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Lecture Outline

Research Approach and the Materials

Environment;
Plasma Physics — 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

=

Cracks

Material
Surface

AD initio;
dMD
UKMC
dDD
Rate Theory
UFEM

=

Plasma
Edge

dVFTRIM;
JREDEP
AHEIGHTS
dBPHI-3D
JUEDGE-2D

=

Plasma
Core

U Transport;

O Turbulence;
LMHD;

L Confinement;

Ulslands,
Stability &
Oscillations.
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Correspondence & Analogy

Phenomenon

Plasma

Material

Density & Degrees of
Freedom per cm?®

10% - 10

11023

Forces

LLong-range: Coulomb,
Electromagnetic

LShort-range: Atomic > Pair,
Many-body

LLong-range: Elastic

Particle Methods

QParticle-Particle (P-P);
QParticle-Field (PIC);
OKMC

LParticle-Particle (MD);
QParticle-Field (DD-FEM);
LUKMC, Lattice MC, Event MC.

Transport & LCollisions & Fokker-Planck; [ Microstructure Evolution &
Continuum Fokker-Planck™;

QFluid, MHD HElasticity;

DReaction Cross-sections; JRate Theory;

QTurbulence Plasticity
Instabilities LSpace: Islands, Coherent LSpace: Self-organization,

Structures;
L Time: Oscillations, Disruptions

segregation;
U Time: 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.




Correspondence & Analogy

Biot-Savart

4 1ds <7

dB = -
dr r

B= >

47 F
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Electromagnetics Dislocation Dynamics
Magnetic intensity Hi Strain gij
Magnetic induction Bi Stress op
Current density ‘]i Incompatibility tensor i
Permeability 7 Elastic constants E, v
Vector potential A Stress function Zi
Current I| Burgers vector bi

Maxwell’s Equation:

Incompatibility |_— €y €

Equation:

/f ¥
)-< Ids
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Approach and Materials
Environment - MFE

Environment

O Heat Flux: FW ~1L MW/m?; Divertor ~5 —15 Approach
MW/m? Q Predictive;

& Neutron Flux: ~ 3 -5 MW/m?2 O Physics-Based:

Q Particle Flux: Divertor ~10%1-102 m-s O Computational Design of Materials;

rﬁ,F' Mechanical Loads: Pressure ~ 2-5 MPa 0O Experimentally-verifiable at Scale Interfaces.
uclA
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ACCELERATED MATERIAL DEVELOPMENT METHODOLOGY
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Diqgital Analog Methodology:

INTEGRATED
MODELING
INPUT

=




Multi-scale Modelmg Strategy

nm
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FUSION STRUCTURAL COMPONENT DEVELOPMENT LOGIC

Multi-Scale Material Modeling Experiments and Tests

Module Tests:

Sub-module

Continuum
Mechanics

Statistical
echanics

Dislocation
Dynamics

Monte Carlo
Classical
MD

Quantum
Mechanics
v

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

um mm

PROPERTIES:

Tensile, fatigue, toughness, creep, crack growth, swelling...

N
r“,r Structural Performance and Reliability Assessment
u




Defects & the Microstructure

MONOGRAPHS ON THE PHYSICS AND CHEMISTRY OF MATERIALS =63 OXFORD SCIENCE PUBLICATIONS

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 iaks, dynamical ¢ pts red ated to non-equilibrium

1

Instabiliti d
Self-0O 1Zatl
phencmena, irreversible th [y ics, nonlinear dy ics, and bifurcation 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 at 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

[ Jo sppjuamppung :J aunjop
$10-J]2S pue sauIIqRISu]

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 3 =
v
Coer lmage: The cover shaws the seif-organized structure 30d magaificeat colors of a cactus plant. 8 N
The picture was taken by N. Ghonlen Ia sprisg 2005, Inspiration provided by Matthew Koerzer. 28 "-:v;
N e
ALSO PUBLISHED BY OXFORD UNIVERSITY PRESS -~ 9,
—
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)

L-M. Peng S. L. Dudarev, and M. J. Whelan: High-energy electron diffraction
and microscopy

2\ U
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1SON #78=0="5—9298692

OXFORD Im
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Defects & the Microstructure

Nearly-perfect
Self-organization

Fast

Defected
Self-organization

Self-organized
Defect Ensembles

Material Response Rate

Slow

Slow

v

Stimulus Rate
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Point & Line Defects

Interstitial
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Figure 3.2: Burgers circuit for an edge dislocation
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Interfacial Defects & Boundaries
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igure 3.6: Stable tilt boundar

Figure 3.7: Twist boundary between grains

Figure 3.8: Slip band geometry

13



Defects & the Microstructure
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Bulk Phenomena

High Heat Flux/ Neutron flux/ Mechanical
Loads result in:

Short timescale phenomena (e.qg. 1012 — 109 s):

L Atomic Displacements;
_ Lifetime
U Fast Transport; (Yrs)

U Lattice Defects (\Vacancies and Interstitials).

Long timescale phenomena (e.q. 103 — 106 s):

OMicrostructure Evolution (Moids, Bubbles,
Dislocations, Phases);

Dimensional Instabilities (Swelling and
Creep);

LShear Bands (Localized plasticity);

Helium Embrittlement.
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\ { Dimensional
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Ductile-to- ‘\55 (Swelling- Y, ; Helium
Brittle = Creep) Embrittlement
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Window

v

Temperature (°C)
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First-principles
(<200 atoms,<10ps)

U Start from Schroedinger’s
Equation;

U Approximate: DFT,;

O Accurate  energetics  of
point defects and defect
clusters

Molecular dynamics

(] Empirical Potentials;

L Initial defect distribution:

(] Verlet or predictor-corrector;

[ time-step ~ 1 fs;
(] Short-range forces;

[ Parallelization by spatial decomposition with
MPI.

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

clA
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—

rﬁf * Srolovitz and Carr - Princeton
1]

KMC (<um,<ms)

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

U Microstructure evolution of defects
0 Spatial inhomogeneity.

17



Atomic Displacements
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Radiation damage and defect cluster physics

e Atomistic (molecular dynamics, molecular statics and Kinetic Monte Carlo)
simulations to investigate displacement cascade evolution (Fe-10%Cr), defect
cluster structure & transport (Fe, Fe-He, Fe-Cr, V), cascade aging -
Collaborative effort with UCSB, ORNL, PNNL and Princeton (V)

<100> dislocation loop nucleation

37-SIA

4 hexagonal
20 keV cascade in Fe-10%Cr K clusters

l

s[117] L1l - [100]

Cascade aging in Fe

5nm

‘50 keV MD cascade’

@ Fedisplaced atom

@displaced atom
ncy
‘Defect’ KMC aged




Interatomic Potentials and MD Simulations

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

1 2
PTIE B B  C PP fr \T_ .
e f.‘l._.!r_!r L ﬂ.f..i' L My ” dtf

Stoller, ORNL

O Born-Oppenheimer: Adiabatically eliminate
nuclear degrees of freedom. Solve only for
electrons.

O Kohn-Sham-Hohenberg: Density Functional
Theory (DFT) reduces to the single electron
guantum problem, with effective potentials.

LExchange-Correlation potentials are
approximated with the Local Density
Approximation (LDA).

O Using DFT-LDA material properties have
been calculated without input.

dt2 dR;

QUEIE U 1D Bond-order

E&E W@ Potentials

11/13/2007

d’R dV
L=F=-—2, H= Z —I—VR;)

B- Z{mm NI A@Eﬁmlnm—

Classical MD with Empirical Potentials

I_O



Response of Fe-Cr Alloys to Irradiation

* Fe-Cr ferritic/martensitic steels and dispersion strengthened variants are
candidate structural materials for high(er) temperature fission and fusion
applications

Phase diagram | ~Resistivity recovery, SIA-Cr

Atomie Percenl Chromium
10

D110cat1n 100 DS

o 50 60 0 80 a0 )
1900 h |

10 20 30 E
7 T ! ! 1880%C
i * TMS hanglbook 3
100 |
me‘c:j 1513°C ' |
IEN—: :

-dlhglAgdT(% K}
~
=
.

__...,....'_.
" A
Q)

_1%’JO 110 ‘Jéﬂ 'IIBG 140 ’
100 T 1K)
¢ * F. Maury et al., J. Phys F 17 (1987) N. Hashimoto et al., MRS 650 (2000)
Grain boundary segregation of Cr <[ oo e
. |0—7 7;7_/_: //
HCMI12A !
Proton irradiated Ni+ irradiated P e S ]
roton 1rradiate e S
500°C, 5 dpa: T
Irradiation Dose (dpa)

250°C, 0.5 dpa:

‘r \* R. Schaeublin et al., JNM 258-263 (1998)
Py
Understand Cr - point defect interactions, Cr segregation behavior and microstructural evolution I

* T.R. Allen et al., 22nd ASTM



Semi-empirical potentials: Size effects

1/2
. . . . (R LA Fe: Ackland et al., Phil.
Finnis-Sinclair potentials: Eu =§ZVU-(RH)—Z{Z%(RU)} Mag. (1997)
[ j

i ] . . . .
Cr: Finnis and Sinclair,

For Fe-Cr: ¢FeCr = a\/¢FeFe¢CrCr Phil. Mag. (1984)
Konishi et al., ¢ ¢ Ol and gfit to
Comp. Mater. Sci. VFeCr — ,5(FeCrVFeFe 4 7FeCr VCrer experimental
(1999) 2 ¢FeFe ¢CrCr data
Cr concentration 1.8%
1st NN change (%) - |
o FeCr | +0.53 ' Z
FeCr I -0.32
Ab-initio -0.29 ' iy |
(LCAO) '
ADb-initio -0.08 - 0.08%
©_0O -
Fe Cr (VAS P) 05 contraction

r II potential in reasonable agreement with ab-initio predictions for size effects, but not

a¢c-Cr binding energy. FeCr I potential in better agreement for SIA-Cr interactions.
J.-H. Shim, H.-J. Lee and B.D. Wirth, J. Nucl. Mater 351 (2006) 56.



Point defect - Cr binding energy

Cr - Vacancy E, (eV)
INN 0.04 -0.002 0.044
208 Ml e
E, (eV) E, (eV)
FeCr | -0.25 Cl. FeCr | -0.40
FeCr il +0.20 FeCr Il +0.10
' Ab-initio +0.37* . Ab-initio 0, 08*

P. 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 dislocation-SF'T interaction in FCC Cu

-Snapshots of SFT and screw dislocation _-Rema?ning ~ Structure
interaction process at 1,,~300MPa Immediately after the interaction




Comparison to in-situ TEM results

Screw dislocation

Deformation  of
Au at room
temperature

Edge dislocation

3182, 94.03 sec

Mixed dislocation

(2004) 919.



Mesoscopic Simulations: Dislocation
Dynamics

Covariant Vectors

R T
a,=¢e,a=1 a,=>b e=— t=_—
( 1 2 3 ) R T
Contravariant Vectors
P(0)
w=0 Contour G

1
1_
a =g (a,xa,) )

Curved dislocation segment

Represer&ed by a spline

o V =(a1><a2)-a3
[
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Differential Forms of DD are analogous to
Electromagnetics, but of higher
dimensionality
J
Biot-Savart
e 2 Ids <7 Displacement
- 2 .
Az __r du _ T ] (sx2)-3, angL[(l—Zv)al]Jria1
ﬁ dw 4R |7z(l+s-a) ° 1-v 21
Stress
d T 1 1
d:\l:g\éz {1_V(al®al+al®al)+(a2®a2+a2®az)—zﬂ(l_v)(al@)aﬁl)}
Interaction Energy
i | | 1 1 1 | | | | |
P T e
dw dW.. ~ 4zR 2V w _i\(al Al 1 I Al (4! I
" _+r(az -ay)(ay -2 )—E(az'az )(a:-a,)(ay -2 )_

27



[

11/13/2007

Weak Variational Form for DD
Equations of Motion

Equations of Motion

L( fl— BVk)érkds =0 v=9C f-f  +f, +f

dt

others

f* :L t* IUt

-
Define: r=—
a Ha B

Final Equation of Motion

KZ?ZF Q:[P1’T1’P2’T2]

Q=Nodal coordinate vector
F=Nodal Forces
K=Mobility Matrix

28



Mesoscopic Simulations of
Plasticity




Microstructures (cont)

Simulation volume size: 10um x 10um x 10pum

\

D =7.5x10°cm/cm’

Simulation volume size: 10um x 10um x 10pm

X/ 7
AN ==
#’.'.A!N‘,"‘W

Slice thickness:
micrometers

2

30



Radiation Increases Strength & Reduces

Ductility (embrittlement)

400 12,000
350 Iron
10,000

&
=

0.72 dpa

a
n
=

0.008 dpa Unirradiated

=

0.0001 dpa

Stress (MPa)

=
Resalved shear stress, psi

@ 2 o S
=

]

To=T,=T70°C (HFIR)

nﬂ 5] 10 15 20 25 30

Strain (%)
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Continuum Modeling of Microstructure
Instabilities and Self-Organization

T

Dose ' = -
(isotropic) e - “ GR( Simulations &

PR TR PTA experiments
on self-organization
of irradiated Cu
microstructure.

9,¢; =K (1—¢;)—ac;e, + D,V
—Die\ Ziwpy T Zgpy+Zyp;) ,

Ginzburg-Landau Dynamics Give Amplitude
Equation for Patterns; bc= critical bifurcation

Parameter d;c,=K(1—e¢, )—acc, +Hu?2cﬂ
_ _ —D,[Z, (e, —Cxlpn
'Tﬂ'a'!- ..I"ii= b - _‘1'{‘]_!'?}2 d;"‘HELk E}Ik +zuF’{ctJ_EtJF}PF
€ +Z, (e, ~Tyrlor] s
—3ud (| 4, * 425, 4,17
' i ST dpr= IM [E£K+Dizifci_ﬂuzuf{cb —Cy)]
rﬁ'll- Ihl
uclA 8,0y =" (€,K —py[D,Zuyc,— D, Zyple, — )]}
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High Heat Flux/ Particle Flux result in: N

Short timescale phenomena (e.qg. 1012 — 109 s):

Surface Phenomena

Source @
atom v

e
)y S I Seviv ety Yl )
'*.""';","&‘";'-:;:'n’qfv:':@!;&ﬁ,‘;’:;! el 'g.t;.’- Tes gty v.n'@‘
L4 A8 ; v 4 4 Yo % L8
PANAAN NS X L AL LNM 8 28 0 ) e ¥,
QOdeN "v'»'i'_p‘z'-'0"'?’:'.'0'0”“:0'] e ¢ “" o

Long timescale phenomena (e.q. 103 — 106 s):

QSputtering; ot B
QImplantation of helium and tritium; f :
Re-deposition and tritium co-deposition;

L Near-surface damage (collision cascades).

5 P
uclA
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QAtomic transport (e.g diffusion, trapping,
adsorption, recombination and desorption);

W Surface roughening and re-structuring;

Microstructure and phase evolution (e.g.
voids, bubbles, dislocations, grains & new
phases).

Surface Re-structuring after re-deposition.
H. Huang, RPI

33



Low Energy He-Bombardment

ITER divertor plates are exposed to low temperature He, T, < 100 eV

ITER Helium fluxes are expected to be high: ~ 10%° - 1072 He/m?-s

Tungsten displacement threshold energy: E; ~ 90 eV,

Tungsten surface energy barrier for helium implantation: Eqgz ~ 6 eV

Divertor Tungsten surface temperature: 600 < T < 1500°C

Although T, < E,, low energy He-bombardment experiments with
Tungsten have shown significant surface morphology changes:

— High density of surface penetrating pores

— High density sub-surface bubbles

— Roughening

— Formation of “cones” and “valleys”



Bubble Formation

o ———>

Helium

Thermal
Vacancy

SlIAis expelled from
surface leaving behind

a vacancy

Process:

Bubble Growth Steps:

Pre-existing “Thermal
Vacancies” (C°)

Interstitial He arrives

He is trapped in Vacancy
Bubble Nucleus forms (<nm)
Bubbles pressurized by He

Vacancies form READILY on
bubble surface

Bubble grows by SIA emission

F
C," = Kexp- [ E_Vr)

Distance




Low Energy He Implantation in Tungsten:

Nishijima(2004) Tokitani (2005)
Fluence 2.6X107 /m? 09X 107 /m? T =
on flux 3.7%x 102 /mes 12X 105 /m?s \‘ﬂs iy ‘1|E1‘

Time 7200 s 7200 s
Temperature 2100 K 2600 K

Surface

Cross
section

1.1x1 He/m2 9.2x1 02°He"/2

" BETS
.

- .,

O’Q’




|EC Results (Cipiti & Kulcinski, 2004) :

30> -G 990 °. C _
Steady State: * ol 8.8x10%° He/cm?-s 2]

40 KeV He
5x1018 4He/cm?

Temperature
Pore Size L s

Pore Density

37



McHEROS Code Simulates IEC Surface Pores

Temperature | Implantation Rate L, L, 2.2x10% He/cm?-s; 730 °C; t:30min (IEC)
(°C) (Helcm?-s) (um) | (um) | (pm)
Model-1 730 2.2x1015 0.2 1.0 1.0
Model-2 990 8.8x101 0.2 2.5 2.5
Model-3 1160 2.6x1016 0.2 5.0 5.0
180 -
—o— Model-1 v
160 [ —=— Model-2 =
A —=— Model-3
£ 140 T:1160°C ez .
@ t:2.5min [ ‘&T
‘g 120 | o ..@ ,:o;':.:,'. v
S 100 ,%3“"1";2
B y 2>
g T:990°C i
% 80 r t:7.5min
8
5 60f
U)_ 8
£ T:730°C =
o0 | t:30min McHEROS Results:
0 b emd , , » Good  Agreement McHEROS
10‘2 10‘7 10” 107 102 103 104 Simulation Experiment
Time (sec)

NuctA|

*Exp: IEC (UW-Madison)

* McHEROS provides an EXPLANATION for the

oversized Surface Pores

38




lon Concentration (#/cm®)

SIC vs. W: lon profiles & Surface heating

in W

in SiC

Depth (um)

Q" (J/m%sec)

3.5x10'°

3.0x10'°
2.5x10"
2.0x10"
1.5x10"° -
1.0x10"° -

5.0x10"°

0.04

e in \IV surface
=== in SiC surface

T T T T T T T
0 2x10°  4x10°  6x10°  8x10°  1x10°
Time (sec)
2400 -
2100 W
g ] -
o 1800
S ]
5 ]
® 1500
Q_ B .
€ SiC
q) p
= 1200
(0]
3 ]
g 900 |
7 i
600
SRl W= S=Reanigh . =A== SRR SR,
1E-5 1E-4 1E-3 0.01

Time (sec)
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Surface Stress o (GPa)

Single shot on W:
stress & strain on surface

Time (sec)

0.8 - s
Non-perfect
Plasticity
0.4 4
Perfect Plasticity
0.0 +
-0.4 4
1E-6 1E-5 1E-4 1E-3 0.01

Strain ¢
XX

0.025

0.020

0.015

0.010

0.005

0.000

1E-6

1E-5

Time (sec)

1E-4

1E-3

0.01



Roughening model produces
surface profile similar to
experimental results.

1
4/; )
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Perfect Plastic, Roughened to Failure, W

2.5E-06

2.0E06 -

E-06 A

1.0E-06 A

5.0E-07 A

0.0E+00 A
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Critical depth reached after 49
seconds.




(lﬂlmax'hmin))f)L

0.18

016}

0.14F

0.12

0.10

Surface Crack Nucleation including Plasticity
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Curvature as a function of time.

120
100
80 t
T 60t
40 t

20 1

O [ il j» I ) ! ) ) )
0 2 y 8] 8 10 12 14
t/T (x10°)

/
Blunting effect
shown by drop
In curvature.

clA

Super-dislocation contaiﬁing 100
dislocation and 100 x Burgers
Vector.




