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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 

Pearlitic nanostructures finer than carbon nanotubes 



Multiscale Modeling and Experimentation 

3 Methods: Scientific Fields 



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

Multiscale crystal plasticity FEM 



5 

Examples 

Examples of intrinsically nanostructured alloys 



Grain boundary plane normals analyzed 

from STEM images 

  

Grain orientations  

measured by nano beam diffraction 
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Characterization of GB segregation by correlative TEM / APT 

Methods: near atomic analysis 



Carbon grain boundary 

 excess measured by APT  

Projection of 3DAPT reconstruction 

 carbon atoms 

Characterization of GB segregation by correlative TEM / APT 

C solubility 

in Fe under 

stresses 

Atomscope: Nano-chemistry and structure 

Spin-polarized DFT  

Projector-augmented wave method  

Plane-wave basis set 

Generalized-gradient-approximation (GGA) 

k-point meshes for the Brillouin zone integration by Monkhorst 

11,000 k-points (f),  20,000 k-points (c) 

Plane-wave energy cut-off of: 450 eV 

Electronic temperature: 0.2 eV (Methfessel–Paxton) 

Ideal solution for entropy 



8 

Mn Atoms 

APT 

Funding: SFB  ‘steel-ab initio‘ 
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Examples 

Examples of intrinsically nanostructured alloys 
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Segregation Engineering: nanostructuring by transformation   

 

Solute segregation to martensite grain boundaries 

Local phase transformation at grain boundary 

(martensite-to-austenite reversion confined to GB) 

Decorate interfaces to promote confined phase transformation 
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Self-organized nanostructuring by selective phase transformation   

 

Solute segregation to martensite grain boundaries 

Local phase transformation at grain boundary 

(martensite-to-austenite reversion confined to GB) 

• Element with high segregation tendency 

• Reduce transformation temperature (e.g. from martensite 

to austenite) 

• Prefer segregation over bulk precipitation (e.g. carbide) 

Segregation plus grain boundary phase transformation 
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9Mn-2Ni-0.15Al-1Ti-1Mo (wt.%) 

20 nm 

D. Raabe et al. Scripta Materialia 60 (2009) 1141 

Mn segregation at grain boundary, (450°C/65h) 
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20 nm 
9Mn-2Ni-0.15Al-1Ti-1Mo (wt.%), aged 450°C/65h 

Mn in 

austenite 

Mn in 

martensite 

Phase formation at martensite interface 

Near-equilibrium partitioning at interface 

Mn  Ni  Al  C 

Segregation plus confined phase transformation in Fe-Mn 

Interface region (fcc) 
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Examples 

Examples of intrinsically nanostructured alloys 



30 M ions 

Growth of κ-carbides 

C Mn Al κ-carbide (iso-surface of 9.0 at.% C) 

Aged for 168 h at 600˚C 

10 nm 

Max-Planck-Institut für Eisenforschung 
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Examples 

Examples of intrinsically nanostructured alloys 
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Field desorption image 

18 Atomscope: Nano-chemistry and structure, lattice rectification 
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0.33 nm 0.25 nm 

Lattice plane reconstruction 

Fe3Al ordered phase (only Al displayed) 

19 Atomscope: Nano-chemistry and structure, lattice rectification 
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Lattice planes resolved: 

-  only in ’ 
-  only near (001) pole 

-  also in laser mode! 

20 nm 

Al-Al spatial 

distribution map 

’ 

Al-Ni spatial 

distribution map 

Lattice reconstruction 
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Microstructure at low stress creep 

• Microstructure of the single crystal Ni base 

superalloy with loading conditions of 150 MPa 

with Mg/Mc = 10 at 0.0, 0.3 and 0.5 % creep 

strains. 

 

 

• Experimental microstructure of Ni base 

superalloy in primary creep stage at 85 MPa 

shear loading condition. 

M. Kolbe, A. Dlouhy, G. Eggeler, Materials Science 

and Engineering A, 246 (1998) 133-142.  



22 

Microstructure at high stress creep 

• 3D and 2D view of the DDD simulated creep 

microstructure of Ni base superalloy at 350 MPa 

loading along [100] with Mg/Mc = 10. 

• Experimental creep microstructure of Ni base 

superalloy under 552 MPa loading along [001]. 
T.M. Pollock, A.S. Argon, Acta Metall Mater, 

40 (1992) 1-30 
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Microstructure at high stress creep 
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Rapid alloy prototyping:  other alloy systems 
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