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email:  d.raabe@mpie.de 

class times 

Friday, 10 am – 14 pm  at  IMM / RWTH 
 

(last class at MPI Düsseldorf) 

 

lecture download page:  

http://www.dierk-raabe.com/lectures/ 
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19. April 2013 

26. April 2013 

  3. May 2013 
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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 the FEM method 

Contents 

Dierk Raabe, class micromechanics 2012 
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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 
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www.mpie.de 



Scientific mission: complex materials in real environments 

5 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 
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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 
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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 
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Understanding the nanoscopic length scales and their effects 

> 6 GPa 

Pearlitic nanostructures finer than carbon nanotubes 



Overview 

www.mpie.de 
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Zeitalter tragen die Namen von Materialien 
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Dawn of the iron age in the mediterranean 

 

1274 BC: 
Iron weapons 

Large chariots 

Muwatalli  

Ramses II. 

20000 soldiers, 4 divisions 

largest egypt army ever 

37000 soldiers,  

Hittite and other kingdoms 

Hittite empire: iron age 

Egypt empire: bronze age 
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Answering societies' grand challenges with complex alloys 

Materials-related industries account for 46% of all EU manufacturing value and 

11% of the EU’s total domestic product  

 

3.5 billion €  per day in the EU 
World Trade Organisation 

 

Our mission: Understanding and designing complex materials and 

mechanisms for real environments from first principles 

 

Link to Society: Complex Materials enable Innovative Manufacturing 16 

70% of all industrial innovations are associated with progress in 

materials science and engineering 

 

Complex Materials occupy key roles  

(energy, transportation, health, safety, infrastructure) 
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New materials for key technologies: mobility on land and water 



18 

Ab initio-based development of new alloys 
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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 



MPIE research focus: areas of high expertise 

20 Strongest Scientific Fields 

Alloys lighter than water 



New materials automotive (courtesy BMW) 



New materials automotive (courtesy BMW) 
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New materials for key technologies: Aero-space 



Technology Status A380 – Material Distribution (courtesy Airbus) 

20% Composite 

62% Aluminum 10% Titanium / Steel 

4% Glare 

2% Surface protections 

2% Miscellaneous 

Fly 
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New materials for key technologies: Aero-space 
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New materials for key technologies: Aero-space 
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New materials for key technologies: Green energy 
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New materials for key technologies: Power plants 
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New materials for key technologies: infrastructure 



New materials for key technologies: health 

30
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New materials for key technologies: functionals 
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self healing materials, electronic polymers, regenerative Biomaterials, LED, 

energy storage, thermoelektrica….. 

www.mpie.de 

New materials for key technologies: communication 
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Natural materials 



Overview 

www.mpie.de 



Multiscale Modeling and Experimentation 

35 Methods: Scientific Fields 
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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 Elektrons:  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) 



Hohenberg-Kohn-Sham Theorem: density function theory 

Ground state energy is a unique function of the particle density 

The Functional E(n(r)) has a minimum regarding variation in particle density at 

equilibrium density n0(r) 

Hohenberg   Kohn, Phys. Rev. 136 (1964) B864  
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Ab initio: theoretical methods 

Hohenberg   Kohn, Phys. Rev. 136 (1964) B864  



     Atomare Analyse der Strukturwerkstoffe von morgen 

Vp   

 

 

Reconstruction  
Position sensitive 

detector MCP 
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m/n : mass to charge ratio  

Vdc : base voltage   

VP : pulse voltage    
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Atom Probe Tomography (APT) 
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(001) 
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Field desorption image 

43 Courtesy: Johannes Deges 
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Frank dislocation loop 

0.33 nm 0.25 nm 

Lattice plane reconstruction 

Fe3Al ordered phase (only Al displayed) 

44 Courtesy: Johannes Deges 



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 
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Von ab-initio zur Vielkristall-Steifigkeit 



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 



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

Neue Biowerkstoffe: Titanimplantate mit kubischer Gitterstruktur 

Freie Energie F(x,c,T) = U – T · S  

U: Dichtefunktional-Theorie (DFT) 

S: Konfigurationsentropie 

Elastischer Tensor 

Vielkristall-Steifigkeit (Homogenisierung) 

Zwei Phasen 
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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  

Hershey 

FEM 

FFT 

Ab initio alloy design: Elastic properties: Ti-Nb system 
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Ab-initio methods for the design of high strength steels 

www.mpie.de 

martensite  

formation 

twin formation 
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Mn Atoms 

APT 
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Examples 
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Examples 
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Examples 
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Examples 
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Examples 


