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class times 

Friday, 10 am – 2 pm  at  IMM / RWTH 
(last class at MPI Düsseldorf) 

Contact, website and class days 

Course Lecturers:  

Dr. S. Sandlöbes, Dr. H. Springer,  

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



2 

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 
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Contents 

Dierk Raabe, class micromechanics 2012 

• Introduction 

• Quantum mechanics primer 

• Crystal structures and why they matter for micromechanics 

• Dislocation statics  

• Dislocation dynamics 

• Single crystal mechanics  

• Polycrystal mechanics (Taylor model, single crystal yield surface) 

• Polymer crystal mechanics 

• Mechanics of biological (natural) materials 

• Introduction to fracture mechanics 

• Introduction to the FEM method 

• Integrated micromechanical experimentation and simulation 

• High-throughput testing and materials development 

• Case study: Hydrogen embrittlement 
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Further reading 

Gottstein: Physical Metallurgy 

Reed-Hill: Physical Metallurgy Principles 

Hull and Bacon: Introduction to Dislocations, Butterworth-Heinemann 

Hirth and Lothe: Theory of Dislocations 

Hosford: The Mechanics of Crystals and Textured Polycrystals, Oxford University 
Press 

Kocks, Tomé and Wenk: Texture and Anisotropy. Preferred Orientations in 
Polycrystals and Their Effect on Material Properties. Cambridge University Press 

Raabe, Roters, Barlat and L.-Q. Chen: Weinheim, Continuum Scale Simulation of 
Engineering Materials - Fundamentals - Microstructures - Process Applications. 
Wiley-VCH 



Overview 

www.mpie.de 



Scientific mission: complex materials in real environments 

6 Scientific Mission: From Electrons to Complex Materials 

• multiple elements, phases, defects 

• interacting mechanisms (non-linearity) 

• kinetic transients / local equilibrium 

• history dependent (synthesis, processing) 

• multiple scales (modeling, experiment) 

• real environments (systems science) 

• multi-functionality 

nanoscale engineering 



Martensite: Hierarchical microstructure analysis 

Integrated Computational Materials Engineering: DP steel 

Morsdorf et al. Acta Mater 95 (2015) 366 
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C 
Understanding mechanics 

of complex materials 
down to atomic scale 
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true strain 

stress 

Inverse strength-ductility:  phenomenological analysis 

inverse strength-ductility relation 
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Inverse strength-ductility:  phenomenological analysis 

inverse strength-ductility relation 
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Inverse strength-ductility:  phenomenological analysis 

inverse strength-ductility relation 

Martensite 

Twinning 

Shearbands 

Damage tolerance 
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true strain 

stress 

Inverse strength-ductility:  phenomenological analysis 

inverse strength-ductility relation 

Design of ductile high strength alloys 

requires permanent strain hardening 

and damage tolerance 



12 

Local phase transformations enable high strength of bulk metals 

Inverse strength-ductility relation 

Design strain hardening only where needed 

Beyond inverse stress-strain relations via intrinsic nanostructures 



Overview 

www.mpie.de 
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Rapid alloy prototyping:  applied to  TRIPLEX  Fe-Mn-Al-C steels  

Fe-24Mn–0.5C–8.6Al (wt%) 

Koyama, Tsuzaki, Raabe, under preparation 

H- loaded 
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Example of Discrete Dislocation Dynamics in 3D: superalloys 



Overview 

www.mpie.de 
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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) 



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 



Adiabatic Born-Oppenheimer approximation 

Decoupling of cores and electrons 

Electrons 

Atom cores 

Raabe: Adv. Mater. 14 (2002) 



Atom Probe Tomography (APT) 
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Ion sequence 
Position sensitive detector 

X1, Y1, ToF1 

VDC 

Vp     +                 
 Time of flight 

X2, Y2, ToF2 

X3, Y3, ToF3 

X4, Y4, ToF4 

R  50 nm 

T 20–100 K 

X5, Y5, ToF5 

…….. 

Time of flight                    chemical identity 

Position of hit                   X-Y coordinates  

Evaporation sequence     Z coordinate 

or 

The specimen is the lens 

3D point cloud data 



2 nm 

[111] 

[-
1

-1
2

] 

0.33 nm 0.25 nm 

Lattice plane reconstruction: APT crystallography 

Fe3Al (only Al displayed) 
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Atom probe crystallography: 

Chemistry and structure in 3D 



Correlative TEM-APT probe for 5D GB segregation analysis 

BF-STEM micrograph of cold-drawn Fe-C 

(010) 
(00-1) 

(-100) 

e- beam 

Nano beam diffraction 

Scanning nano beam diffraction 

100 nm 

(ASTAR) 

Acta Mat 61 (2013) 3172, Herbig et al. phys rev let. 2014 23 



Carbon atoms 

50 nm 
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Correlative TEM-APT probe for 5D GB segregation analysis 

5 crystal. parameters 

N chemical species 

Herbig et al. phys rev let., (2014); Duarte et al. Science (2013), Li et al. phys rev. let (2014) 

Kuzmina et al. Science 349, 1080 (2015) 



Overview 

www.mpie.de 
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115 GPa 

20-25 GPa 

Spannungs-Abschattung (Stress shielding) 

Elastische Fehlpassung:  

Knochenauflösung, Abrasion, Entzündung 

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

Neue Biowerkstoffe: Titanimplantate mit kubischer Gitterstruktur 



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

ab-initio Simulation of elastic stiffness 



Construct binary alloys in the hexagonal phase 

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



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

Construct binary alloys in the cubic phase 



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

New Biomaterials: Titanium implants with bcc structure 

Free energy F(x,c,T) = U – T · S  

two phases 
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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 
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Ab initio-based development of new alloys 
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Ab-initio methods for the design of high strength steels 

www.mpie.de 

martensite  

formation 

twin formation 


