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NEUP project - Fission Product Transport in TRISO Fuel

< The objective of this research is to determine the diffusion
coefficients for fission products (FP) in SIC under thermal and
Irradiation conditions, as well as synergistic effects of radiation
damage, and fission products behavior at the IPyC/SiC interface.

< Experiments will utilize RBS and SIMS to determine diffusion
parameters over a range of irradiation conditions and temperatures.

< First-principles approaches (ab initio calculations and molecular
dynamics simulations) will be used to validate experimental data
and determine the atomistic diffusion mechanisms to further

Improve empirical models used in the PARFUME code to predict FP
release in TRISO fuel.
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Ab Initio Calculations

1 Ab initio calculation-VASP (Vienna Ab initio
Simulation Package)

> Projected augmented wave (PAW) potentials and generalized
gradient approximation (GGA) of Perdew-Burke-Ernzerhof
(PBE) for exchange-correlation.

> Broyden-Fletcher-Goldfarb-Shanno (BFGS): achieve the
minimum total energy of the systems.

> Cutoff energy for plane wave expansion: 500 eV
> SIC supercell: 3x3x3 (216 atoms)
> K-mesh: 4x4x4
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" Possible Defect Configurations

< Ag tetrahedral surrounding by four C atoms with a nearby Si vacancy
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(7) Ag_Si+Siy
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(9) Ag_TC + SlV vacancy

(8) Ag_T¢ + Cy
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Presentation Notes
-Last 4 configurations are more relevant in radiation damage environments due to higher vacancy and interstitial concentrations. The most stable config for silver is the Ag_Si with a nn carbon vacancy
-Note these configurations give an idea of starting point and ending point for possible diffusion paths, but migration barriers are also very important\


Formation Energies

Defect Si-rich (eV)  C-rich Shrader 2011 (Si-rich)  Shrader 2011 (C-rich)
Ag C 7.1392 7.6871 7.39 7.83
Ag_Si 6.6403 6.0924 6.60 6.16
Ag_Si+Cv 5.3131 53131 532 5.32
Ag_Si+Siv 139072 178114 1353 12.65
Ag_C+Cv 8.0889 9.1874
Ag_C+siv (53131 53131 >
Ag_T+Siv 0.6T37 .
Ag T4+C v 7.0257 7.5736
Ag_T. 9.6098 9.6098 10.49 10.49
Ag T 10.6256 10.6256  11.38 11.38
Ag-C<100> 10.6204 10.6204
Ag-C<111> 10.4699 10.4699
Ag-Si<100> 9.5864 9.5864
Ag-Si<110> 10.1734 10.1734  10.91 10.91
Ag-Si<111> 10.4728 10.4728
» Ag_Si+Cv-5.3131eV; Ag_T. +Siv-6.61¢eV; Ag-Si<100>-9.59eV; Ag_T. -9.61eV
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Formation Energies

Defect Si-rich C-rich
Pd_C h218L 476605
Pd_Si 5.2006 4.6527
Pd_T. 6.9943 6.9943
Pd_Tg; 8.8192 8.8192
Pd-C<100> 8.8147 8.8147
Pd-C<111> 10.0233 10.0233
Pd-Si<100> 6.9803 6.9803
Pd C-Cv

Pd Si-Cv 4.3458

Pd C-Siv 4.3428 .
Pd_Si-Siv 12.14T0 11.0452
Pd_T.-Siv 5.1745 4.6266

Pd Ty-Cv < 4.2142 4.7621>

» Pd_Si<100>-6.98¢eV; Pd_T.-6.99eV; Pd_Si-Siv-4.34¢eV; Pd_Si-Cv-4.35¢V.
» Pd substitutions are also stable.
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Formation Energies

Defect Si-rich C-rich

Ru C 4.1088 4.6567

Ru_Si 3.8055 3.2576 > The different stable
configurations of fission

Ru_T; 8.3264 8.3264 products suggest that

Ru_Tyg; 7.5305 7.5305 their migration paths and

Ru-C<100> 71.5207 7.5207 mechanisms may be

Ru-Si<100> 7.5304 7.5304 different.

Ru C-Cv 6.1058 7.2016

Ru_Si-Cv 5.5688 5.5688

Ru_C-Siv 5.5689 5.5689

Ru_Si-Siv

Ru_T.-Siy,

Ru T.-Cv

» Ru_C<100>-7.52 eV; Ru_Si<100>-7.53eV; Ru_Tsi—7.53 eV,
Ru_T.-Siv—3.80 eV; Ru_Tsi-Cv - 4.10 eV.
» Ru substitutions are also stable.
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Presentation Notes
Ru has notably different energetically stable configurations from Ag and Pd with no huge difference between tetrahedral Si sub and split dumbbell interstitials


Migration via Interstitial Mechanism

* The cell used In the present
calculations 3x3x3 with 216
atoms

 GGA-PBE, energy cut off is 450
eV, 1 x 10~ eV/cell for energy, -
0.03 eV/angstrom for force

o K-mesh 6x6x6
 NEB (nudged elastic band)

» Path 1 - X (Ag, Ru, Pd) tetrahedral surrounding by
Si atoms to a tetrahedral surrounding by Si atoms.

» Path 2 - X (Ag, Ru, Pd) tetrahedral surrounding by
Si atoms to a tetrahedral surrounding by C atoms.
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-What we really want to study is diffusion
-We consider the two simplest cases for movement, Ag_T-C moving to the same spot somewhere else in the lattice or Ag_T-C jumping to a nn position occupying tetrahedral surrounded by carbon atoms


Migration via Interstitial Mechanism
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Diffusion path

» Migration energy ranges between 1.4 and 1.8 eV, depending on fission products
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Path one shows even for the simplest path a clearly lover migration barrier for Ag as compared to Pd


Migration via Interstitial Mechanism

O Path 2

—¥—Ru

Energy (eV)

000 025 050 075 1.00
Diffusion path

» The migration energy of Ru is very high (3.5 eV), while the migration energy
of Pd (1.5eV) and Ag (.75eV) are much lower
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-Path 2 shows very interesting behavior, a large migration barrier for Ru with a different shape than Pd and Ag
-Pd and Ag show similar shapes to their migration barriers but end at almost 1ev apart


®
Fitting Interatomic Potentials for Large Scale MD Simulations

% Analytical Bond-Order Potential (ABOP)

¢ Accurate interatomic potential is crucial for performing large scale MD
simulations for large scale diffusion coefficient calculations

+»* The total energy is written as a sum of individual bond energies with
pairwise repulsive and attractive contributions as well as a cutoff function

*» Three iterations of ABOP were calculated to find the potentials that most
accurately describe physical properties as well as match previous DFT
simulations in literature

* ABOP I, 11, and 111 refer to three valid solution sets to the potential that are
closest to our expected value
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In the present work, the analytical bond-order potential (ABOP) was selected to describe the interactions between atoms. The ABOP is one of the members of tersoff family of bond-order potential, which has been successfully appliedd to handle covalent and metallic bonding problem. A cutoff function is added to limit the range of the potential and to save computational time. Interactions between atoms separated by more than Rc are ignored. The bond-order term is where the many body interaction specified.


.

Physical Properties (as compared with ab initio calculations)

& Ag physical Ag Exp. Ab initio ABOP
properties 3y (A) 4.09 4.11
E. (eV/atom) -2.85 -2.85
Elastic constant (0 K, GPa)
B 108.7 115.17 113.93
Cy 1315 132.99 131.4
Cyp, 97.3 106.26 105.2
Cu 51.1 61.38 62.07
E,.. (eV) 1.1,1.15 1.06,1.20 1.15
Exyc (V) 0.66 0.62
HCP E.(eV) 0.0155, 0.003 0.004
alc (A) 2.93/4.72 2.90/4.73
BCC E.(eV) 0.0334,0.039 0.020
3, (A) 3.29 3.269
Diarmond E.(eV) 1.054 1.116
3, (A) 6.35
E.(eV) 0.428 0.351
3, (A) 2.77
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In addition to the dimer properties, pure Ag physical properties were also calculated. The lattice constant, cohesive E and elastic constants were included in the fitting database for pure Ag-Ag interaction, while different possible bulk structures were used to test its reliability. Properties calculated through fitted ABOP potential not only converged to its data base, but also presented a perfect agreement with the bulk structures.


S
Physical Properties (as compared with ab initio calculations)

“* Dimer properties

Ag-Si Exp. DFT ABOPI  ABOPII ABOP I
Ep(eV)  1.88(10) 2.003 1.765 1.775
rh(A) 240236 2.39 2.315 2.310 2.306
wolem™)  296.9 292.948 286.050 286.282
Ag-C
Ep (eV) 2.020 2.047 2.056
o (A) 2051  2.048 2.096 2.151
wo(cm") 4772 427.365 426.664 442.207
Ag-Ag
Ep (eV) 1.66 2.48 1.828
r, (A)  2.530,2.56 2.533 2.582
wy(cm')  191.8 206.112
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Eb stands for diatomic bond energy, rb indicated the bond distance for each dimer. W0 is vibrational frequency. 


®
Physical Properties (as compared with ab initio calculations)

+»» Defect formation energies with an Ag atom in 3C-SiC (Si-rich)

Defect DFT  Shrader ABOPI  ABOPIl  ABOPIII
Ag_C 71392 7.39 6.00 7.55 7.19
Ag_Si 6.6403  6.60—5-20 —5.35— 5.25
Ag_Si+GT_ 53131 532 5.16 5.09 5.24
Ag_Si+Siv 130072 T358——46:3¢ t028— 10.25
Ag_C+Cv 562 947 9.06
Ag_C+Sd§§?7 5.16 5.09 524
Ag TctSi v 6.6137 5.20 5.35 5.25
Ag_Ts+C v 7.0257 9.87 10.69 7.19
Ag_Tc 06098 1049  9.78 10.63 10.76
Ad_Ts; 106256 11.38  9.36 10.06 10.10
Ag-C<100>  10.6204 9.36 10.07 10.24
Ag-C<111>  10.4699 10.30 12.10 11.18
Ag-Si<100>  9.5864 10.56 11.41 11.42
Ag-Si<110> 101734 1091  10.19 10.10 14.19
Ag-Si<111>  10.4728 9.35 10.06 10.09
*unitin eV
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The most stable configuration that has been observed is the Ag substitutional defect with a nearby vacancy. Interestingly, the one with a carbon lattice site substitued by Ag with a Si vacany is not stable and has finally converted to Ag direct on Si lattice site with a carbon vacancy. That’s why you see a exactly same formation energy of these two.


Migration Energy Barriers

“* NEB (nudged elastic band method)

s Defect cluster migration pathway (Shrader et al.)

% Ag_Si-Cvac

* hops that just move the accompanying defects around Ag. (reorientation hop)-2types
» hops that actually move Ag (Ag hops)

* Ag_Si-2Cvac

* hops that just move the accompanying defects around Ag. (reorientation hop)-1type
* hops that actually move Ag (Ag hops): ring mechanism & swap+Cmove

»  AgQ_Si-Vg V¢

» hops that actually move Ag (Ag swap with Vg,)

% Ag_TC (Ag at tetrahedral site surrounded by C)

» hops that actually move Ag to another tetrahedral site surrounded by C

D. Shrader, S. Khalil, T. Gerczak, T. Allen, A. Heim, I. Szlufarska, and D. Morgan, J. Nucl. Mater. 408, 257 (2010).
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Overview of NEB Barrier

Shrader DFT ABOPI  ABOPII |ABOP llI
Ag Si-Cvac
. direct swap 9.1 10.85 12.82 12.21
Il.two Ag hops 9.2 11.64 12.83 12.72
[11. reol 8.02 6.68 6.62 6.50
V. reo2 5.97 6.55 6.53 6.17
Ag Si-2Cv
l. ring >6.601 9.51 9.06 9.19
Il. swap+Cmove 7.04 6.34 6.00 7.46
I11. single reo 5.02 5.47 5.52 5.52
Ag_Si-VsiVc 0.58 0.20 0.37 0.55
Ag_TC 0.89 0.90 0.81 0.71
Ag_TSi
|.Path 1 1.40 1.34 1.39 1.37
Il. Path 2 0.75 0.90 0.81 0.71

D. Shrader, S. Khalil, T. Gerczak, T. Allen, A. Heim, I. Szlufarska, and D. Morgan, J. Nucl. Mater. 408, 257 (2010).
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Presentation Notes
-Nudged elastic band method for migration paths
-Unfortunately I do not have the time to run through each migration path and migration mechanism but is available in extra slides if anyone is interested 


Summary

» Larger number of defect configurations of fission products are
Identified and investigated using ab initio approach in SiC;

» Most stable defect types for Ag, Ru,Pd and | are determined, and
their migrations are initiated,

» Based on ab initio calculations, the interatomic potentials for Ag-
SiC system are fitted for large scale MD simulations to study
migrations of fission products and radiation enhanced diffusion

» Physical properties for Ag-SiC system are fairly reproduced as
compared with both experiments and ab initio results;
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Experimental Objective

* The objective of this research is to measure radiation enhanced
diffusion coefficients as well as calculate pre-exponential, and
activation energies for silver, palladium, ruthenium, and iodine
In silicon carbide.

 |on Irradiation will be used to simulate 10dpa in the
temperature range of 900-1300C

« Silicon ions will produce dose rates between 4.6x10~* dpa/s
and 4.6x107° dpa/s
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Cesium Diffusion Data 1n SIC
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Irradiation enhanced diffusion coefficient results from cesium
Implanted diffusion couples in past experiments. “Neutron” data
points were scaled down from ion irradiated samples via dose rate.

Dwaraknath, S. S., & Was, G. S. (2016). Journal of Nuclear Materials, 474, 76-87.
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-Compiled cesium diffusion data from: release from in reactor and ion implant samples 
-Ion closer to recombination dom while neutrons closer to sink dom regime
-Scales as square root of Ko for recombination dom and Ko for sink dominated
-Square root Ko used to calculate worst case scenario



Planar Diffusion Couple Construction

siC Deposited FI* Deposited
Substrate \\I "r- PyC Implanted PyvC I

J \>

a b C d

[llustration of the diffusion couple counstruction with (a) substrate (b)
pyrocarbon layer (c) implanted fission product and (d) cap layer
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-Roll through diffusion couple construction, mention current progress/options with cap and why it was settled on SiC
-Walk through construction, how to measure diff while not damaging substrate in implant, past successes and drawbacks in terms of retention 


lon Implantation

 lon implnatation of ruthenium, silver, palladium, and iodine perfomed at
Michigan lon Beam Labratory (MIBL)

o 400keV Ag, Pd, I, and Ru ions implant into room temperature PyC layer

Of diffusion Coup|e RBS Data and Guassian Fit of Implanted Ag
0.012
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. 2 m ) G 1o 0 0 0 0.01
w e+ RESData Beam: He++ €
” Sl s Beam Energy: 2 MeV lf— 0.008
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9" C Front Edge geam Straggle: 18keV 0.002
::'-T
3
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“ . . . 0 50 100 150 200 250 300
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RBS Profile of Completed Diffusion Couple

—— RBS Data

SIMNRA Mocel
Energy [keV]
s 000 EDID IIDID EDID BE‘ID WDIDD QIDD 14FIEI 1EFIEI
' Beam: He** . . .
o SiC-PyC-Ag Data and Gaussian Fit
7000 Beam Energy: 2 MeV
- Detector Angle: 165° 0.012 SiC Cap ; PyC ;
) ) Beam Angle: 0°
5500 C Edge N PyC & 0.01 ! !
oo Detector Resolution: 14keV = _ | |
' o
o 450 C Front Edge Beam Straggle: 18keV + 0.008 ! !
£ = [ [
5 4,000
S, Si Edge in SiC Substrate S 0.006 | |
: S | |
0 Si Front Edge 2 0.004 I I
2,000 0.002 : :
e Ag Edge in PyC o )
i | 0 100 200 300 400 500
500 A Depth (nm)

T T T T T T T T T T T T T T T T T T I I T T T T T T I U U T T T I I
0 20 40 6O 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 3500 520 540 560 580 EOO E20 B40 G660 6RO VOO

Channel
1620A Peak Concentration (atm%) 1.04
Implanted Ag 9.36E+15 a/cm”2 —— Peak Range (nm) 326.22
Straggle (nm) 32.72
SiC & FWHM (nm) 77.066
Integrated Implanted Fluence [a/cm?] 9.36E+15

1
3127A

M_ NUCLEAR ENGINEERING AND RADIOLOGICAL SCIENCES

UNIVERSITY of MICHIGAN ® COLLEGE of ENGINEERING


Presenter
Presentation Notes
-RBS Spectra, model and fit colors then walk through conditions and individual peaks
-On the right is the model from SIMNRA and a gaussian fit with the parameters of the distribution shown below. Range includes 160nm of SiC Cap
-Model of full construction of diff couple shown below
-Current Issues: very difficult to dep a low temp cap that will be thermally/chemically stable at the temperatures we desire while also providing a strong diffusion barrier


Annealed Ag Diffusion Couple

* Annealing Conditions: o Silver Retention:
— Vertical flow graphite walled — Initial diffusion couple
furnace, argon environment construction retained only 10% of
— Temperature measurement implanted silver

using type K thermocouple
— 901C+8.6C 10 h anneal
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Annealed Pd Diffusion Couple

* Annealing Conditions: Palladium Retention:

— Vertical flow graphite walled — Initial diffusion couple
furnace, argon environment construction retained only 25% of

— Temperature measurement implanted palladium
using type K thermocouple

— 1101C+12.2C 10 h anneal
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Strategy for Improving Retention

» Calculated density of as deposited SiC cap is very low, ~61% of
theoretical mass density

« Uniformly densifying cap layer above 95% should provide necessary
diffusion barrier for experiments to progress

* Previous experiments used similar process with SiC cap at 85%
theoretical density to successfully perform experiments on Cs, Eu, Sr
Implanted diffusion couples

Utilize rapid thermal annealing to

Strategy to Furnace anneal to crystallize cap

Anneal diffusion couple to
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Diffusion Regimes

Type A Type B Type C

aaddbil

Lig Conceniryikem
Lag Conoenbrnibem
Y

Lig Conceniryikem

(=) (b) ()

Schematic showing concentration profile for three diffusion regimes from

Harrison model. (a) bulk dominant (b) grain boundary and bulk (c) grain
boundary dominant

Dwaraknath, S. S., & Was, G. S. (2016). Journal of Nuclear Materials, 474, 76-87.

M NUCLEAR ENGINEERING AND RADIOLOGICAL SCIENCES

UNIVERSITY of MICHIGAN ® COLLEGE of ENGINEERING


Presenter
Presentation Notes
-Fission products in SiC under HTGR conditions fall into regime B, ergo we must study both GB and B diffusion to understand whole story


ToF-SIMS Data and Fit from Past Experiment
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Measured concetnration curve of stronium into SiC in ion
irradiated diffusion couple by ToF-SIMS
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Dwaraknath, S. S., & Was, G. S. (2016). Journal of Nuclear Materials, 474, 76-87.
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lon Irradiation

o Completed diffusion couples will be irradiated at MIBL

o« 45MeVSi*tionsirradiate [l ryo | sic [ Range. ) 0
diffusion couples at 3B | Substrate ‘ 1100
temeperatures between 900 30! |
and 1300C £ 5! ! 1% 2

« The exaimnation area is 2 ol | 160 i
limited to the first 500nmof & |1 | :
SiC substrate material dueto § |* 140 <
the damage curve rapidly oo S L
Increaseing thereafter Spr 1 — o

00 560 1000 1500 20|00 25000

Depth (nm)
SRIM calculated damage curve and injected interstitials from

4. 5MeV Si** irradiation at MIBL
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Comparison of Model and Measurement

 Modeling efforts will use measured diffusion
coefficients, pre-exponential, and activation energy
terms to calibrate and verify the models.

 Modeling will only consider bulk diffusion paths and
not any of the proposed fast diffusion path
mechanisms.
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<> Thermal and mechanical properties of PyC and SiC under irradiation
<~ Fission product release from PyC and SiC (i.e. diffusion)

<~ Interface structures and their changes under irradiation

<~ Self healing of radiation damage at high temperatures
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Tristructural-isotropic (TRISO)
Pyrolytic carbon (PyC)


" Possible Defect Configurations

O Defect configurations for FPs in SiC (16 configurations)

R Y

(1) Ag substituting C atom  (2) C-Ag <10

» Similar configurations
for Si-Ag

(5) A tetrahedral
surrounding by four C

&

(4) C-Ag <111> interstitial

B C EF si B Ag(Pd I,Ru)
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9 energetically favorable configurations, first 5 consist of 2 straight sub and 3 split dumbbell interstitial configurations .
These configurations are valid for all diffusion products studied.


Formation Energies

AE :V X ]= .E.'__‘.tfu - E_.-u-.:.-m- + U, (1)
AE :In.e‘er]= E defect = E_.-u-.:.-m — U, (2
AE[1, J= By — E o =ty + 1y (3)
AE[LV, J= By = B s =t + 1 + 1 (4)
AE[L V,]=E .. ~E, .. -1 +u, 5)

Inter: interstitial
l,: atom type | substitutes atom Y site (Si or C)

* Egerect aNd Eprece are the total energies of defective (containing defect) and
perfect 3C-SiC supercells, respectively.

* The uy v (X,Y=SiorC)andy (I =Ag, I, Pd and Ru) are the corresponding
atomic chemical potentials.
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It is very difficult to determine chemical potential for perfect 3C-SiC and therefore the limting casers of Si rich and C rich are used


®
Fitting Interatomic Potentials for Large Scale MD Simulations

% Analytical Bond-Order Potential (ABOP)

% The total energy is written as a sum of individual bond energies
V= Z VI] = 2 ch(rtj) VR (rq) bleA(rtj)]
% The pairwise repulsive and attractlve contributions

Dy
VR(TU) exp[ BV2 (T_TO)]
S i
T

¢ The cutoff function R and D specify the cutoff region
1, r<R-D
1 1 mr—R
.. — — —cqj — — <
felru) )3 zsm(z D ) IR=1l<D
0, R+D<r
%+ The bond-order contains three-body contributions and angularity
Xij = Z fc(?”ik)EXp [“ijk("”ij - Tik)] g(gijk)
k(+i,))
c? c?
o(0e) = (1455 )
! d* g2 4 [h + cos Gijk]z
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In the present work, the analytical bond-order potential (ABOP) was selected to describe the interactions between atoms. The ABOP is one of the members of tersoff family of bond-order potential, which has been successfully appliedd to handle covalent and metallic bonding problem. A cutoff function is added to limit the range of the potential and to save computational time. Interactions between atoms separated by more than Rc are ignored. The bond-order term is where the many body interaction specified.


Fitting Interatomic Potentials for Large Scale MD Simulations

% Potential parameters | for Ag-SiC system

D, (eV) 1.82805675551 | 2.00361170132 | 2.02026077226 3.24 4.36 6.00
ro (A) 2.58163271708 2.31460474819 | 2.04753165865 2.232 1.79 1.4276
S 3.68316712324 | 1.69016805103 | 3.84175420199 1.842 1.847 2.167
ﬂ 1.51806072803 1.32471791917 | 1.33976920179 1.4761 1.6991 2.0099
4 0.44489696600 | 0.14753865159 | 0.07312191123 0.114354 0.011877 0.11233
c 1.03289678667 21.0375388795 | 1.10814959544 2.00494 273987 181.910
d 0.25330171412 60.3175649975 | 0.77396268822 0.81472 180.314 6.28433
h -0.2099199277 0.21868016212 | 0.92541289514 0.259 0.68 0.5556
R (A) 3.56075816554 | 3.03639741646 @ 3.51882471597 2.82 2.40 2.00
D (A) 0.28147532635 0.74749292842 | 0.37543761698 0.14 0.20 0.15
a (A'?) 0.38016638168 See below See below 0.0 0.0 0.0
* a Value
a (A a (A o (A
Ag-Si-Si 0.90875582360 Ag-C-C 0.70452852140 Ag-Si-C 0.13703028988
Si-Ag-Si 0.86747096045 C-Ag-C -0.41177361740 Ag-C-Si -0.00435439830
Si-Si-Ag -4.48446346689 C-C-Ag 1.40005035436 Si-Ag-C 3.24603971382
Ag-Ag-Si / Ag-Ag-C / C-Ag-Si 0.85566412456
Ag-Si-Ag / Ag-C-Ag / Si-C-Ag 0.61791114755
Si-Ag-Ag / C-Ag-Ag / C-Si-Ag 1.41610646065

*P. Erhart and A. Karsten. Physical Review B 71 035211 (2005).
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Fitting Interatomic Potentials for Large Scale MD Simulations

“ Potential parameters Il for Ag-SiC system

Ag Ag-Si Ag-C Si *
D, (eV) 1.82805675551 1.76530700202 | 2.04676834038 3.24 4.36 6.00
ro (A) 2.58163271708 2.31004494932 | 2.09569535931 2.232 1.79 1.4276
S 3.68316712324 1.59731414291 | 3.79038110462 1.842 1.847 2.167
ﬂ 1.51806072803 1.37806767557 | 1.32888262245 1.4761 1.6991 2.0099
V4 0.44489696600 0.14443642296 | 0.07481070830 0.114354 0.011877 0.11233
c 1.03289678667 13.7168847218 | 1.14093201064 2.00494 273987 181.910
d 0.25330171412 31.0911197658 | 0.82596547844 0.81472 180.314 6.28433
h -0.2099199277 0.53294763514 | 0.91112477995 0.259 0.68 0.5556
R (A) 3.56075816554 2.99592317204 | 3.53670395711 2.82 2.40 2.00
D (A) 0.28147532635 0.75625242892 | 0.41712091595 0.14 0.20 0.15
o '1) 0.38016638168 See below See below 0.0 0.0 0.0
<+ a Value
a (A a (A1 a (A
Ag-Si-Si 0.31933455028 Ag-C-C 0.33490170717 Ag-Si-C 0.19620102134
Si-Ag-Si 5.20015949840 C-Ag-C 0.19340750853 Ag-C-Si 1.29133813232
Si-Si-Ag -5.83803531968 C-C-Ag 1.96551206210 Si-Ag-C 3.41432591389
Ag-Ag-Si / Ag-Ag-C / C-Ag-Si 1.04300805038
Ag-Si-Ag / Ag-C-Ag / Si-C-Ag 0.60673325872
Si-Ag-Ag / C-Ag-Ag / C-Si-Ag 1.1088644175

*P. Erhart and A. Karsten. Physical Review B 71 035211 (2005).
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Fitting Interatomic Potentials for Large Scale MD Simulations

% Potential parameters lll for Ag-SiC system

D, (eV) 1.82805675551 1.77460786961 | 2.05591711295 3.24 4.36 6.00
ro (A) 2.58163271708 | 2.30648177310 | 2.15069165013 2.232 1.79 1.4276
S 3.68316712324 | 1.58058143760 @ 3.77395223051 1.842 1.847 2.167
ﬂ 1.51806072803 1.37556514236 | 1.37422386740 1.4761 1.6991 2.0099
b4 0.44489696600 | 0.14375484933 @ 0.07436272452 0.114354 0.011877 0.11233
c 1.03289678667 13.8110154592 | 1.13652646306 2.00494 273987 181.910
d 0.25330171412 | 40.5313077227 | 0.85750986240 0.81472 180.314 6.28433
h -0.2099199277 0. 5356310440 | 0.91020523039 0.259 0.68 0.5556
R (A) 3.56075816554 2.97511183183 | 3.50726464574 2.82 2.40 2.00
D (A) 0.28147532635 0.75061127085 | 0.41141565201 0.14 0.20 0.15
a {A") 0.38016638168 See below See below 0.0 0.0 0.0
* a Value
a (A a (A o (A
Ag-Si-Si 0.24808988231 Ag-C-C 0.32341524608 Ag-Si-C 0.50643415266
Si-Ag-Si 477766170545 C-Ag-C 0.725877408010 Ag-C-Si 1.10701484269
Si-Si-Ag -4.5548576851 C-C-Ag 1.85770117131 Si-Ag-C 3.50873767128
Ag-Ag-Si / Ag-Ag-C / C-Ag-Si 2.15170649873
Ag-Si-Ag / Ag-C-Ag / Si-C-Ag 0.82367476374
Si-Ag-Ag / C-Ag-Ag / C-Si-Ag 1.23959010268

*P. Erhart and A. Karsten. Physical Review B 71 035211 (2005).
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1,5,9,4,8,12,2,3,6,7,10,11


Ag_Si-Cvac

I. Direct swap . ®
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I1. Two Ag hops >

e v Mg

Shrader ABOPI  ABOPII ABOPIII

I.direct swap 9.1 10.85 12.82 12.21
Il. two Ag hops 9.2 11.64 12.83 12.72
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For silver substituting Si with a nearest carbon vacancy, four possible paths are discussed. 
A direct swapping of the AgSi with a neighboring Si
II. The second is formed by two Ag hops. 
(a) Ag moves to the C vacant site, and the nearby Si atom moves to the original location of Ag. 
(b) The second hop is that Ag moves to another first nearest Si neighbor, while this Si atom hops back to the Si vacancy. Finally, bring C vacancy back to Ag. 
(c) The final configuration.




Ag_Si-Cvac

Shrader ABOPI ABOPIlI ABOP I
I1l.reol 8.02 6.68 6.62 6.50

IV.reo2 5.97 6.55 6.53 6.17
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The third and fourth ones are reorientation hops where the nearby carbon vacancy moves.
IV.(a) C vacancy swaps places with a second nearest-neighbor C. 
(b) Then it is unbound from Ag. 
(c) Finally, the C vacancy hops back toward Ag.



Ag_Si-2Cvac

l. Ring diffusion
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Shrader ABOP | ABOP Il ABOP I
Barrier from first step. Consider l. ring >6.61 951 9.06 9.19
as lower bound barrier *——__ 1l.
Swap+Cmove 634 600  7.46
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The second cluster is Ag substituting Si with two carbon vacancies. It has two direct hop paths. The first is ring diffusion type. 
Ag atom moves to second nearest neighbor Si lattice site. The Si atom moves to another nearest neighbor Si site kicking out the second Si atom. The latter Si atom moves into the site that was originally occupied by the Ag atom. At the same time a C atom moves into the C vacancy from which the Ag atom moved away. 
The second one involves two hops. Ag swap with a Si atom unbounded with one of the carbon vacany and finally a carbon tetrahedrally coordinated the Ag hops into th unbounded C vac.
II. (a) Ag atom switches positions with a Si atom utilizing the space provided by the two nearby C vacancies
(b) A C atom tetrahedrally coordinated the Ag’s new position then hops into the unbound C vacancy
(c) rebinds the C vacancy to the Ag atom




Ag_Si-2Cvac

lll. Single reorientation hop: moving a C vacancy around the Ag atom.

. @

Shrader ABOPI| ABOPII ABOP I

I,
single  5.02 5.47 5.52 5.52
reo
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»> Ag swaps with the Vg

© !
()i
CONNE®

Shrader ABOPI ABOPII ABORP III

Ag swap

with Vg, 0.58 0.20 0.37 0.55
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The Ag undergoes a path that it swaps with the Si vacancy
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