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Lecture Outline

Ç Research Approach and the Materials 

Environment;

Ç Plasma Physics ðMaterials Science Analogies;

Ç The new kid on the block: Multiscale Modeling;

Ç A few Basics: collision cascades. Defects & 

Microstructure;

Ç Surface and Bulk Phenomena;

Ç Fundamental Equations and Algorithms;

Ç Modeling Challenges and Limitations.
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Material -Plasma Interfacing

Material

Surface

Plasma 

Edge

Plasma

Core

Material

Bulk

ÇAb initio;

ÇMD

ÇKMC

ÇDD

ÇRate Theory

ÇFEM

ÇVFTRIM;

ÇREDEP

ÇHEIGHTS

ÇBPHI-3D

ÇUEDGE-2D

ÇTransport;

ÇTurbulence;

ÇMHD;

ÇConfinement;

ÇIslands, 

Stability & 

Oscillations.

Cracks
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Correspondence & Analogy

Phenomenon Plasma Material

Density & Degrees of 

Freedom per cm3

Ç1014 - 1016
Ç1023

Forces ÇLong-range: Coulomb, 

Electromagnetic

ÇShort-range: Atomic > Pair, 

Many-body

ÇLong-range: Elastic

Particle Methods ÇParticle-Particle (P-P);

ÇParticle-Field (PIC);

ÇKMC

ÇParticle-Particle (MD);

ÇParticle-Field (DD-FEM);

ÇKMC, Lattice MC, Event MC.

Transport & 

Continuum

ÇCollisions & Fokker-Planck;

ÇFluid, MHD

ÇReaction Cross-sections;

ÇTurbulence

ÇMicrostructure Evolution & 

Fokker-Planck*;

ÇElasticity;

ÇRate Theory;

ÇPlasticity

Instabilities ÇSpace: Islands, Coherent 

Structures;

ÇTime: Oscillations, Disruptions

ÇSpace: Self-organization, 

segregation;

ÇTime: shear bands, cracks.

*H. Huang and N.M. Ghoniem, "Formulation of a Moment Method for n-dimensional Fokker-Planck Equations", 

Phys. Rev. E, 51, 6: 5251-5260, 1995. 
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Correspondence & Analogy

Electromagnetics Dislocation Dynamics

Magnetic intensity Strain

Magnetic induction Stress  

Current density Incompatibility tensor

Permeability Elastic constants

Vector potential Stress function

Current Burgers vector

Maxwellôs Equation:                                  Incompatibility

Equation:
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Approach and Materials 

Environment - MFE

Approach

Ç Predictive;

Ç Physics-Based;

Ç ComputationalDesignof Materials;

Ç Experimentally-verifiable at ScaleInterfaces.

Environment

Ç Heat Flux : FW ~1 MW/m2; Divertor ~5 ï15

MW/m2

Ç NeutronFlux : ~ 3ï5 MW/m2

Ç Particle Flux : Divertor ~1021-1022 m-2s-1

ÇMechanicalLoads: Pressure~ 2-5 MPa
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Features
Virtual

Sample
FEM

ACCELERATED  MATERIAL  DEVELOPMENT  METHODOLOGY

ÅTraditional Physical Methodology:

Sample
Testing

Properties

ÅDigital AnalogMethodology:
INTEGRATED 

MODELING 

INPUT
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Continuum 

Mechanics

Statistical 

Mechanics

Dislocation 

Dynamics
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Multi -scale Modeling Strategy



FUSION STRUCTURAL COMPONENT DEVELOPMENT LOGIC

Multi -ScaleMaterialModeling ExperimentsandTests

PROPERTIES:

Tensile, fatigue, toughness, creep, crack growth, swellingé

Structural Performance and  Reliability Assessment
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Defects & the Microstructure
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Defects & the Microstructure
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Point & Line Defects
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Interfacial Defects & Boundaries
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Defects & the Microstructure
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Temperature (OC)

Dimensional 

Instability 

(Swelling-

Creep)
Lifetime

(Yrs)

Materials Design 

Window

Helium

Embrittlement

Ductile-to-

Brittle

Transition 

(DBTT)

Bulk Phenomena

High Heat Flux/ Neutron flux/ Mechanical

Loads result in:

Shorttimescalephenomena(e.g. 10-12ï10-9 s):

ÇAtomic Displacements;

ÇFastTransport;

ÇLatticeDefects(VacanciesandInterstitials).

Long timescalephenomena(e.g. 10-3ï106 s):

ÇMicrostructure Evolution (Voids, Bubbles,

Dislocations,Phases);

ÇDimensional Instabilities (Swelling and

Creep);

ÇShearBands(Localizedplasticity);

ÇHelium Embrittlement.
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Atomistic Simulations*

First-principles

(<200 atoms,<10ps)

ÇStart from Schroedingerôs

Equation;

ÇApproximate: DFT;

ÇAccurate energetics of

point defects and defect

clusters

ÇEmpirical Potentials;

Ç Initial defect distribution;

ÇVerlet or predictor-corrector;

Ç time-step ~ 1 fs;

ÇShort-range forces;

ÇParallelization by spatial decomposition with 

MPI.

Ç (1-100 million atoms, < 100 ns)

Molecular dynamics

ÇFreeze atomic degrees of Freedom;

ÇTrack defects only;

ÇMicrostructure evolution of defects 

ÇSpatial inhomogeneity.

KMC (<mm,<ms)

* SrolovitzandCarr- Princeton
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Atomic Displacements



Radiation damage and defect cluster physics

ÅAtomistic (molecular dynamics,molecular staticsand kinetic Monte Carlo)

simulations to investigatedisplacementcascadeevolution (Fe-10%Cr), defect

cluster structure & transport (Fe,Fe-He, Fe-Cr, V), cascadeaging -

Collaborative effort with UCSB,ORNL, PNNL and Princeton (V)

QuickTimeÊ and a
Cinepak decompressor

are needed to see this picture.

Fe displaced atom

Cr displaced atom

Vacancy

20keV cascadein Fe-10%Cr

  
1

2
[111]

  
1

2
[11 1 ]   [100]­

37-SIA 

hexagonal 

clusters

à100ð

junction

<100> dislocation loop nucleation

óDefectôKMCaged

ó50keV MD cascadeô

5 nm

Cascade energy 
(keV)

MD defects

(~ 100 ps)

Surviving 
vacancies 

(~ 100 ns)

5 22.0 13.2 (60%)

10 33.9 20.2 (60%)

20 59.3 38.2 (64 %)

40 131 77.5 (59%)

50 168.3 90.9 (54%)

100 332.3 180.1 (54 %)

Cascadeaging in Fe



11/13/2007 20

Interatomic Potentials and MD Simulations

ÇBorn-Oppenheimer:  Adiabatically eliminate 

nuclear degrees of freedom. Solve only for 

electrons.  

ÇKohn-Sham-Hohenberg: Density Functional 

Theory (DFT) reduces to the single electron 

quantum problem, with effective potentials.  

ÇExchange-Correlation potentials are 

approximated with the Local Density 

Approximation (LDA).  

Ç Using DFT-LDA material properties have 

been calculated without input.

Quantum MD
Bond-order

Potentials ClassicalMD with Empirical Potentials

Stoller, ORNL



Understand Cr - point defect interactions, Cr segregation behavior and microstructural evolution

Response of Fe-Cr Alloys to Irradiation

ÅFe-Cr ferritic/martensitic steelsand dispersion strengthened variants are

candidate structural materials for high(er) temperature fission and fusion

applications

* TMS handbook

* N. Hashimotoet al., MRS650(2000)
* F. Maury et al., J. PhysF 17 (1987)

Grain boundary segregationof Cr

 
 F82H

Protonirradiated

250ÁC, 0.5 dpa:

HCM12A

Ni+ irradiated

500ÁC, 5 dpa:

* R. Schaeublinet al., JNM 258-263(1998)
* T.R. Allen et al., 22ndASTM

 

Phasediagram Resistivityrecovery,SIA-Cr Dislocationloops



1st NN change (%)

FeCr I +0.53

FeCr II -0.32

Ab-initio -0.29

(LCAO)

Ab-initio -0.08 -

(VASP) -0.5Fe Cr

Substitutional Cr atom

Semi-empirical potentials: Size effects

m=-1.88

m=2.2

0.08%

contraction

Cr

Cr concentration 1.8%

FeCr II potential in reasonableagreementwith ab-initio predictions for sizeeffects,but not

vac-Cr binding energy. FeCr I potential in better agreementfor SIA-Cr interactions.
J.-H. Shim,H.-J. LeeandB.D. Wirth, J. Nucl. Mater 351(2006) 56.

For Fe-Cr:

Konishi et al.,

Comp. Mater. Sci.

(1999)

aandbfit to

experimental

data
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<111> mixed dumbbell <110> mixed dumbbell

Fe Cr

<110> db + parallel Cr <110> db + perpendicular Cr

Eb (eV)

FeCr I     -0.25

FeCr II    +0.20

Ab-initio +0.37*

Eb (eV)

FeCr I     -0.40

FeCr II    +0.10

Ab-initio   0.08*

Eb (eV)

FeCr I     -0.16

FeCr II    +0.06

Ab-initio +0.05*

Eb (eV)

FeCr I     +0.02

FeCr II     -0.01

Ab-initio -0.08*

*P. Olsson, et al.

Point defect - Cr binding energy

Cr - Vacancy Eb (eV)

1NN 0.04 -0.002 0.044

2NN -0.04 -0.01 -0.005
VASPFe-CrIIFe-CrI



Screw dislocation-SFT interaction in FCC Cu

ÅSnapshots of SFT and screw dislocation

interaction process attxy=300MPa

ÅRemaining structure

immediately after the interaction


