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Fe-Cr alloys

• Are the base for many important industrial steels
• Used as cladding material in fast neutron reactors
• Low  Cr steels, up to 10 % Cr, show:

anomalous stability
resistance to neutron 
radiation induced swelling
corrosion resistance 
increased ductile to brittle 
transition temperature

Accelerator of protons 

Cooling media

Fuel

Target



Microstructure – Property Relationships

Engine Block
≅ 1 meter

Microstructure 
- Grains
≅ 1 – 10 mm
Properties
• High cycle fatigue
• Ductility

Microstructure 
- Phases
≅ 100 – 500 microns
Properties
• Yield strength
• Ultimate tensile strength
• High cycle fatigue
• Low cycle fatigue
• Thermal Growth
• Ductility

Microstructure 
- Phases
≅ 3-100 nanometers
Properties
• Yield strength
• Ultimate tensile strength
• Low cycle fatigue
• Ductility

Original idea for this figure 
belongs to Chris Wolverton 
Ford Motor Company

Atoms
≅ 10-100 Angstroms
Properties
• Thermal Growth



TSPVEG −+=





Matter@NSC
Linköping
4128 cores
37 TFLOPS

Lindgren@PDC
KTH
36384 cores
305 TFLOPS



A atom B atom

AxB1-x alloy

n(r) , the electron density
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LDA, GGA, 
etc.

VASP, Wien2k,CASTEP,
ABINIT, KKR, etc.

Supercell, CPA, etc.

It is NOT a trivial task 
to run ab initio software!

P. E. A. Turchi, I. A. Abrikosov, et al., CALPHAD 31, 4 (2007).



Ordered compounds





Solution phases: supercell method



2X2X7, segregation energy -0.043 eV

A. V. Ponomareva et al., Phys. Rev. B 75, 245406 (2007) 



3X3X9, segregation energy 0.090 eV

A. V. Ponomareva et al., Phys. Rev. B 75, 245406 (2007) 



Model:

• Substitutional disorder:
• Topological disorder: 
• Random alloy is a system with equilibrium atomic 

configuration in the limit V/T    0, where V is the 
strongest effective interaction in the system

• Spatial homogenity: 
• Disappearance of statistical correlations: 
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Self-averaging

• Extensive quantities:  
• Examples: total energy, density of states, volume, etc.
• Quantity A is self-averaging if it has well-defined, non-

random value in a random alloy with volume 
• Theorem: In a random alloy molar values of extensive 

quantities are self-averaging. 
• Crystal potential or wave function are not self-averaging 

quantities
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Cluster expansion of the total energy
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F. Tasnadi, IAA, and I. Katardjiev, 
Appl. Phys. Lett. 94, 151911 (2009).

Special quasirandom structure method
[A. Zunger et al., Phys. Rev. Lett. 65, 353 (1990)]
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A. V. Ruban and I. A. Abrikosov, Rep. Prog. Phys. 71, 046501 (2008).



Solution phases: coherent potential

A. V. Ruban and I. A. Abrikosov, Rep. Prog. Phys. 71, 046501 (2008). 



A. V. Ruban and I. A. Abrikosov, Rep. Prog. Phys. 71, 046501 (2008). 
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A. V. Ruban and I. A. Abrikosov, Rep. Prog. Phys. 71, 046501 (2008). 



P. Olsson, I. A. Abrikosov, and J. Wallenius, Phys. Rev. B 73, 104416 (2006) 



Locally Self-consistent Green’s Functon method (LSGF)

I. A. Abrikosov et al., Phys. Rev. Lett. 76, 4203 (1996)

































Band formation

From J. M. Wills and O. Eriksson, Los Alamos Science Number 26, 128 (2000).
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Transition metal
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theory (nm)
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DIFFERENT PROPERTIES !!!



bcc Fe-Cr



bcc Cr-Fe, 
magnetic moments

P. Olsson, I. A. Abrikosov, L. Vitos, and J. Wallenius, J. Nucl. Mater. 321, 84 (2003) 







Disordered Magnetism

Disordered Local Moment Model



P. Olsson, I. A. Abrikosov, and J. Wallenius, Phys. Rev. B 73, 104416 (2006) 



P. Olsson, I. A. Abrikosov, and J. Wallenius, Phys. Rev. B 73, 104416 (2006) 



P. Olsson, I. A. Abrikosov, and J. Wallenius, Phys. Rev. B 73, 104416 (2006) 



P. Olsson, I. A. Abrikosov, and J. Wallenius, Phys. Rev. B 73, 104416 (2006) 
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Effect of magnetism on phase 
stability in Fe-Cr system: a model
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ab initio, total interaction

ab initio, non-magnetic interaction

Model



B. Alling, M. Oden, L. Hultman, and I. A. Abrikosov, Appl. Phys. Lett. 95, 181906 (2009).





Effect of pressure on the tendency towards the 
spinodal decomposition in bcc Fe-Cr alloys



Effect of pressure on the structural 
energy differences in Fe-Cr alloys

fcc Fe-Cr

bcc Fe-Cr

fcc bcc





CONCLUSIONS :

• Reliable tools have been developed for first-principles theoretical 
treatment of (magnetic) solution phases. 

• First-principles simulations can be carried out for real materials of 
technological importance. The results allow for the cautious optimism.

• Choice of the methodology depends on the problem at hand.
• The mixing enthalpy for paramagnetic Fe-Cr alloys is positive at all 

concentrations, in excellent agreement with experiment. On the 
contrary, ferromagnetic bcc Fe-Cr alloys are anomalously stable at 
low Cr concentrations. 

• The stabilization of Fe-rich Fe-Cr alloys comes essentially from 
magnetic effects, and it is suppressed with pressure.

• Therefore, magnetic effects must be taken into account in simulations.
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