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Why do we study defect evolution?
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Evolution of Cascade Defects

Defect Production in Cascade Defect Diffusion and Interaction Radiation Damage
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Conventional Object KMC for Long-Term
Defect Evolution
Absorbing Bowndary Conditions Deficiencies

* Difficult to predetermine the diffusion
mechanisms and corresponding energy

., @ Dissociation

Migr%‘-g;’v_ O Rechmbimation  Too much simplification: no atomistic
S D) e G configurations of defects
Bvaporaiign. () ® * Does not account for migration mode
00pS
and energy dependence on
Xu et al. J. of Nuclear Materials (2012) conﬁguratlon
z « Simplistic description of defect
Processes Related interactions

e Diffusion mechanism
* 3D, 1D, or 1D+Rotation Object KMC is a oversimplified model
e Migration energy and prefactors

* abinitio or empirical potential - ., istic details are crucial to

accurately describe defect evolution

o Reaction distance

* Dissociation of clusters



Self-Evolving Atomistic KMC (SEAKMC) Method
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SEAKMC is a general framework including several techniques, particularly

m powerful for large systems with complex defects S
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Saddle Point Search Techniques

| Initial System Configuration |
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Without Calculating Hessian
Minimum Mode Following

¢ Find migration barriers on-the-fly, based on harmonic transition state theory

¢ Only need initial configuration; find the saddle point configurations
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Part I: Active Volumes-Concept and Application

‘ Initial System Configuration ‘

Point defects are localized so activate volume can be ‘
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Saddle point searches are only carried out within the active volumes,
significantly reduce the computational cost




AV size
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Saddle Point Searches
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Number of Saddle Points

Number of Unique Saddle Points
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For interstitial clusters (complex defects), the number of unique

saddle points does not converge.




Vacancy Clustering in Iron

For vacancy clusters grow beyond 6.5 vacancies (system energy is around -7760 eV)

Autonomous Basin Climbing Kinetic Activation SEAKMC
+KMC Relaxation Technique
20000 seconds at 150 °C 0.5 ms at 50 °C 0.005-0.1 ms at 50 °C
Phys. Rev. Letter 106, (2011) 125501 Phys. Rev. Letter 108, (2012) 219601 Journal of Nuclear Materials, 443, (2013), 66
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Vacancy Clustering in Iron: SEAKMC vs MD
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Where does the difference come from?

e Bl

ABC+KMC B

One saddle point (of minimum energy barrier) ": (;; ’

is used per KMC step S S Sy

Missing low-energy reaction paths "m - M
© (d)

J. Chem. Phys. 130, (2009) 224504

KART

Topological classification of configurations
based on the 2"4/3rd nearest neighbors

Basin Filling Methods

SEAKMC Phys. Rev. B 78 (72008)‘153202
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Interstitial Loops -Unique Signature of Radiation Damage

= Eyre 1962: Discovery of interstitial loops in bec Fe

=  Masters 1964: Two population of loops 'z <111> and <100>

loops

= 15 <111> and <100> loops have very different mobility

= Eyre-Bullough Mechanism 1965

¥2[110]+72 [001]=%2 [111]

12[110]+2 [1-10]=[010]

= Because of the high stacking fault energy, /2<110> loop was
not observed experimentally and spontaneously transform

into 2<111> loops in simulations. Therefore, Eyre-Bullough

mechanism is not applicable. itbeibut sebidtetie i i a0 il

-':n“-ﬂ';"Y‘z!iY"nn () Disloesdions pirased by irnessolvable o batacles, = 40 D0k
it Laops loft by disloestiong hresking away from pigdng  points.
v 400 i),

B. Eyre Phil. Mag. (1962)
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Recent Atomistic Studies

Collision cascades
* SIA clusters are formed in cascades, mainly of /2<111> type
Mutual interaction of dislocation loop

Marian 2002: proposed a modified Eyre-Bullough Mechanism
%[111]+% [00-1]=%2 [110]

15[110]+% [1-10]=[010] . -
oo, [11-1] e (11-1]
Terentyev 2008: MD simulations < oa, ClusterB
%, Cluster B B
* Only <l11> loops are observed from mutual interactions c‘.:? , | 0:;
\\2}" Junction [100] \‘ -
K £ /9 90
Loop Stablhty [100] ":" Cluster A . o) S%%:.Q.ﬁ /‘..’ °.:’° ¢0°
! : (1) Junction 0::“'
. 111
Dudarev 2008: developed a model to include the temperature & g ClusterA
2 . [1-10]

[110] [110]

dependence of an anisotropic elastic self-energies of dislocations
D. Terentyev et.al., J. Nucl. Mater. (2008)

in iron

The <100> loop formation mechanism remains undetermined

m after fifty years since it was first discovered in 1962 N



Simulation Setup

* Simulation methods: SEAKMC and molecular dynamics

e Interatomic potentials: A97, A04, M07

* System size: 27a,x27ayx27a,

wert
* .
-----

......................

e Temperature: From 0 K to 1200K

* Interaction angle: acute and obtuse

Y [001]

+ Interstitial cluster(IC) size: 19,37,61 0]

Illustration of <111> type interstitial clusters moving in a {110} plane with
their angle of intersection projected onto the corresponding base plane

e Active volume size: 4.5-7.5 a,

= 16
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Xu et al. Physical Review Letters, 110, 265503 (2013), Journal of Alloys and Compound (2015
Never previously observed, distinctly atomistic process

Different from all previous proposed mechanisms 17




Stochastic Process in Nature

\\\\‘\\\ Xu et al. Physical Review Letters,
/ 110, 265503 (2013)

Junction from interaction

No partial [100] or [010]

Partial [100] or [010]
Onentauon

Orientation

Reactlon Path C:

Reacuon Path A: Reaction Path B:
12 [111] or Y2 [11-1] loop

[100] or [010] loop Y2 [111] or 2 [11-1] loop

Wiﬁ’erent configurations may form from the same initial structure
18



Energetics of the Evolution Process

5

Probability of each reaction paths from SEAKMC

<100> from Path A 27.7%
<I11> from Path B 11.6%
<111> from Path C 25.0%
Incomplete Transformation 35.7%
Total Simulations 112

Xu et al. Physical Review Letters, 110, 265503 (2013)
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MD employs high temperature to speed up the process, significantly increasing the

stability of <I11> loop due to the its larger entropy 19




Cascade Annealing-Comparison of OKMC and SEAKMC

Defect Production in Cascade Defect Diffusion and Interaction Radiation Damage
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Parameter-free SEAKMC provides different defect survival fractions




Comparison of OKMC and SEAKMC-Continued

Simulation were perform under the same condition using both methods
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Parameter-free SEAKMC provides different defect survival fractions
SEAKMC can help OKMC to increase the accuracy of the simulations
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Challenges

On-the-fly KMC methods have made significant progresses.

» How to efficiently determine saddle points if a large number of atoms is
involved in the transition states

» How to ensure sufficient sampling of saddle points for complex defects?

» How to validate the accuracy of on-the-fly KMC methods?

Thank you very much for your attention!
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