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Abstract

In past work, an effective diffusivity coefficient was determined for Ag transport through the silicon carbide layer of
a tristructural isotropic fuel particle. The effective diffusivity coefficient accounts for the microstructure of the sili-
con carbide and includes both bulk diffusion and grain boundary diffusion of Ag. In this report, the model has been
improved by accounting for the enhanced concentration of vacancies in the bulk due to irradiation, which substan-
tially influence bulk diffusivity at low temperatures. To improve the BISON model and make it fission rate dependent,
effective diffusivity calculations have been performed that incorporate the radiation-modified bulk diffusivity. The mi-
crostructure and irradiation-dependent effective diffusivity has also been implemented into BISON, and its predictions
for Ag release from tristructural isotropic fuel have been successfully compared to AGR-1 post-irradiation measure-
ments. Moreover, a new feature has been developed in the Multiphysics Object-Oriented Simulation Environment
(MOQOSE) to account for different grain boundary types. The Ag diffusivity in X5 (210)/[001] grain boundaries has
been computed and was found to be greater than in random high-angle grain boundaries. The presence of the fission
product Pd can also have an important effect on the properties of the silicon carbide layer in tristructural isotropic
particles. The penetration of Pd into the silicon carbide layer causes a corrosion reaction that can lead to the failure of
the silicon carbide layer; however, this corrosion reaction is not well understood. To enable an improved understand-
ing of the mechanism, ab-initio molecular dynamics simulations of Pd interaction with bulk silicon carbide have been
performed. The improved understanding of the reaction will form a basis for future improvements to the BISON’s Pd

penetration failure model.
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1. INTRODUCTION

Several next-generation nuclear reactor designs currently under consideration use tristructural isotropic (TRISO) fuel
particles. A TRISO particle has a fuel kernel at its center, which is coated with a porous carbon buffer layer, an inner
pyrolytic carbon (IPyC) layer, a silicon carbide (SiC) layer, and an outer pyrolytic carbon (OPyC) layer [1]. The SiC
layer is the primary barrier that prevents the release of most fission products that are produced in the fuel kernel.
However, some fission products, such as silver (Ag) and cesium (Cs), have been observed to escape from intact TRISO

particles. Ag release is a major radiological concern due to the long half-life (= 250 days) of the 19" Ag isotope.

Previous work performed in the Department of Energy’s Nuclear Energy Advanced Modeling and Simulation
(NEAMS) program developed a multi-scale approach to predicting the release of Ag from TRISO particles [2]. An
effective diffusivity of Ag was calculated for realistic SiC microstructures, which had enhanced Ag diffusivity along
grain boundaries (GBs). Density functional theory calculations combined with kinetic Monte Carlo (kMC) simulations
were used to determine the bulk diffusivity in the grain interiors, and molecular dynamics (MD) simulations were used
to calculate diffusivity along GBs. The GB diffusivity was several orders of magnitude higher than the bulk diffusivty,
as expected. Mesoscale simulations were performed using Marmot to determine the effective diffusivities for differ-
ent microstructures, with bulk and GB diffusivities informed by the atomistic calculations. The SiC grain size in the
direction perpendicular to Ag transport was found to have the strongest impact on the effective diffusion coefficient
because small grain size in that direction leads to a higher number of GBs in the direction of Ag transport, which acts
as high-diffusivity pathways. A function was fit to capture the dependence of diffusivity on grain size both parallel and
perpendicular to the transport direction. That function was used in BISON simulations to predict the amount of Ag
release in several experiments, and the predictions were compared to those of a model that used an empirically derived
Ag diffusivity. Using the multiscale model, the average amount of Ag released in AGR-1 experiments was underpre-
dicted by a factor of approximately 8.5. However, if the effective diffusivity was corrected upward by this factor, the
multiscale model predicted the effect of SiC microstructure on total release more accurately that the empirical model.

There are several possible reasons why total Ag release is underpredicted by the multiscale model compared to
experiment. One potential cause is the fact that Ag diffusivity in both the grain bulk and GBs may be enhanced by
irradiation; the previous modeling work did not account for radiation-enhanced diffusivity. Another potential cause
is that multiple types of GBs may be present in the SiC; however, the modeling in Ref. [2] only considered randomly
oriented high-misfit GBs.

In this report, simulations are carried out to investigate the effects of radiation-enhanced diffusion and different

types of GBs on Ag transport. In Chapter 2, rate theory modeling is used to investigate the effect of irradiation on the
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bulk diffusivity calculations for Ag in SiC and the impact on Ag release. In Chapter 3, the diffusivity of Ag along a
higher-symmetry £5 GB was calculated using MD, and the mesoscale model was extended to consider different GBs
with different diffusivities. In Chapter 4, preliminary work was performed to investigate SiC GB attack by palladium
(Pd) using ab initio MD (AIMD) simulations, which will lay the groundwork for further investigation in Fiscal Year
(FY) 2023. Finally, in Chapter 5, conclusions are drawn, and an outlook for further work is given.
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2. IRRADIATION EFFECT OF SILVER DIFFUSIV-
ITY IN SILICON CARBIDE

2.1 Rate Theory Modeling of Radiation-enhanced Ag Diffusivity in Bulk SiC

In the previous milestone [2], kMC simulations informed by density functional theory (DFT) calculations were per-
formed to derive the Ag diffusion coefficient in the bulk SiC. The tracer diffusion coefficient of Ag was determined
as

@2.1)

_ 5.34 +0.58 (eV)
eq _ 4 _ 2
DAg =24x10""exp < — > (m~/s).

The calculation was under the assumption that the transport of Ag in the bulk SiC is dominated by the thermodynamic
equilibrium concentration of carbon vacancies. This assumption appears reasonable given the high service temperature
of TRISO fuels that might allow most of the excess point defects produced by irradiation to reach sinks efficiently, and
thus the radiation-enhanced transport of Ag in SiC might not be as important as the thermal diffusion. The calculated
thermal diffusion coefficients of Ag show successful application in calculating the effective Ag diffusion coefficient in
polycrystalline SiC [3]. Nevertheless, it was found that a correction factor of 8.5 was required to enhance the calculated
effective Ag diffusivity to the same level as the empirical value used in BISON. The correction might indicate the
potential radiation effect on Ag transport in bulk SiC. The vacancy mobility in SiC is known to be low due to the high
migration barrier (3.51 eV). The sluggish vacancy mobility decreases the rate of defect annihilation events, allowing the
vacancy concentration to build up under irradiation particularly at a lower range of temperature that leads to radiation-
enhanced diffusion. Depending on the rate processes of defects, the dominant diffusion mechanism typically has a
transition from thermodynamic diffusion at high temperatures to radiation-enhanced diffusion at low temperatures.
However, the transition temperature and the contribution of radiation-enhanced diffusion of Ag in the bulk SiC have
never been evaluated. The objective of this section is to predict the radiation-enhanced diffusion of Ag based on existing
lower-length-scale data, and the result will then inform and improve the mesoscale and engineering scale simulation
capabilities in the following sections.

The radiation-enhanced diffusion coefficient (Di‘g) can be expressed as the following form:

cq

rad _ 1eq radﬁ
DAg = DAg + xy =)
Xy

2.2)
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where DY and x4 are respectively the diffusion coefficient of Ag (Eq. 2.1) and vacancy concentration under the
Ag v p y g (Eq y

rad rad
v A%

can be determined by the formation energy of a carbon vacancy, which is calculated to be between 4.18 eV (Si-rich) and

thermodynamic equilibrium condition, and x{3¢ is the non-equilibrium vacancy concentration under irradiation. x
4.72 eV (C-rich). Note that based on the MD study of defect production in irradiated SiC showing that carbon vacancies
outnumber silicon vacancies in displacement cascades for a wide range of primary knock-on atom (PKA) energies [4],
it is reasonably assumed that the radiation-enhanced diffusion of Ag via carbon vacancies will be the dominant vacancy
mechanism. Additionally, Eq. 2.2 considers only the vacancy mechanism of Ag transport without the contribution of
Ag interstitials. The high formation energy (>10 eV) suggests that Ag interstitials are not energetically favorable to
form. Although Ag interstitials could be produced by the kick-out reaction of substitutional Ag by irradiation-produced
self-interstitials, the Ag interstitials can quickly be recombined with or trapped by vacancy defects that are produced
by irradiation, whose concentration is expected to be significantly higher than that of Ag interstitials. Additionally,
due to the fast transport of self-interstitials, these excess point defects can be efficiently annihilated by sinks. The
concentration of self-interstitials will thus be significantly less than mobile vacancies, thereby reducing the possibility
of the kick-out reactions that produce Ag interstitials. In other words, the high concentration of vacancies and low
concentration of self-interstitials in a typical irradiated crystalline system do not favor long range transport of kick-out
Ag interstitials.

rad
v
enhanced diffusion of Ag. In addition to the recombination and constant sinks that are typically considered in most

A rate theory model is used in this study to describe the time dependence of x> that determines the radiation-
rate theory studies, the present model also includes the effects of solute trapping and vacancy clustering. This modified
rate theory model has been applied in recent studies of radiation-accelerated precipitation in steels [5, 6, 7] and found
successful applications. For Ag transport in SiC, the effect of solute trapping can be important because of the strong
binding of mobile vacancy by Ag when they do not occupy the same sublattice sites of SiC.

The time dependence of the carbon vacancy and interstitial concentrations in the bulk SiC can be given as

axV Xty 4ﬂrtrap
? =G + T - krec(DI + DV)XIXV - Dvxvst - Dvxvxtrap (2.3)
t a
axI 477"rtrap
E =G - erC(DI + Dv)xIXV - DIxISt - DIxIxtV (24)

a
where V and I denote vacancies and interstitials respectively. Note that since the dominant point defects in SiC produced
by irradiation are carbon vacancies and carbon interstitials [8], the evolution of other point defects, including silicon
vacancies, silicon interstitials, and antisite defects, are not considered in the rate theory equations. G = £K|, is the defect
production rate, & is the displacement efficiency and K|, is the rate of radiation damage in terms of displacements per
atom (dpa). Ky = o4,,¢, Where oy, is the dpa cross-section. It is assumed that the bias of the productions of carbon
vacancies and carbon interstitials is negligible. The assumption is based on a recent MD study showing that the residual
number of carbon vacancies and carbon interstitials in displacement cascades is at the same magnitude [8]. The residual
carbon interstitials is about 10% more than carbon vacancies for the PKA energy ranging from 10 to 100 keV. k. is
the coefficient of the recombination rate. Note that the recombination of a carbon interstitial and a carbon vacancy is

not a spontaneous reaction but with a reaction barrier E,.. about 0.9 eV [9]. By following the steady-state reaction rate
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[10], k... can be expressed as

Arxr r
Koo = rec recﬂ 2.5)
V, ref+1

where 7, is the recombination radius in the bulk matrix, V, is the atomic volume, and r..f ~ exp(Ep — E,../kT). Ep
is the migration barrier of the fast diffusion species involving in the recombination reaction, which in this case is the
carbon interstitial. Note that for the spontaneous recombination without reaction barrier, the second fraction term in Eq.
2.5 will be almost equal to 1 and the recombination rate coefficient reduces to the typical expression k. ~ 47r ../ V.

Dy and Dy in Egs. 2.3 and 2.4 are respectively the diffusion coefficients of carbon vacancies and interstitials, r;,
is the trap recombination radius, X, is the trap density, and x,, is the trapped vacancy concentration. S is the total

sink strength, which includes the contributions of dislocations, GBs, and defect clusters:

\/ﬁ

S, =py+3— +5, (2.6)

grain

where p, is the dislocation density, d is the grain size, and S|, is the sink strength from vacancy clusters, also called

grain
unstable matrix features. Interstitial clusters and dislocation loops, which can also be produced by irradiation, are not
considered in this study. Following [11], the vacancy clusters can be considered as a dilute concentration of spherical
temporary sinks created in irradiation-induced displacement cascades. The creation rate of vacancy clusters can be
approximated to be proportional to the irradiation flux ¢ and creation cross section o, [11]. Vacancy clusters can also
be dissolved by emission of vacancies at a rate proportional to the vacancy cluster density (INV,) and the inverse of
the characteristic time (z,.) for vacancy emission from vacancy clusters [11]. The characteristic annealing time can be

calculated by Ref.[12] in the following form:

fo=—0 2.7

.=
exp (—EVC/kT)

where 7, is the pre-factor of the annealing time and E,, is the binding energy of the vacancy clusters. The steady-state

number density of vacancy clusters (N, ) can then be derived as ¢po .7, /V, [11], which was also applied in a recent model

that evaluates radiation enhanced diffusion in reactor pressure vessel steels [5]. By using the standard expression of

an individual sink strength for spherical vacancy clusters, 4zr. N, [11], where r, is the capture radius, the steady-state

sink strength of vacancy clusters gives [12]:
S, = 4nr.po 1.V, (2.8)

7, in Eq. 2.3 is the characteristic time of solute trapping by a vacancy, which can be expressed as

d2
T = D
v exp(—=Ey/kT)

(2.9)
where Ey is the binding energy and d is the nearest neighbor distance of the SiC lattice. In this study, Agg; (substi-

tutional Ag atoms at the Si sublattice in bulk SiC) is considered as the impurity type that can trap the mobile carbon

vacancies due to the strong binding as predicted by DFT [2]. The predicted binding energy is ~ 3.0 — 3.5 eV/atom.
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By making the following approximations D; >> Dy, and D;x; = Dy Xy, the steady-state solution of Eqs. 2.3 and
2.4 can be solved by finding roots of the polynomial. It will be numerically convenient to define the fraction of point
defects (vacancies and self-interstitial atoms) that escape recombination to reach sinks as

xVDVS
& =—(g— - (2.10)
By placing Eq. 2.10 and the above two approximations into the steady-state condition of Eq. 2.3, g can be solved nu-
merically. xy can be derived by the relation with g in Eq. 2.10, and finally the radiation-enhanced diffusion coefficient
DX‘; can be calculated by Eq. 2.2.

Physical parameters used in this simulation study are summarized in Table 2.1. The AGR-1 irradiation conditions
are considered, and the radiation-enhanced diffusion coefficient of Ag will be derived as a function of temperature.
Note that some of the parameters are either unknown or have a high uncertainty, so reasonable estimate was made for
those parameters, which is marked by * in Table 2.1. For instance, the cross-section of dpa was suggested to stabilize
at the magnitude between ~ 5 x 10726 and 9 x 1026 dpa/(n m~2), depending on the neutron energy [13]. Since there
is no data reporting the dislocation density in SiC in the TRISO particle from the AGR-1 capsule, a typical dislocation
density (1013 m~2) for crystalline solids is assumed. Other unknown parameters include recombination radii for bulk
SiC and traps, as well as the production cross section for vacancy clusters in SiC. These parameters require further
lower-length-scale simulations to clarify, and therefore in the present study reasonable values were used for these

uncertain parameters.

Table 2.1. Physical parameters used in the rate theory model. The symbol * indicates the parameters that are unknown,
uncertain, or the values are within a range of possible variability.

Parameter Value Unit Ref.
Dose rate (AGR-1 condition) 470 x 1017 nm2s”! [14]
Dpa cross-section* 8.0x 10726  dpa/(nm=2) [13]
Grain size 0.3x 1076 m 3]
Dislocation density* 1.0x 10"3 m~

Trap concentration* 1.0x 1077 -
Recombination barrier (matrix) 0.9 eV [9]
Binding energy of traps 3.5 eV/atom [2]
Cascade efficiency 0.7 - [4]
Carbon vacancy formation energy (C-rich) 4.72 eV [2]
Carbon vacancy formation energy (Si-rich) 3.18 eV [2]
Carbon vacancy migration barrier 3.51 eV [2]
Carbon interstitial migration barrier 0.67 eV [15]
Carbon vacancy diffusivity pre-factor 9.68 x 1078 m? s~ [2]
SiC lattice constant 4.36x 10710 m

Vacancy cluster binding energy* 3.5 eV/site
Production cross section for vacancy clusters* 4.5 x 1072° m?
Recombination radius (matrix)* 3.1x 10710 m
Recombination radius (trap)* 3.1x 10710 m
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Figure 2.1. Plots showing the diffusion coefficient of Ag in bulk SiC as a function of reciprocal temperature. The solid
blue and red lines show the calculated radiation-enhanced diffusion coefficient of Ag in bulk SiC under the AGR-1
conditions. The dashed lines are the thermal diffusion coefficient of Ag under thermodynamic equilibrium of vacancy
concentration. The dotted lines are from the diffusion data measured by experiments [17, 18, 19, 20]. The solid
green and purple lines are the grain boundary diffusion coefficient of Ag in SiC calculcated by MD [2] and kMC [16],
respectively.

Figure 2.1 shows the calculated radiation-enhanced diffusion coefficient of Ag D;\ag in the bulk SiC, along with
the calculated diffusion coefficient under thermodynamic equilibrium qug [2], the calculated GB diffusion coefficient
Diqg by MD and kMC simulations [2, 16], as well as the Ag diffusion coefficient reported by experimental studies of
integral release measurement [17, 18, 19, 20]. The difference of blue and red lines in the plots of DZ and ng is
caused by the difference of carbon vacancy formation energy for C-rich and S-rich SiC. The calculation result of Di‘g
shows that the transition from thermal diffusion to radiation-enhanced diffusion of via carbon vacancies happens at the
temperature between 1500K and 2100 K. The blue and red Di‘g lines converge to a single line when the temperature is
lower than ~1600K, at which the Ag transport will be mostly mediated by the radiation-induced point defects instead
of thermally activated vacancies at the low temperatures. The result suggests that radiation-enhanced transport of Ag
in SiC may still matter during the service condition of TRISO fuels. Note that the calculated DK‘; is still 1-3 orders
of magnitude lower than the experimental data, and the experimental data (dotted lines) does not show the evident
transition of diffusion mechanisms as DK‘; does. These comparisons indicate that GB diffusion of Ag may still be the
dominant transport mechanism.

Although the transition of diffusion mechanisms was not observed in the experiments of Ag transport in SiC, it was

found for different fission product species (such as Sr and Cs) in SiC, as suggested by the data in Figure 2.2 showing
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Figure 2.2. Plots showing the diffusion coefficients of fission products in SiC as a function of reciprocal temperature.
This figure is from Ref. [18].

the change of Arrhenius trends from high to low temperatures [18]. For Cs transport, the transition temperature was
suggested to occur between 1473K and 1873K, which is similar to the prediction for Ag in this study. In Figure 2.2, the
reduced slope as temperature decreases suggests the transition of the dominant diffusion mechanism to that with lower
activation energy. This trend indicates that the diffusion process may involve radiation-induced defects more at low
temperatures compared to the thermal diffusion, and therefore the activation energy does not include the contribution
of thermally-activated defect formation. An alternative and additional mechanism associated with the transition is the
preferred GB diffusion at low temperatures. An atomistic simulation of Cs diffusion in SiC shows that GB diffusion
of Cs dominates the bulk diffusion, while at the same time the study suggests that radiation-enhanced bulk diffusion
may be responsible in irradiated SiC [21]. Given the uncertainty of energetics involving defects and fission products as
well as the lack of experimental data characterizing and quantifying the evolution of extended defects (e.g., dislocation
loops, network dislocations, GBs, and mixed defect clusters), a comprehensive investigation is challenging. It would
be valuable to perform integrated experimental and computational investigation to confirm and clarify the contribution
of various transport mechanisms and the relationship with defect evolution under irradiation.

To demonstrate how microstructure and defect energetics affect the Ag transport in the bulk, Figure 2.3 (a)—(d)

show the effects of grain size, dislocation density, trapping density or fraction, and vacancy cluster binding energy on
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Figure 2.3. Plots showing the effects of (a) grain size, (b) dislocation density, (c) trapping fraction, and (d) vacancy
cluster binding energy on the diffusion coefficients of Ag in bulk SiC as a function of reciprocal temperature.

the diffusion coefficient of Ag in bulk SiC. The parameters that are not mentioned are the same as those listed in Table
2.1. Generally, increasing the sink or trap density decreases DX‘; and such the effect appears more pronounced for the
trapping fraction than dislocation density or grain size, as shown in 2.3 (a)— (c). Note that while the grain size appears to
have minor influence on the bulk diffusion, it can modify significantly the effective Ag transport in polycrystalline SiC,
which will be shown in the next section. Figure 2.3 (d) shows the significant effect of the vacancy cluster binding energy
E,. on the radiation-enhanced Ag diffusion. Increasing E, . from 3.5 to 4.0 eV results in decrease of Di‘g

starting from the low-temperature end (~1000K), which will extend to the higher temperature as E, . increases further.

particularly

The effect of radiation-enhanced diffusion will almost vanish as E, . reaches higher than 6.5 eV.

One major limitation of the model presented in this section is the simplified treatment of solute-defect complexes,
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including just carbon vacancies, interstitials, trap impurities, and formation of carbon vacancy clusters. Although it
has been indicated by MD studies that carbon vacancies and carbon interstitials are the dominant residual point defects
under irradiation, it remains to be clarified how a wide variety of point defects interacts with the fission products such
as Ag in the bulk SiC that may form mixed complexes. These mixed complexes might act as traps that reduce the
mobility of points defects or fission products, or they can be mobile and act as carriers for fission product transport,
depending on their mobility and stability. Comprehensive modeling and simulation of these complex interactions and
reactions require robust descriptions of interatomic energies with ab initio accuracy. Specifically, a combination of
atomistic, mean-field, and coarse-grained approaches will be important to capture these cluster reactions and parame-

terize rigorous mesoscale models. This integrated approach is currently out of scope for this FY.

2.2 Fitting Lower Length Scale Simulations Results to be Used at the Mesoscale

The irradiation-enhanced Ag diffusivity in bulk SiC has been quantified using DFT and kMC calculations in Section 2.2.
To incorporate irradiation effects at the mesoscale, it is necessary to fit the results provided in Figs. 2.1 and 2.3 and
define Ag diffusivity in bulk SiC as a function of temperature and flux. Note that at the mesoscale, we use the bulk
diffusivity obtained for a grain size of 0.3 microns, a vacancy cluster binding energy of 3.5 eV/sites, a trapping fraction
of 1x1077, and a dislocation density of 1x10~!3. For a given flux, Figs. 2.1 and 2.3 shows that thermal effects dominate
diffusion at higher temperatures, while irradiation-enhanced mechanisms become important at lower temperatures. Ag
diffusivity in bulk SiC is therefore described as

Dy (T, F) = D'™"(T) + D'(T, F) (2.11)

with T the temperature in K, F the flux in n/m?/s, D" (T) the diffusivity due to thermal effects in m?/s, and D" (T,F)
the diffusivity due to irradiation effects in m?/s. D’h(T) is defined in Refs. [2, 3] as

D'"(T) = D" exp <_ch> (2.12)
0 RT

with DI = 2.4 x 10 m?%/s and Q" = 459 x 10° J/mol. To define D""(T, F), a Python script was developed to
identify the change of slope due to irradiation-enhanced diffusivity and then was fitted to the low temperature regime

at different fluxes with an Arrhenius law, following

RT (2.13)

_irr
Dirr(T’ F) — Dé)rr(F) < Q (F)> )
The effect of flux on Dgr and Q" and the corresponding fits are illustrated in Fig. 2.4. Df)"(F ) has been shown to

increase with flux level as

b
irr F
Di"(F)=a <70> (2.14)
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Figure 2.4. Fitting the irradiation-enhanced diffusion as a function of flux. (a) shows how DE)" evolves with the flux and
how it was fitted using Eq. (2.14), and (b) shows how Q""" evolves with the flux and how it was fitted using Eq. (2.15).
(c) shows the final fit for Dy, (T, F) described in Eq. (2.11).

where F, = 1 n/m?/s ensures that F/F, is dimensionless, b = 0.9177 (-), and @ = 1.056 x 1073 m?/s. The quality
of this fit between F = 4.7 x 1013 n/m?/s and F = 4.7 x 10'® n/m?/s is quantified by R* = 0.998. Q""(F) has been
defined as

Q" (F)=cIn(F)+d (2.15)

with ¢ = 3788 J/mol and d = —31216 J/mol. The quality of this fit between F = 4.7 x 10'3 n/m?/s and F = 4.7 x 10'®
n/m?/s is quantified by R? = 0.977. Both these fits (i.e., Eqs. (2.14) and (2.15)) are shown in Fig. 2.4.

The fit of the bulk diffusion proposed in this section accurately captures the two different regimes (i.e., the thermal
diffusion at higher temperatures and the irradiation-enhanced diffusion at lower temperatures). However, the Ag bulk
diffusivity is slightly overestimated around transition temperatures, although not by an amount significantly greater
than the uncertainty. This fit will be used in the rest of the section to describe the irradiation-enhanced Ag diffusion in
bulk SiC.

2.3 Irradiation Effects on Effective Ag Diffusivity in SiC at the Mesoscale

2.3.1 Description of the SiC microstructures

The mesoscale simulations were performed in a similar fashion as in Refs. [2, 3]. The same polycrystalline structures
generated using Ref. [22] and described in Refs. [2, 3] were used. They are 2D domains of dimensions 9 ym X 9 ym
generated with the desired grain sizes, grain aspect ratios, and GB widths. Their grain major axis varies from 0.75 ym
to 3 um, and the grain minor axis varies from 0.3 ym to 0.82 ym. Although the GB size of the polycrystalline SiC is
approximately equal to 1 nm, with variations between high-angle GBs (HAGB) and low-angle GBs (LAGB), the GB

width is scaled up to 60 nm using the approach described in Refs. [2, 3] to limit computational costs. As discussed in
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Refs. [2, 3], the simulated microstructures cover the variations in grain dimensions found in the AGR-1 and AGR-2
fuel batches, hence providing results relevant for realistic SiC grain sizes for TRISO fuel particles.

It is important to note that, as in Refs. [2, 3], the polycrystalline structures used in this section have continuous
interfaces. Grains are described using a set of N order parameters NGr, with i € [1, N][23]. A given order parameter
isequal to 1 in a given grains, and equal to 0 in neighboring grains, with a continuous transition from 1 to 0 at the GB.
The GBs can be described by

N
r= N, (2.16)
i

& is equal to 1 in the grain interior and continuously transitions to 0.5 along the mid plane of the GBs. Based on this

continuous description of the grain structure, the diffusion coefficient is defined as
D:(l_hGB)Db+hGBDGB (217)

with Agp an interpolation function equal to 1 in the GBs and equal to 0 in the grain interior. In this work, hgp was

defined as '
hGB(;()zl—%<l.0+tanh <(1—XO)M>> (2.18)

with y, the point at which hgp(xy) = 0.5 and A the distance | y59 — xo.1| for Agp(xp1) = 0.1 and hgp(xy9) = 0.9.
This specific interpolation was used to ensure that the diffusion was the same everywhere in the GBs, including at triple
junctions. Other common interpolation functions are often equal to values lower than one at triple junctions, which
artificially slows down diffusion. The parameters y, and A need to be selected to maximize A (i.e., the smoothness
of the slope) while ensuring |h;5(0.5) — 1| < tolgp and |hgg(1) — 0| < toly,,. Although the tolerances tol;p and
tol . were fixed equal to 10 in Refs. [2, 3], they actually need to be defined as a function of the ratio of bulk and
GB diffusivity. The local diffusivity D defined in Eq. (2.17) should be equal to D, in the bulk and equal to Dy at
GBs. In the bulk, this means that we need to enforce toly,,;, << D,/Dgp and tol,,;, << 1. At GBs, this translates
into tolgp << Dgg/D, and tolgp << 1. Assuming Dgp ranges from 10712 to 1 x 10~!8 between 2000 and 1000
K [2, 3], and D, ranges from 1 x 10715 to 1 x 10726 between 2000 and 1000 K (see Fig. 2.4 and Refs. [2, 3]), we
get: toly, << D,/Dgp = 1 x 1078 << 1, and : tolggy << 1 << Dgp/Dy = 1 x 10°. So we can reasonably
use toly,, << 1x 107 and tolgg = 1 x 1073, This leads to y, = 0.625 and A = 0.0795, which differ from the
values previously used in Refs. [2, 3], which unfortunately did not ensure tol,;; << D,/Dgp, meaning that the bulk

diffusivity was overestimated due to the error introduced by the interpolation function in Eq. (2.17).

2.3.2 Effective diffusivity calculations

Asin Refs. [2, 3], we use the asymptotic expansion homogenization (AEH) method described in Ref. [24] to determine
the effective diffusivity coefficient at the mesoscale. This method is already implemented in Multiphysics Object
Oriented Simulation Environment (MOOSE) [25, 26, 27], making it possible to determine effective material properties
in a domain with periodic boundary conditions. In the current work, the polycrystals were created with periodic

boundary conditions, and the temperature is considered constant across the entire domain. This method can therefore
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be applied. Simulations are performed for all 20 microstructures. Temperatures range from 1000 K to 2200 K with
200 K increments, which significantly increases the temperature range from Refs. [2, 3] (1450 K to 2073 K) toward
AGR-1 and AGR-2 relevant temperatures. In the simulations presented in this work, the flux equals 0, 4.7x 10'3 n/m?/s,
4.7 x 10! n/m?/s, 4.7 x 1013 n/m?/s, 4.7 x 1016 n/m?/s, 4.7 x 10'7 n/m?/s, and 4.7 x 10'8 n/m?/s. This covers a wide
range of flux around the relevant AGR-1 and AGR-2 flux values [14].

2.3.3 Effective diffusivity calculations

The simulation results for the microstructures and irradiation conditions described in Section 2.3.2 need to be fitted to
derive the effective Ag diffusion as a function of temperature, flux, and grain size. The first step is to fit the thermal
contribution to the diffusion. The data obtained for a null flux is therefore fitted using the approach developed in
Refs. [2, 3]. For each microstructure, the temperature-dependent effective diffusivity is fitted to an Arrhenius equation
to obtain a pre-exponential factor D and an energy barrier Q for each microstructure. These coefficients are presented
in Fig. 2.5, where they are described as functions of grain major and minor axis length. As in Refs. [2, 3], we found
that the grain major axis length does not have a significant influence on D, or Q. However, both can be described as
linearly dependent on the grain minor axis length. The strong effect of the grain minor axis length is explained by the
fact that smaller grains along the minor axis (i.e., the axis perpendicular to the direction of diffusion) mean a higher
density of GBs for the Ag to diffuse through, therefore increasing the effective diffusivity of the SiC layer. This is
extensively discussed in Refs. [2, 3]. The thermal contribution to the effective Ag diffusivity in SiC as a function of
temperature (from 1000 K to 2200 K) and grain size (minor axis from 0.3 gm to 0.82um) can therefore be described
as

(2.19)

o + miQ
DT, m;) = (Dm,O + m[Dm’l) exp (—M>

RT

with T in Kelvin, R = 8.315J/K/mol, m; in ym, D,y = 4.64x10719m?/s, D,, | = =3.15x10~* m/s, Q,, o = 211x10°
J/mol, and Q,, ; = 5.50 X 10° J/mol/m. The quality of the fit for the pre-exponential factor and the energy barrier are
equal to R? = 0.954 and R? = 0.991, respectively. As expected, the coefficients are slightly different than in Refs. [2,
3] since the temperature range and interpolation function (i.e., Eq. (2.18)) have been updated.

In this work, the total effective Ag diffusivity in SiC is defined as
) - Jth R
DeITANT  F my,m,) = DT m)) DS ST, F omy,m,) (2.20)

with D¢/ /(T m,) derived in Eq. (2.19), and D*//#""(T, F,m,, m,) the irradiation-enhanced contribution to the ef-
fective diffusivity. Using the values for D¢//-% provided by the mesoscale simulations, and D¢//*"(T, m;) provided
by Eq. (2.19), we can derive Def/ A(T, F, m;, m,) as a function of temperature, flux, and grain minor and major axis
lengths, as shown in Fig. 2.6 To fit the data shown in Fig. 2.6, D¢/ /(T F, m;, m,) is defined as

D

Dirr,l .
DT (T Fymy) = 1+ Dy, (F) (1+ D;,.om;) exp < ;”3> , (2.21)
0

with Fy = 1 n/m?/s ensuring that F/ F, is adimensional. D®//+"" is therefore linearly dependent on the grain minor
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Figure 2.5. Derivation of the thermal contribution to the effective Ag diffusion coefficient as a function of the tempera-
ture T', the grain minor axis length m;, and the grain major axis length m,. (a,b) show how D, depends on (a) m, and (b)
m;, and (c,d) show how Q depends on (c) m, and (d) m;. In (a,c), the points provided for one m, value correspond to the
different minor axis lengths. Similarly, in (b,d), the points provided for a given value of m; corresponds to the different
major axis lengths. While both D, and Q are independent of m,, D, seems to slightly decrease with increasing m;,
and Q increases linearly with m;. (e,f) show how the thermal contribution to the effective diffusion coefficient Deffh
depends on (e) m, and (f) m; for different temperatures. The best fit, which successfully captures the temperature and
microstructure effects on D¢/ /" was also added in (f).

axis length, increases exponentially with the inverse of the temperature, and evolves as a power law with respect to
the flux. Note that, just like D¢//>"*(T, m,), D¢//-'" seems to be independent of the grain major axis length, which

is visible in Fig. 2.6 and translated into Eq. (2.21). The coefficients D;,,.; are optimized using the root mean square

irr,i

14 of 37



16 ®  Mesoscale Calculations @ 16 ®  Mesoscale Calculations 5
14 Fit e 14 Fit )
1 12
; 8 - 8
L 10 L 10
pags S
TE g TE g
] ¢ e
s g s :
1 ] e 1 2 8
£ P |
2 s b 3 E\ 2 s 8 § [ |
05 06 41‘7 08 09 0 10 100 107 10"
1/T x10% (K1) Flux (n/m?/s)
(a) Temperature (b) Flux
16 ®  Mesoscale Calculations @ 16 ®  Mesoscale Calculations é
u Fit ® u Fit
12 12
" e ° g . —~ 8
~ 10 ~— 10
ok had¥
TE 8 e o e TE s
Qe °l =& e
c{® ® e e . 6 ]
e o o . o [ ]
[ e [
1 e . : :
2 2{ 8 4 f
| 2 B | J | J |} J  }
10 15 20 25 3.0 3 1 7 8

6
Major axis length (m) * Minor axis length (m) *'*

(c) Grain major axis length  (d) Grain minor axis length
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to influence D¢/ /- the effect of temperature, flux, and grain minor axis length is accurately captured in Eq. (2.21),
as shown by the match between data points from mesoscale calculations and the model’s predictions.

error with the available data, which leads to: D, = 4.23 X 10713 (n/m?%/s)~!, D

irr,

m~!, and D, 3=942x% 103 K~!. Tt is remarkable that for thicker grains, and at T = 100 K, the irradiation-enhanced

irr,

i1 = 0.458 (-), D, = 8.53 x 10°

diffusion in bulk SiC can increase the effective Ag diffusion by a factor of 16 (see Fig. 2.6).

Equations (2.19) to (2.21) define the total effective Ag diffusivity, accounting for both thermal diffusion and
irradiation-enhanced contribution, as a function of temperature, flux, and grain size. DeSs PoN(T, F,m;) is shown in
Fig. 2.7, and while thermal effects dominated the high-temperature regime, irradiation-enhanced diffusion is visible
at lower temperatures. The effective Ag diffusion coefficient derived through atomistic and mesoscale calculations
falls close to the empirical value currently used in BISON. As detailed above, the total effective Ag diffusivity has
been defined for temperatures ranging from 1000 to 2200 K, for flux ranging from 0 to 4.7 x 10'® n/m?/s, and grain
minor axis length between 0.3 ym and 0.82 ym. The effective Ag diffusion coefficient derived through atomistic and
mesoscale calculations falls close to the empirical value currently used in BISON. Multiplying D¢//-%' by a correction
factor 6,,,, = 10 is needed to increase the calculated effective Ag diffusivity to a similar level than the empirical value
used in BISON while still accounting for the effect of the microstructure and irradiation. We define

DeS ST F m;) = sDe/ /o T F, m;) (2.22)

corr
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Figure 2.7. Comparison of the Ag diffusion coefficients provided by atomistic simulations (i.e., the temperature and
irradiation-dependent bulk D, derived in Section 2.1 and the GBs Dgp [2]), the empirical coefficient D‘;"}p

previously used in BISON provided in Refs. [28, 29, 1, 30], and the effective diffusivity values provided by the current
mesoscale study D¢//-%" (Egs. (2.19) to (2.21)). The different values for D¢//-°" at each temperature correspond to
the extreme grain minor axis length values of the SiC microstructures described in Section 2.3.1 (full line for smallest
minor axis size, dotted lines for largest minor axis size), and different flux values (D¢//°" for 0 flux, D¢//-1(F)
for flux = 4.7 x 10'7 n/m?/s). The irradiation-enhanced diffusion is visible at low temperatures. The effective Ag
diffusion coefficient derived through atomistic and mesoscale calculations falls close to the empirical value currently
used in BISON. Multiplying D¢//+% by a correction factor &,,,. = 10 is needed to increase the calculated effective
Ag diffusivity to the same level than the empirical value used in BISON while still accounting for the effect of the

microstructure and irradiation, as shown by D%/ Eq. (2.22).

the corrected version of the effective Ag diffusivity derived in Eqgs. (2.19) to (2.21). Note that with 6., = 10, the
diffusivity at lower temperatures is higher with the mechanistic model developed in this study than with the empirical
diffusivity.

2.4 Simulations of AGR-1 Ag Release Measurements

The effective Ag diffusivity derived in the previous section has been implemented in the fuel performance code BISON

to study the effect of microstructure and irradiation levels on Ag release from TRISO particles. To that end, the time-
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Figure 2.8. Comparison of measured (post-irradiation examination (PIE)) and computed (BISON) Ag release fractions
for AGR-1 compacts. The BISON results show the values obtained with the empirical BISON diffusivity from Refs. [1,
30, 29, 28] (green), as well as the results obtained by the current study with the new mesoscale effective Ag diffusion
coefficient (red) and the corrected version (purple). The color code is the same as in Fig. 2.7, but empty circles show
the predictions for O flux, whereas empty squares show the model’s predictions accounting for irradiation effects. The
ranges shown for the mesoscale diffusion coefficient correspond to the minimum and maximum grain minor axis size
for each as-fabricated compact provided in Ref. [2, 3], and the markers correspond to the optimized values. When using

De/ /19t the predicted Ag release fraction is often significantly underestimated, except for compacts 3-2-1, 3-3-1, and

4-1-2. However, using Difrj:’mt improves the predicted Ag release fraction in the large majority of cases. Including

the effect of the microstructure on Ag diffusion provides more flexibility to the model. As expected, accounting for
irradiation effects increases Ag release, but this effect is limited.

dependent flux was derived from the fluence history, already available in BISON for each AGR-1 capsule. Simulations
were performed both with and without irradiation effects and both with and without the correction factor introduced in
Eq. (2.22). The predictions are shown in Fig. 2.8.

When using D¢/ /% the predicted Ag release fraction is often significantly underestimated, except for compacts
3-2-1, 3-3-1, and 4-1-2. However, using Dﬁ({,{’m improves the predicted Ag release fraction in the large majority of

cases. Including the effect of the microstructure on Ag diffusion provides more flexibility to the model. As expected,

accounting for irradiation effects increases Ag release, but this effect is limited.

2.5 Discussion

A new effective Ag diffusivity in SiC has been developed using a multi-scale and mechanistic approach. The new
diffusivity accounts for temperature, grain size, and irradiation effects. The inclusion of the irradiation effect is the
novelty of this study and is most important at temperatures below 1500 K. An important thing to note is that the
irradiation effect is a function of flux, not fluence. The reason is that bulk irradiation-enhanced diffusivity is not

expected to last after irradiation stops.
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The new effective Ag diffusivity has been used to model Ag release from TRISO fuel particles, and its predictions
were compared against PIE data from AGR-1. The predictions accounting for microstructure and irradiation effects
better match the experimental measurements than an empirical diffusivity. However, the effect of irradiation-enhanced
diffusion on Ag release are limited.

The current model, and in particular the correction factor, could be further tuned by calibrating the model against
AGR-1 and AGR-2 PIE data. Moreover, other aspects could have a significant effect on Ag diffusion in SiC, namely
the fact that Ag can diffuse at different speeds in different GB types, which is studied in Chapter 3, and the potential
effect of Pd attack on the SiC layer, therefore influencing Ag diffusivity, which has been studied at lower length scales
in Chapter 4.
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3. EFFECTS OF GRAIN BOUNDARY TYPES ON
SILVER DIFFUSIVITY IN SILICON CARBIDE

In this section, the GBs in the network are divided into two kinds of GB types by the misorientation angle; GBs with
a misorientation angle lower than 15° are defined as LAGB, and the others are defined as HAGB. The GB types af-
fect Ag diffusivity because of the different ordering of different GB types [31]. Due to their lower ordering, HAGBs
are expected to promote faster diffusion than LAGB. Figure 3.1 (a) and (b) show examples of LAGB and HAGB mi-
crostructures in layer-stacked 2D polyimine. We developed a Ag diffusion model with different GB types to accurately

predict their influence on Ag release.

(b)

Figure 3.1. Visualization of two grain boundary types in layer-stacked 2D polyimine by Aberration-Corrected High-
Resolution Transmission Electron Microscopy imaging: (a) is a LAGB (10°), and (b) is a HAGB (28°) [32].

The section is organized as follows. In Section 3.1, we describe MD simulations that provide Ag diffusivities in both
HAGB and LAGB. In Section 3.2, we describe a new feature developed in MOOSE to read a polycrystalline structure,
determine the GB types, and assign different diffusivities to the bulk and different GB types. The feature is verified
using simple polycrystals: one with three parallel grains and one with triple junctions between grains. Section 3.3 then
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concludes this section and describes future work.

3.1 Molecular Dynamics Simulation of Ag Diffusion in SiC in Different Grain
Boundary Types

We have performed MD simulations using the LAMMPS code [33] and our newly developed analytical bond-order
potential to predict the Ag diffusivity along the X5 (210)/[001] GB of SiC (see Figure 3.2). In our simulation cell,
the Z-axis is perpendicular to the GB plane, the X-axis is parallel to the GB tilt axis, and the Y-axis is parallel to
the GB period. Each cell is first relaxed using MD simulations in the NPT (constant number of atoms, pressure, and
temperature) ensemble for 10 ps. The mean squared displacement (MSD) data of Ag atoms (up to 10 ns) are obtained
using MD simulations in the NVT (constant number of atoms, volume, and temperature) ensemble (see Figure 3.3),

based on which the Ag diffusivity is calculated using the Einstein relation.

Figure 3.2. X5 (210)/[001] GB of SiC. The green and red spheres represent Si and C atoms, respectively.

Our final calculated Ag diffusivity data within the £5 (210)/[001] GB of SiC over a wide temperature range from
1750 to 2750 K are shown in Figure 3.4. By fitting our MD results to the Arrhenius equation, we have obtained the
following equations to describe the temperature-dependent diffusivity of Ag along X and Y directions within the GB

plane:

- 0.593
Dy, =4203x10"%exp (— T > 3.1)
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Figure 3.3. MSD data for Ag atoms diffusing within the X5 (210)/[001] GB of SiC at various temperatures. The solid
lines represent linear fitting of MSD vs. time data.
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where kp is the Boltzmann constant. For the X5 (210)/[001] GB of SiC, it can be seen that Ag diffusion along the GB
period (Y-axis) is faster than along the tilt axis (X-axis). Ag diffusion along both directions are nevertheless significantly

faster than along random GBs, which was investigated in the previous milestone [2].
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Figure 3.4. Arrhenius plot for Ag diffusivity within the X5 (210)/[001] GB of SiC. The solid lines represent the best
fitting of MD data using the Arrhenius equation.

3.2 Accounting for Different Grain Boundary Types at the Mesoscale

The diffusion model published in Refs. [2, 3] regards all GBs as HAGBs, all with the same Ag diffusivity. However,
a real microstructure would include numerous GB types, which would all have different Ag diffusivity values. This
simplification might therefore affect the accuracy of the calculated effective Ag diffusivity in SiC. In this new approach,
the Ag diffusivity in SiC GBs depends on the misorientation angle between the neighboring grains. To make the
diffusion model more accurate, the GBs are divided into two GB types: LAGBs and HAGBs, based on whether the
misorientation is below (LAGB) or higher (HAGB) 15°. To determine the GB type of each GB and then attribute
different diffusivities to the bulk, LAGBs, and HAGBs, a new feature is added in MOOSE [25, 34, 27]. The feature
can be divided into two phases: GB type determination and local diffusivity assignment. This new feature is described
in the MOOSE documentation.

3.2.1 GB misorientation calculations for EBSD data

The first step of this approach is to automatically calculate the GB misorientation in a polycrystalline structure, based on
the grain orientations. The grain orientation is determined from electron backscatter diffraction (EBSD) measurements,

and the misorientation of all possible GBs is calculated, accounting for the symmetries of cubic materials.
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3.2.1.1 Implementation for misorientation calculation

For two grains A and B with different grain orientations g4 and g, their misorientation Ag is defined as

Ag = (0pgp)(gs0)7", (3.3)

where O is the i"" grain’s material-specific symmetric operator. The feature first converts all grain Euler angles into
quaternions to simplify calculations. To find all possible misorientation angles of two quaternions, each quaternion
will be rotated by all possible symmetry matrices. The minimum of all possible angles from two rotated quaternions
is defined as the GB misorientation. Since the f-SiC found in TRISO particles is a cubic crystal, it has 24 symmetric
operators. Each GB misorientation will be calculated 24x24 ways to make sure all the orientations are in the same

fundamental zone and to obtain the minimal misorientation.

3.2.1.2 Verification for all possible GBs in a polycrystal

The implementation of the new feature is verified by comparing its predictions to the expected result from a 2D poly-
crystalline structure with 10 grains. The reference grain has an orientation of 0° around the out-of-plane axis, and
the other grains are oriented with the specific 6 values provided in Table 3.1. Table 3.1 also provides the expected
misorientation angles, as well as the code’s predictions for the misorientation of each grain with the reference grain.
Note that the expected misorientation values are determined by leveraging the cubic crystal symmetry. For example,
the misorientation between the reference grain (6 = 0°) and the grain with 8 = —60° is 30°. The new feature accurately

predicts the GB misorientations in polycrystals.

0 (°) | Expected (°) | Calculated (°)
0 0 0.0
30 30 30.0
44 44 44.0
45 45 45.0
46 44 44.0
60 30 30.0
90 0 0.0
-30 30 30.0
-60 30 30.0

Table 3.1. Verification results: expected and calculated misorientation angles for different grains with an orientation
equal to . The new feature provides an accurate method to calculate the GB misorientation in polycrystals.
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3.2.1.3 GB types determination by misorientation angle

Once the GB misorientation angle has been computed, the GB type #; is defined as

2,2
2 1A, ’71)

s 3.4)
ZGB("/i2 ’7]2)

Igp=2—

where 7; and #; are the order parameters for two neighboring grains i and j. The order parameter is defined as 1 in
some grains and as 0 in neighboring grains and continuously transitions from 1 to 0 at the GB. The denominator in the

equation sums the ’1,-2'7/2-

for all grain combinations. The numerator sums the 77,-2 11!2 for the grain combinations for LAGB
only (i.e., misorientation angle < 15°). Therefore, ¢4 is equal to O within the grains, 1 at LAGBs, 2 at HAGBs, and
an interpolated value between 1 and 2 for the triple junction between two GB types. In Fig. 3.5(b), the GB type is

determined on a 2D 1000 nm X 1000 nm polycrystal with 50 grains (Fig. 3.5(a)) to illustrate the process.

o o R B B B o
OCO0000 — ===
obvbho® homo

Figure 3.5. Illustration of new feature to determine GB types. (a) shows grain orientation, (b) shows the GB type: 0
within the grains, 1 at LAGBs, and 2 at HAGBs, and (c) shows the assigned local diffusivity with log-scale color map
continuously across the polycrystal.

3.2.1.4 Local diffusivity assignment for the bulk, LAGBS, and HAGBs

After obtaining the GB types from the grain orientations, MOOSE computes the parameter y to describe the location
of GBs. The GB parameter y is defined as

N
x=)n (3.5)
i

where N is the number of order parameter. y is equal to 1 in the grain interior, while continuously transitioning to 0.5
along the middle of GB. To distinguish the LAGB and HAGB, a new yp; is defined as

N
Xopy =5+ —=5) Y 12, (3.6)
i
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where ygp; is regarded as y; ggp OF ¥p agp for corresponding GB types with different s;. s; is defined as

s, = |t

j timported | (3.7)

specific,j —

where ;5114 1 the GB type field defined in Eq. (3.4), and ,,.; ;¢ ;
the y; parameter. For example, the resulting field in Fig. 3.5 (b) is the ;4.4 for the polycrystal in Fig. 3.5 (a). Itis

is the specific GB type set by a user to calculate

equal to 0 in the bulk, 1 in LAGBs, and 2 in HAGBs. To define y; 46, tspecific,Lagp 1S set to 1, and sy 455 would
therefore be equal to 0 in LAGBs and equal to 1 elsewhere. As aresult, y; 45p 1 equal to 1 in the grains’ interiors and
HAGBs, while continuously transitioning to 0.5 in the middle of LAGBs. Similarly, to define y i oG > tspecific, 4GB 1S
set to 2 so that s 455 €quals to 0 in HAGBs and equals to 1 elsewhere. As aresult, vy 45p is equal to 1 in the grains’
interiors and LAGBs, while continuously transitioning to 0.5 in the middle of HAGBs. Based on the two continuous
descriptions for two GB types, the local diffusivity D is defined as

hes(XLaGB) hee(Xmace)

D=(—=hgp(x)Dy+hep(x) D, cn+
GBUANZp T eBL heg(Xrace) + hoB(XH AGB) LAGE

D , (3.8)
heg(XraGB) + hoB(XHAGB) fAGE

where Dy, D 46, and D g 45 p are the diffusivities for bulk, LAGB, and HAGB, and A p is the interpolation function
at the GBs. hgp is defined in Ref. [3] as

2tanh~1(0.8
hep(z)=1- % (1 + tanh (u - m”’”T())) , (3.9)

where y can be either as defined in Eq. (3.5) to represent all the GBs or as defined in Eq. (3.6) to represent the LAGBs or
the HAGBSs. hgp(y) describes the interpolation function for all GBs, hg (1 4gp) describes the interpolation function
for LAGBS, and hgg(yy ag ) describes the interpolation function for HAGBs. y = 0.75 is used to make h(y,) = 0.5,
and A is the distance | y59 — x.1| for Agp(xo 1) = 0.1 and hgg(xo9) = 0.9. hgp(y) aims to be equal to 0 where y =0
and equal to 1 when y = 0.5. When A = 0.11, |h55(0.5) — 1| and |hgp(1) — O] are smaller than 104 [3]. The
small difference makes hgp(y) approach 1 in GB areas and approach 0 in bulk areas. As Fig. 3.5(c) shows, the local

diffusivity will be assigned different values based on different GB types, continuously transitioning at triple junctions.

3.2.1.5 Scaling the diffusivity in bulk, LAGB, and HAGB

The bulk, LAGB, and HAGB Ag diffusivities in SiC derived from lower length scale simulations are then used with the
newly developed feature described above to compute the effective Ag diffusivity in polycrystalline SiC [2, 3]. However,
as described in Ref. [3], to limit computational costs, simulations require using a non-physical GB width that can be
several times larger than realistic GB width. This approach has already been developed and tested in Ref. [3] for two
different diffusivities (i.e., bulk and GB diffusivities). However, it must now be expanded to three different diffusivities:
bulk, LAGB, and HAGB. In this work, we update this approach to appropriately scale up three diffusivities using the
three microstructures shown in Fig. 3.6. The reference effective diffusivities D¢// defined using the microstructures
are equal to

Wegp1 + Wepo We 1 We B
) B o
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Figure 3.6. Artificial microstructures used to develop a scale up approach for three diffusivities: bulk, LAGB, and
HAGB. (a) shows the two parallel GBs, and (b) shows the two perpendicular GBs. In both cases, one GB is a LAGB,
while the other is a HAGB.

Dol s = D,Dgp Dgpo G3.11)
Ly + 5 .
(1 - w> Dgp1Dgpa + %DGBZDb + wiBz Dgp1 Dy
and
pelt — (1 _ wGBl) DyDgpy + Yot Dgpi1(Dgp1 + Dgpy)/2 (3.12)
2,x L i3 s .
<1 - e ) Dgpy + 22D, (1 - %) (Dgp1 + Dgp2)/2 + =522 D

where G Bi describes either a LAGB (i=1) or a HAGB (i=2), wg p; is the width of the corresponding GB, Dgp; is the
Ag diffusivity of the corresponding GB, D, is the bulk diffusivity, and L is the length of the domain. As in Ref. [3], the
reference values for Dy, D; 46 Dyages Wrage. and Wy 46 p are provided by lower length scale simulations and/or
experimental measurements and define the values of Di{c 4 , foy /' and D;’; I Then, for given values of w; 455 and
W g 4 p- the system can be solved for the scaled-up values of Dy, Dy 455, and Dy 45p5- These diffusivity values can
then be used to compute the effective Ag diffusivity in SiC without extensive errors due to using a larger than physical
GB width.

3.2.1.6 Verification on grain structure with three parallel grains

To verify the new feature in MOOSE, we run the diffusion simulation in a 2D grain structure with three parallel grains.
The structure domain is 100 nm X 100 nm, and all GB widths are 6 nm. As Fig. 3.7(a) shows, one upper GB is a
LAGB, and the others are HAGBs. The local diffusivity over the dashed line in Fig. 3.7(a) is shown in Fig. 3.7(b). The
diffusivity varies continuously across the grain structure and reaches the expected diffusivities in the bulk and the two
GB types. There is an error in the bulk area because of the minimal value of interpolation function (see Section 3.2.1.4).

However, the error is minor considering the low influence of bulk diffusivity on the effective diffusivity.
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Figure 3.7. The verification for the new feature in the three parallel grains structure with 100 nm X 100 nm domain
and 6 nm GB size. (a) shows the assigned local diffusivity with a log-scale color map. (b) shows the local diffusivity
plotted over the dashed line in (a).

3.2.1.7 Verification on grain structure with triple junctions

The new feature is verified on a grain structure with triple junctions to make sure the simulation can get accurate
result on triple junctions. As Fig. 3.8(a) shows, there are five grains and eight triple junctions with 6 nm GB width
in a 100 nm X 100 nm domain. Four triple junctions include grain combinations with LAGB and HAGB. The local
diffusivity over the two crossing dashed lines in Fig. 3.8(a) are plotted on Fig. 3.8(b) and Fig. 3.8(c). The local diffusivity
varies continuously across the triple junction and reaches the expected values in the bulk and the two GB types. As in
Section 3.2.1.6, the error in the bulk area is accepted considering its minimal impact on the effective diffusivity.

1 mu: """ —Local Diffusivity | | "m;’ """""" —Local Diffusivity
] - -Bulk Diffusivity | ] - -Bulk Diffusivity
822] / - .HAGB Diffusivity I ] o - -HAGB Diffusivity I
[ 100l Close to expected - -LAGB Diffusivity - -LAGB Diffusivity
B 10

Close to expected

|
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Figure 3.8. Verification of the new feature in a grain structure with five grains and a 6 nm GB size in a 100 nm x 100 nm
domain. (a) shows the assigned local diffusivity. (b) and (c) are the local diffusivities plotted over the two crossing
dashed lines in (a). The outline colors of (b) and (c) are correspond to the color of the dashed lines in (a).

3.2.1.8 Influence of imported error in LAGB and bulk

Since the interpolation function hgp is not exactly equal to O when y = 0, or to 1 when y = 0.5, some error is
imported in the bulk, LAGB, and HAGB diffusivities. When HAGB diffusivity is more than 103 times larger than bulk
diffusivity, the imported error is observable in Fig. 3.7(b) and Fig. 3.8(b). The error is acceptable because the bulk
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diffusivity only has minor influence on the effective diffusivity. However, the influence of the error will increase if the
order of magnitude difference between HAGB diffusivity and bulk diffusivity increases. When HAGB diffusivity is
more than 103 times larger than LAGB diffusivity, the imported error for the LAGB diffusivity also becomes noticeable.
The large error will decrease the accuracy of effective diffusivity on diffusion model. Itis therefore important to quantify
the imported error and minimize it.

Figure 3.9. Verification of the imported error in bulk and LAGB for four different grain structures with 6 nm GB
width. (a) shows the three parallel grains with two LAGBs and one HAGB along the x-axis above, and below shows
four simulations with different bulk and LAGB diffusivities (black points) and a derived corrected effective diffusivity
(red point) fitting from the four simulations. (b) shows the three parallel grains with two LAGBs and one HAGB
along the y axis above, and below shows four simulations with different bulk and LAGB diffusivities (black points)
and a derived corrected effective diffusivity (red point) fitting from the four simulations. (c) shows the grain structure
with three LAGBs along the x-axis and three HAGBs along the y axis above, and below shows four simulations with
different bulk and LAGB diffusivities (black points) and a derived corrected effective diffusivity (red point). (d) shows
the grain structure with three HAGBs along the x-axis and three LAGBs along the y axis above, and below shows four
simulations with different bulk and LAGB diffusivities (black points) and a derived corrected effective diffusivity (red
point). The domain size is 100 nm X 100 nm.

As Fig. 3.9 shows, the diffusion model was run on four different grain structures to get the effective diffusivity along
the x-axis. The bulk, LAGB, and HAGB diffusivities provided by atomistic calculations are 7.01x1072!, 1.74%x10718,
and 4.93x10~15 m? /s, respectively [2, 35]. On each grain structure, the corrected effective diffusivity with expected
bulk and LAGB diffusivities is extrapolated from the linear fit performed on the four simulations with minor differences
on bulk and LAGB diffusivities. The comparison between the exact effective diffusivity and effective diffusivity with
imported error shows that the errors of effective diffusivity for the four structures are 0.045%, 423.236%, 50.998%, and
0.021%, respectively. From these results, the imported error in bulk and LAGB diffusivities only has minor influence
for the grain structures in Fig. 3.9 (a) and (d). The major reason is that the diffusion in these two structures is dominated
by the HAGB, so the error in bulk diffusivity for the effective diffusivity is negligible. However, the imported error has

a large influence for the grain structure in Fig. 3.9 (b) and (c) because the diffusion in these two structures is dominated
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by bulk and LAGB instead of HAGB.

One method to avoid the extra error on effective diffusivity is to optimize the interpolation function Agp. If the
|hp(0.5)— 1] and |hgp(1)—0| are smaller than 1073, the imported error for bulk and LAGB diffusivities will be 0.7%
and 0.003%, respectively, and the error for effective diffusivity will be minor in all microstructures. The parameters
Xo and A in optimized interpolation function are 0.75 and 0.0596 and should replace the parameter values defined
under Eq. (3.9) to limit imported errors. The verification for the same three parallel grains structure with the optimized
interpolation function parameters is shown in Fig. 3.10. The scaling method is applied for the diffusivity data from
DFT to appropriately define the bulk and GB diffusivities when scaling up the GB width. In Fig. 3.10 (b), the local
diffusivity reaches the expected value in bulk, LAGB, and HAGB without obvious error. Therefore, the optimized
interpolation function parameters are helpful to decrease the error in effective diffusivity calculations.

kT '—d_sculing
--db
--dgbh
--dgbl

Close to expected |

Figure 3.10. The verification for the optimized interpolation function parameters in three parallel grains structure in a
100 nm x 100 nm domain with a GB width of 6 nm. (a) shows the assigned local diffusivity with a log-scale color map.
(b) shows the local diffusivity plotted over the dashed line in (a), which shows no noticeable error.

3.3 Summary and Expected Effects of SiC Texture on Ag Diffusivity at the

Mesoscale

In this section, we presented MD simulations of Ag diffusivity in different SiC GB types and showed that the GB types
can have a significant effect on Ag diffusion in SiC GBs. One of the main takeaways is that LAGB (5 (210)/[001]) Ag
diffusivity is predicted to be faster than HAGB Ag diffusivity. We then presented a new feature that was developed in
MOOSE to be able to read EBSD data and identify the GB type of each GB based on the grain orientation and attribute
the desired diffusivity to each GB type. This feature was verified and merged into MOOSE. Furthermore, the approach
developed in Refs. [2, 3] to scale up the GB size to decrease computational cost without introducing error in diffusivity
values has been extended to three different diffusivity values. This limits errors when scaling up a microstructure with
bulk, LAGB, and HAGB diffusivities.

In future work, simulations with different microstructures will be used to study the influence of microstructure on
Ag release. The detailed microstructure parameters are grain size, aspect ratio, and HAGB percentage. In Fig. 3.11,

the local diffusivity figures illustrate how we can study the influence of microstructure by altering one microstructure
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parameter at a time. The polycrystal in Fig. 3.11 (a) has large size grains, a large HAGB percentage, and a grain aspect
ratio of 1. The polycrystal in Fig. 3.11 (b) uses a smaller HAGB percentage than in Fig. 3.11 (a). The polycrystal in
Fig. 3.11(c) uses a smaller grain size than in Fig. 3.11(a). The polycrystal in Fig. 3.11(d) uses a grain aspect ratio of 3
Fig. 3.11(a).

0.008

Figure 3.11. The local diffusivity for different grain microstructures on polycrystalline in 1000 nm X 1000 nm domain.
(a) shows a polycrystal with large size grains, a large HAGB percentage, and a grain aspect ratio of 1. The aspect ratio
is the proportional relationship between a grain’s width and height. (b) shows a polycrystal with large size grains, a
small HAGB percentage, and a grain aspect ratio of 1. (c) shows a polycrystal with small size grains, a large HAGB
percentage, and a grain aspect ratio of 1. (d) shows a polycrystal with large size grains, a large HAGB percentage,
and a grain aspect ratio equal to 3. Since we expected HAGBs to diffuse faster than LAGBs, this figure shows higher
diffusivities in HAGBs than in LAGBs. This will be corrected in future work to account for the results from Section 3.1.

Eventually, the new developments presented in Chapters 2 and 3 will be combined into one comprehensive model in-
cluding temperature, microstructure, GB types, and irradiation effects. Since Ag diffusivity has been found to be higher
in £5 (210)/[001] GBs than in HAGBSs, and because irradiation enhance diffusivity, we expect the future mesoscale
effective Ag diffusivity to be closer to empirical values, therefore reducing the need for a correction factor [2, 3] to
accurately predict Ag release from TRISO particles. Moreover, as was done in Ref. [3], the new model with will be
validated against Ag release measurements from the first and second irradiation campaign in Advanced Gas-cooled
Reactors (AGR-1 and AGR-2).
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4. PALLADIUM PENETRATION MODEL

In FY-22, AIMD simulations have been performed to study the interfacial reaction between Pd metal and SiC at 2000
K. As shown in Figure 4.1, Pd atoms will chemically attack the SiC surface and lead to its disintegration. It can be
seen that C atoms are removed from SiC lattice and form chain-like structures. In contrast to Pd, AIMD simulations
show that Ag atoms are repelled from the SiC surface instead of reacting with it (see Figure 4.2). These results suggest
that Pd attack of the SiC surface is an important first step in the diffusion of Ag through the SiC layer. A more detailed
study of the Pd penetration model will be carried out in FY-23.
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(a) t=0ps

(b) t=7 ps

Figure 4.1. Snapshots of AIMD simulations of Pd interaction with SiC at 2000 K. The green, red, and yellow spheres
represent Si, C, and Pd atoms, respectively.
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(b) t=7 ps

Figure 4.2. Snapshots of AIMD simulations of Ag interaction with SiC at 2000 K. The green, red, and blue spheres
represent Si, C, and Ag atoms, respectively.
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5. CONCLUSION

In Chapter 2, rate theory modeling of radiation-enhanced Ag diffusion in bulk SiC was performed. The results show that
under the AGR-1 condition, the transition from thermal diffusion to radiation-enhanced diffusion of carbon vacancies
can happen at a temperature between 1500 and 2100 K, and the radiation effect is more pronounced as temperature
decreases. The predicted radiation-enhanced Ag diffusivity in the bulk is still orders of magnitude slower than that
reported by experimental studies, which indicates that GB diffusion is the more dominant mechanism for Ag transport.
The newly derived diffusivity of Ag in the bulk SiC is used to inform the engineering scale modeling and simulations.

In Chapter 3, we presented MD simulations of Ag diffusivity in different SiC GB types and showed that the GB
types can have a significant effect on Ag diffusion in SiC GBs. Remarkably, LAGB (Z5 (210)/[001]) Ag diffusivity is
predicted to be faster than HAGB Ag diffusivity. To include different GB diffusivities in the multiscale approach to
derive Ag effective diffusivity, a new feature has been developed, verified, and merged into MOOSE. It reads EBSD
data and identifies the GB type of each GB based on the grain orientation. Then, it attributes the desired diffusivity to
each GB type, therefore accounting for bulk, HAGB, and LAGB diffusivities.

Eventually, the new developments presented in Chapters 2 and 3 will be combined into one comprehensive model of
effective Ag diffusivity including temperature, microstructure, GB types, and irradiation effects. Since Ag diffusivity
has been found to be higher in X5 (210)/[001] GBs than in HAGBs, and because irradiation enhances diffusivity, we
expect the future mesoscale effective Ag diffusivity to be closer to empirical values, therefore reducing the need for
a correction factor [2, 3] to accurately predict Ag release from TRISO particles. Moreover, as was done in Ref. [3],
the new model will be validated against Ag release measurements from the first and second irradiation campaign in
Advanced Gas-cooled Reactors (AGR-1 and AGR-2).
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