Multiscale Physics
Challenges for Plasma -
Facing Materials

N.M. Ghoniem (UCLA) and B. Wirth (UCB)
APS-DPP Meeting
Mini-conf er ence: nNThe first few micronrn

November 16-20, 2007
Orlando, Florida

1111111111



11/

Lecture Outline

Research Approach and the Materials

Environment;
Plasma Physics 0 Materials Science Analogies;
The new kid on the block: Multiscale Modeling;

A few Basics: collision cascades. Defects &

Microstructure;
Surface and Bulk Phenomena;
Fundamental Equations and Algorithms;

Modeling Challenges and Limitations.
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Material -Plasma Interfacing

Material
Bulk

C Ab initio;
CMD
C KMC

=

Cracks

CDD

C Rate Theory

CFEM

Material
Surface

=

Plasma
Edge

CVFTRIM:;

C REDEP
CHEIGHTS
CBPHI-3D

C UEDGE-2D

=

Plasma
Core

C Transport;

C Turbulence;
C MHD;

C Confinement;

C Islands,
Stability &
Oscillations.
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Correspondence & Analogy

Phenomenon

Plasma

Material

Density & Degrees of
Freedom per cn¥

C1014- 101

C 1023

Forces

C Long-range Coulomb,
Electromagnetic

C Shortrange Atomic > Pair,
Many-body

C Long-range Elastic

Particle Methods

C ParticleParticle (PP);
C ParticleField (PIC);
CKMC

C ParticleParticle (MD);
C ParticleField (DD-FEM);
C KMC, Lattice MC, Event MC.

Transport & C Collisions & FokkefrPlanck; C Microstructure Evolution &
Continuum FokkerPlanck;

C Fluid, MHD C Elasticity;

C Reaction Crossections; C Rate Theory;

C Turbulence C Plasticity
Instabilities C Spacelslands, Coherent C Space Seltorganization,

Structures;
C Time: Oscillations, Disruptions

segregation;
C Time: shear bands, cracks.

*H. Huang and N.M. Ghoniem, "Formulation of a Moment Method fdimensional FokkePlanck Equations”,
Phys. Rev. 51, 68 5251:5260, 1995.




Correspondence & Analogy

Biot.Savart Electromagnetics Dislocation Dynamics
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Approach and Materials

Environment

Environment - MFE

C HeatFlux: FW ~1 MW/m2, Divertor ~5 115 Approach
MW/m? C Predictive

C NeutronFlux: ~31 5 MW/m? C PhysicsBased

C ParticleFlux: Divertor ~10°-10°> m?s* C ComputationalDesignof Materials;

clA
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rﬁ,ﬁ MechanicalLoads Pressure~ 2-5MPa C Experimentallyverifiable at Scalelnterfaces
U



ACCELERATED MATERIAL DEVELOPMENT METHODOLOGY

A Traditional Physical Methodology:

A Digital AnalogMethodology

INTEGRATED
MODELING
INPUT
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-scale Modellng Strategy
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FUSION STRUCTURAL COMPONENT DEVELOPMENT LOGIC

Multi-ScaleMaterial Modeling

Quantum
Mechanics
v

Classical
MD

ExperimentandTests

Module Tests:

Sub-module

Continuum
Mechanics

Statistical
echanics

Dislocation
Dynamics

Monte Carlo

S=0um  10pm  15um 20um  25um  35um

um mm

PROPERTIES:
Tensile, fatigue, toughness, ar

Structural Performance and Reliability Assessment
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Defects & the Microstructure

MONOGRAPHS ON THE PHYSICS AND CHEMISTRY OF MATERIALS =63 OXFORD SCIENCE PUBLICATIONS
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In materials, critical phencmena such as phase transitions, plastic deformation, and fracture
are intimataly related to self-organization. Understanding the origin of spatic-temporal
order in systems far from thermal equilibrium and the sedection mechanisms of spatial
structures and their symmetries is a major theme of present day research on the structure of
continuous matter. Furthermore, the development of methods for producing spatially-
ordered and self-assembled microstructure in solids by non-equilibrium methods opens the
door to many technological applications. There is an increasing demand for a better under-
standing of new materials from a more fundamental point of view. [n order to describe and
understand the behavior of such materiaks, dynamical concepts rel ated to non-equilibrium

Instabiliti d
S l f O . t .
phencmena, irreversible thermodynamics. nonlinear dynamics, and bifurcati on theory, are g
required. The generic presence of defects and their crucial influence on pattern formation * -
and critical phenomena in extended systems is now well-established. Similar to observations 1 l I a e rl a S
in hydrodynamical, liquid crystal, and laser systems, defects in materials have a profound

effect. We found it thus timely to devel op 2 unified presentation of tools, concepts, and
methods that are useful to material scientists and enginsers. Although specialized treatments
of various topics covered in this book are available, we feel that a comperehensive approach
may give the reader a higher vantage point. Hence, emphasis is placed on combining the
basic physical, mathematical, and computational aspects with technological applications

within the material's life-cycle, from processing, degradation to eventual failure.
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Volume I: Fundamentals of Nanoscience

Nasr M. Ghoniem is a Professor in the Materials Science and Engineering Department,
University of California at Los Angeles.

Daniel D, Walgraef is Director of Research at the Belgian National Fund for Scientific
Ressarch, Brussels,

Nasr Ghoniem and Daniel Walgraef

‘A very useful resource introducing students in the physical sciences to the theoretical back-
ground behind specific cakoulations, and students in the mathematical sciences to interesting
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applications. Kaushik Bhattacharya, California Institute of Technology
The topic of instabilities and self-organization s rich in th ical interest and practical - [
motivation, and it is timely” Robert Rudd, Lawrence Livermore National Laboratory E =
v
Coer lmage: The cover shaws the seif-organized structure 30d magaificeat colors of a cactus plant. 81 N
The picture was taken by N. Ghonlen Ia sprisg 2005, Inspiration provided by Matthew Koerzer. ) =
B =
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V. Bulatov and Vi. Cai: Computer simulations of disl ocations ™ i
M. Finnis: Interatomic forces in condensed matter =
1. C. H. Spence: High-resolution eectron microscopy (third edition) z
L-M. Peng S. L. Dudarev, and M. J. Whelan: High-energy electron diffraction o
and microscopy 8
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Defects & the Microstructure
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Point & Line Defects

Interstitial

()

” 'F Figure 3.2: Burgers circuit for an edge dislocation
[lrlcu‘
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Interfacial Defects & Boundaries
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Figure 3.6: Stable tilt boundary

Figure 3.8: Slip band geometry

Figure 3.9: Twin band geometry
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Defects & the Microstructure
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Bulk Phenomena

1
\
\
\
\
\

High Heat Flux/ Neutron flux/ Mechanical

Loadsresult in: Vo
\ ; \
i 127 109 <Y Voo \
Shorttimescalgphenomende.g. 10121 10° s): \ | Dimensional
i~ Di v i Instability
C Atomic Displacements e Ductieto- \} (Swelling Y,/ Helium
& FastTransport (Yrs) '?rrgg:ition Creep) ¢ Embrittlement

C Lattice Defects(VacanciesandInterstitials) (DBTT)

Longtimescalephenomenge.q. 10371 1P s):

C Microstructure Evolution (Moids, Bubbles,

Dislocations Phases) Materials Design

Window

C Dimensional Instabilities (Swelling and
Creep)

v

C SheamBands(Localizedplasticity); Temperature (°C)

C Helium Embrittlement

[
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First-principles
(<200 atoms,<10ps)

C StartfromSc hr oedi|n
Equation

(D
—
(@)}

Molecular dynamics

¢ Empirical Potentials;

C Initial defect distribution;

C Verlet or predictor-corrector;

C time-step ~ 1 fs;
C Short-range forces;

C Parallelization by spatial decomposition with
MPI.

C (1-100 million atoms, < 100 ns)

C Approximate DFT;

—

C Accurate energetics of
point defects and defect
clusters

rﬁf * SrolovitzandCarr- Princeton
yclA
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KMC (<mm,<ms)

C Freeze atomic degrees of Freedom;
C Track defects only;

C Microstructure evolution of defects
C Spatial inhomogeneity.

17



Atomic Displacements
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Radiation damage and defect cluster physics

AAtomistic (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)

<100> dislocation loop nucleation

37-SIA

i, 4~ hexagonal
20keV cascaden Fe-10%Cr e clusters

l

51117 s111] - [100

Cinepak decompressor

Cascadeagingin Fe

5nm

&dO0keVMDc ascade

@ Fedisplaced atom

@displaced atom
ncy
0DefecagdKMC
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Interatomic Potentials and MD Simulations

HP{Rp.ri} = EiP{ Ry, ri}

i

Stoller, ORNL

C Born-Oppenheimer: Adiabatically eliminatg
nuclear degrees of freedom. Solve only for
electrons.

C Kohn-ShamHohenberg: Density Functiona
Theory (DFT) reduces to the single electron
guantum problem, with effective potentials.

C ExchangeCorrelation potentials are
approximated with the Local Density
Approximation (LDA).

C Using DFFLDA material properties have

\V

d’R av
=~ =g M= Z +V (Br1)

been calculated without input.

E&E W@ Potentials
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QB Al Bond-order

B- Z{mm NI A@Eﬁmlnm—

ClassicalMD with Empirical Potentials

20



Response of FEr Alloys to Irradiation

AFe-Cr ferritic/martensitic steelsand dispersion strengthened variants are
candidate structural materials for high(er) temperature fission and fusion
applications
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Understand Cr - point defect interactions, Cr segregation behavior and microstructural evolution I



Semiempirical potentials: Size effects

/2
Fe: Ackland et al., Phil.

: i i : . 1.0 nen u
FinnisSinclairpotentials E..=5aVi(R)-aiafi(R)u  wmag. 1997)
]

For Fe-Cr:

Konishi et al.,
Comp. Mater. Sci.

(1999)

bl y Cr: Finnis and Sinclair,
B Phil. Mag. (1984
fFeCr - a\/fFeFefCrCr o )
af f o d and bfit to
FeC V + FeCI’V H
Fecr Q# Cere CrCrB experimental
FeFe CrCr ~ data

‘FeOCr

Cr concentration 1.8%

1st NN change (%)
FeCr | +0.53
FeCr Il -0.32
Ab-initio -0.29

(LCAQO)
Ab-initio -0.08 - 0.08%
(VASP) -0.5 contraction

)
Cr Il potential in reasonableagreementwith ab-initio predictions for sizeeffects,but not
-Cr binding energy. FeCr | potential in better agreementfor SIA-Cr interactions.

J.-H. Shim,H.-J. LeeandB.D. Wirth, J. Nucl. Mater 351 (2006 56.



Point defect Cr binding energy

Cr - Vacancy E, (eV)
INN 0.04 -0.002 0.044
2NN 20 AWh RS
E, (eV) E, (eV)
FeCrl -0.25 Q. FeCrl -0.40
FeCr Il +0.20 FeCr I +0.10

Olsson et al.

OFe OCr
E, (eV) E, (eV)
FeCrl -0.16 FeCrl +0.02

FeCr Il +0.06 " FeCr il -0.01

ADb-initio +0.05*



Screw dislocatiot&FT interaction in FCC Cu

ASnapshots of SFT and screw dislocation {fRema?ning | struct_ure
interaction process at t,,=300MPa Immediately after the interaction




