simulations 
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ICME applied to dual phase steel 

Integrated Computational Materials Engineering: DP steel 

Deformation Imaging & DIC Sectioning 

Indents 



Real 3D Microstructure 

Average grain size: 5 μm 

EBSD step size: 0,2 μm 

EBSD scan size: 20 × 70 μm 

Target polished thickness: 0,15 μm 

Total slices number: 22 

 

 

 

 

Experiment by Dayong An, MPIE 

Marker lines act as a realignment reference 



Real 3D Microstructure 



Real 3D Microstructure 



Real 3D Microstructure 



Real 3D Microstructure 



too many 

grains 

D. Raabe: Advanced Materials 14 No. 9 (2002) p. 639 

Crystal plasticity FEM for large scale forming predictions 

114 



Numerical Laboratory: From CPFEM to yield surface (engineering) 

Kraska, Doig, Tikhomirov, Raabe, Roters, Comp. Mater. Sc.  46 (2009) 383 115 

Multiscale crystal plasticity FEM for large scale forming 



Representative Volume Element 

Tension 0° (RD) 

Tension 90° (TD) Tension biaxial 

Tension 45° 

RVE 
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Texture component crystal plasticity FEM for large scale forming 

D. Raabe and F. Roters: Intern. J. Plast. 20 (2004) 339 117 



Simulation result: Taylor model 

Color map: Equivalent total strain 
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Roters et al. Acta Mater.58 (2010) 



Simulation result: RGC scheme 

0.60 

0.55 

0.50 

0.45 

0.40 

0.35 

0.30 

0.25 

0.20 

0.15 

0.10 

0.05 

0.00 

Color map: Equivalent total strain 

Roters et al. Acta Mater.58 (2010) 



120 DAMASK.mpie.de 

Düsseldorf Advanced MAterial Simulation Kit, DAMASK 

> 15 years of development 

> 50 man years of expertise 

> 50.000 lines of code 

Pre- and post-processing 

Blends with MSC.Marc and Abaqus 

Standalone (FFT) spectral solver 

Freeware, GPL 3 

Crystal plasticity & phase field: 

Mechanics, damage, phase transformation, diffusion 

http://DAMASK.mpie.de 

Many user groups 



Overview 

www.mpie.de 

DFT: Density Functional Theory; APT: Atom Probe Tomography; MD: Molecular Dynamics; RVE: Representative Volume Element; 

ICME: Integrated Computational Materials Engineering 
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115 GPa 

20-25 GPa 

Stress shielding 

Elastic Misfit  

Bone mineral dissolution, abrasion 

Raabe, Sander, Friák, Ma, Neugebauer: Acta Mater. 55 (2007) 4475 

Titanium implant materials with bcc structure 



123 Raabe, Sander, Friák, Ma, Neugebauer: Acta Mater. 55 (2007) 4475 

ab-initio Simulation of elastic stiffness 
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Ti-18.75at.%Nb Ti-25at.%Nb Ti-31.25at.%Nb 

Az=3.210 Az=2.418 Az=1.058 

[001] 

[100] [010] 

Young‘s modulus surface plots 

Pure Nb 

Az=0.5027 

Az= 2 C44/(C11 − C12) 

Ma, Friák, Neugebauer, Raabe, Roters: phys. stat. sol. B 245 (2008) 2642  

Ab initio alloy design: Elastic properties: Ti-Nb system 



125 

From APT to simulation:  ICME at atomic scale (if required) 

Prakash et al. (2015) Acta Materialia, 92 
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Example: 4th generation superalloys for turbine blades (SFB / TR 103) 

Prakash, A. et al. Acta Materialia 92 (2015) 33  
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Mn Atoms 

APT 

http://damask.mpie.de 
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The end   


