ChinaRxiv [$X]

AT translation - View original & related papers at
chinarxiv.org/items/chinaxiv-202403.00245

First-principles study of diffusion behaviors of Cs
and I in Cr coating

Authors: Shuying Lin, Xiaojing Li, Linbing Jiang, Xijun Wu, Huiqin Yin, Yu
Ma, Wenguan Liu, Yu Ma, Liu Wenguan

Date: 2024-03-13T00:00:00-+00:00

Abstract

Cs and 1 can migrate through the fuel-cladding interface and accelerate the
cladding corrosion process induced by the Fuel Cladding Chemical Interaction.
Cr coating is an important candidate in mitigating this chemical interaction.
First-principles calculations were employed to investigate the diffusion behav-
iors of Cs and I in Cr bulk and Cr grain boundary, aiming to reveal the micro-
scopic mechanisms for mitigating the interaction at fuel-cladding interface. The
interactions between these two fission products and Cr coating were systemat-
ically studied, and the temperature-dependent diffusion coeffcients of Cs and
I in Cr were obtained using Bocquet’ s oversized solute atoms model and Le
Claire’ s nine-frequency model, respectively. The results show that the migra-
tion barriers of Cs and I are significantly lower compared to that of Cr, and the
diffusion coeffcients of Cs and I are both more than 3 orders of magnitude larger
than Cr self-diffusion coeffcient within the temperature range of Generation IV
fast reactors (below 1000 K), which shows the strong penetration ability of Cs
and I. Meanwhile, Cs and I are more likely to diffuse along the grain boundary
because of the generally low migration barriers, indicating that grain boundary
serves as a fast diffusion channel for Cs and 1.
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Cesium and iodine can migrate through the fuel-cladding interface and accel-
erate the cladding corrosion process induced by Fuel Cladding Chemical Inter-
action (FCCI). Chromium coating represents an important candidate for miti-
gating this chemical interaction. First-principles calculations were employed to
investigate the diffusion behaviors of Cs and I in Cr bulk and at Cr grain bound-
aries, aiming to reveal the microscopic mechanisms for mitigating the interaction
at the fuel-cladding interface. The interactions between these two fission prod-
ucts and Cr coating were systematically studied, and the temperature-dependent
diffusion coefficients of Cs and I in Cr were obtained using Bocquet’ s oversized
solute atoms model and Le Claire’ s nine-frequency model, respectively. The
results show that the migration barriers of Cs and I are significantly lower com-
pared to that of Cr, and the diffusion coefficients of Cs and I are both more than
three orders of magnitude larger than the Cr self-diffusion coefficient within the
temperature range of Generation IV fast reactors (below 1000 K), demonstrat-
ing the strong penetration ability of Cs and I. Meanwhile, Cs and I are more
likely to diffuse along the grain boundary because of the generally low migration
barriers, indicating that the grain boundary serves as a fast diffusion channel
for Cs and 1.

Keywords: First-principles calculation, Fuel Cladding Chemical Interaction,
Cr coating, Fission product, Diffusion, Grain boundary

Introduction

Fuel Cladding Chemical Interaction (FCCI) is considered one of the major fac-
tors limiting the lifetime of fuel pins in fast reactors, especially for oxide fuel
pins with stainless steel cladding [1], as severe oxidative corrosion can occur
at the interface between the fuel and the inner wall of the cladding. Some
fission products, migrating through the fuel-cladding interface, can accelerate
the FCCl-induced cladding corrosion process, with the main fission products
involved being volatile Cs and I [1, 2] considering their production yield and
penetrating depth.

Since the cladding attack rate depends on the diffusion of reactants at the
cladding surface, the diffusion of Cs and I in fuel pins represents a key factor in
FCClI-induced corrosion problems. Due to the complex and multiscale coupled
physical and chemical mechanisms of FCCI, current research mainly focuses on
exploring materials that can mitigate FCCI through experimental studies, and
a coating of buffer-getter materials on the cladding inner surface is considered
an effective method [1]. Buffer-getter materials including V, Nb, Cr, Zr, U,
Ti, and certain rare earth metals can reduce oxidation of the cladding due to
their high affinity for oxygen [1]. Specifically, Cr coating features a high melting
point, superior oxidative corrosion resistance [3, 4], good crack resistance [5-7],
and mature preparation processes [8-10], making it an important candidate for
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mitigating FCCI, though the underlying micro-mechanisms remain unknown.

First-principles density functional theory (DFT) is recognized as a powerful
tool for revealing micro-mechanisms, especially from the perspective of elemen-
tal diffusion behaviors when coupled with harmonic transition state theory [11],
as demonstrated by numerous previous works on impurity diffusion and its con-
sequent effects in Ni [11-16], Fe [17-24], Al [25-27], SiC [28], etc. Recently,
Yang et al. have carried out first-principles calculations of lanthanide diffusion
in Cr and a-Fe to identify FCCI-mitigating mechanisms for metallic fuel and
ferritic/martensitic steel cladding systems [22]. To our knowledge, there remain
few investigations of FCCl-involved elements for oxide fuels, in which Cs and
I dominate. Furthermore, additional investigation is warranted to comprehen-
sively understand how Cr coating functions on the cladding inner surface to
mitigate FCCI for oxide fuel pin systems.

In this work, first-principles methods were employed to investigate the diffusion
behaviors of important fission products (Cs and I) in BCC Cr coating. Cs
and I are so large in the Cr matrix that diffusion via interstitial atoms [29-
33] was deemed unrealistic. Instead, vacancy-mediated diffusion represents the
main mode of diffusion for impurity atoms of large atomic size [34], such as
Cs and 1. Section 2 lays out the vacancy-mediated diffusion models and details
of the first-principles calculations, and the methodology for determining the
inputs for diffusion models is also presented. Section 3 discusses the interactions
between impurity atoms and the surrounding Cr atoms or vacancies. Diffusion
coefficients of Cs and I in BCC Cr were obtained by applying the diffusion
model, and possible diffusion paths of Cs and I at grain boundaries (GB) were
predicted based on results of migration barriers between different sites.

[Figure 1: see original paper]

I1. Computational Methods
A. Diffusion Models for Vacancy-Mediated Solutes

In this section, two diffusion models for determination of impurity diffusion
coefficients are introduced: Le Claire’ s nine-frequency model [35-37] (referred
to as Le Claire’ s model) and the oversized solute-atom (OSA) model [21]. As
shown in Fig. 1, impurity atoms and matrix atoms are represented by orange
and blue spheres, respectively, and vacancies by gray squares. The numbers
on the atoms and vacancies indicate their positions as the nearest neighbors
(nn) to the impurity atom, and the corresponding jump frequencies for different
atom-vacancy exchange processes are also labeled in Fig. 1. The main difference
between the two diffusion models lies in the configuration formed by the impurity
atom and its 1nn vacancy, which will be described in detail below.

According to Le Claire’ s model [35-37], the self-diffusion coefficient (D¢ i)
and the solute diffusion coefficient (D in BCC lattice can be obtained by:

solute)
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with a the lattice parameter, E} the vacancy-solute binding energy when the
vacancy is located on the 1nn site of the solute, k5 the Boltzmann constant, and
T the temperature in K. f; is the correlation factor for self-diffusion, which is
a constant equal to 0.727 for diffusion in BCC crystals. The correlation factor
for solute diffusion f, can be expressed as [35-37]:

= 3ws + 3wj + wh — 2wy Fuwy 2wiwiwy + 3Fw
T 3wy + 3wh +wh twy + Fwy  2wiw,w) + 3Fwy + wiw)w) + TFw,

where F' = 0.512. This expression applies to the case where the impurity atom
is close in size to the matrix atom, with the approximation wgy = w,. Based
on transition-state theory [35], the average atomic jump frequency w,; can be
written with respect to the migration energy (E¢)) as:

B,
w;, =v,exp | —
i i €XP kyT

in which v; and E!, are the attempt frequency and corresponding migra-
3N-4 I

tion barrier for jump ¢, respectively. v, is defined as v; = %, in
j=1 Vi

which 1/][ are the normal vibration frequencies of the initial state (I) of

migration, and V]T are the non-imaginary normal frequencies of the transi-
tion state (T). The vacancy concentration at equilibrium at temperature

Ev v

T is given by C}, = exp (—kB—fT) exp (:—;), with the vacancy formation

energy EY = E; — (N — 1)Eg/N and the vacancy formation entropy
H3N73 I H3N73 B

St = kp [ln (W) — (ﬁs}\,ﬂ?)}, in which E; and Ey are the
j=1"7J Jj=1"7J

corresponding energies of the initial state structure and the bulk structure
containing N — 1 and N atoms, respectively, and l/jB are the normal vibration
frequencies of the bulk structure (B).

Le Claire’ s model is the commonly used diffusion model which describes well
the diffusion of substitutional solutes. Nevertheless, due to the strong attraction
of the OSA to the vacancy (as illustrated in Fig. 1(b)), the diffusion of OSA
cannot be described by Le Claire’ s model. Bocquet et al. proposed a diffusion
model applicable to OSA, i.e., the OSA model, and the expression for the OSA
diffusion coefficient is given by [21]:
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where A is the distance between the vacancy and its nearest atom, i.e., A =
V3a/2 in BCC crystals, '), is the frequency attached to a macrojump (MJ),
and f is the correlation factor. A macrojump is formed by two elementary
displacements: the OSA located on a substitutional site (S) is pushed onto a
transitional site (T), i.e., S — T, and then moves onto an S site from the T site
(T — S). In this way, the frequency attached to a MJ is defined as:

Ty = Csrl'rs
Lgr + g
with
E} E? E}
Tgr =8Cy, [3w4 exp <kBl’fT> + 3wy exp (kaT> + wj exp (k;T)}
and

I'pg =2 X (3wg + 3wh + wh)

El’; is the binding energy between the solute and its ith nn vacancy (positive
value for attraction, and vice versa), and can be calculated by:

The terms on the right side of the equation represent the energies of different
configurations, and the numbers of Cr atoms, vacancies, and impurity atoms
in each configuration are (127, 1, 0), (127, 0, 1), (126, 1, 1), and (128, 0, 0),
respectively. The correlation factor f for OSA diffusing in BCC crystals equals
to 1+ Qpcc; in which Qe is the average cosine between a T' — .S jump vector
and the next S — T jump in the BCC lattice. Bocquet et al. obtained the exact
formula of Qo by a double Laplace and Fourier transform of the transport
equation for the vacancy. For simplification, we applied the formula with the
“one-shot” approximation [21]:

lshot __ Swg + 3w + wy dwiw) wiwy

BCC ™ dwgw, + 4wy T 2w + 6wy T wl + TFw,

The hypothesis of the “one-shot” approximation is that, after the dissociation
of the OSA and its nearby vacancy, only one jump is needed for the vacancy to
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return close to the OSA. This approximation is proven valid when the vacancy-
solute interaction is very strong at lnn, which is exactly the case for OSA
diffusion.

Our preliminary calculations show that Cs combines with its 1nn vacancy and
forms a “V/2 4+ Cs 4+ V/2” configuration (V for vacancy), corresponding to
Fig. 1(b). In contrast, I does not exhibit strong attraction to the 1nn vacancy,
corresponding to Fig. 1(a). According to the applicable conditions for different
diffusion models, the OSA model is used for calculating Cs diffusion coefficients,
while the Le Claire model is used for I in this study.

B. First-Principles Calculations

To investigate the diffusion behaviors of Cs and I in BCC Cr coating, density
functional theory (DFT) calculations were performed with the Vienna ab ini-
tio simulation package (VASP) [39-41] using projector augmented wave (PAW)
[42] pseudopotentials and Perdew-Burke-Ernzerhof (PBE) [43] parametrization.
Razumovskiy et al. found that disordered local-moment calculations for pure Cr
in the paramagnetic state reduce to a nonmagnetic solution [44]. A 4 x 4 x 4
supercell containing 128 atoms was adopted for simulation of the Cr matrix,
and the ¥5(210) GB supercell consisting of 76 sites was used for simulation at
the Cr GB, as shown in Fig. 2.

The Brillouin zone was sampled with 4 x 4 x 4 and 5 x 5 x 1 k-point meshes
for the Cr matrix and GB, respectively. The total energy and force convergence
criteria were set to 1.0 x 107° eV and 0.01 eV/A7 respectively, with a cutoff
energy of 400 eV. All transition states and migration barriers were obtained by
applying the climbing image Nudged Elastic Band (¢cNEB) method, using three
intermediate images. To determine the diffusion coefficients in the Cr matrix,
phonon calculations were also performed considering only the vibrational modes
of the migrating atoms [22, 45-48]. For both the search of transition states and
phonon calculations, the force convergence criterion was reset to 0.001 eV/ A, as
the results are highly sensitive to this parameter.

[Figure 2: see original paper]

ITI. Results and Discussion
Impurity Diffusion in Cr Matrix

1. Atomic Structure and Electron Distribution in Matrix The in-
teraction between atoms can change the forces acting on the impurity, thus
representing an important factor affecting migration behaviors. Fig. 3 illus-
trates the change in bond lengths caused by a substitutional impurity. Both Cs
and I exert a repulsive effect on the surrounding Cr atoms because the Bader
radii of Cs and I shown in Table 1 are both larger than that of Cr. The effect
of Cs is more significant, with the bond lengths of its 1nn and 2nn increasing
by more than 0.1 A.
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To better understand the effect of impurities, the electronic structure with impu-
rities was further analyzed. Using the Bader decomposition method [49], Bader
charge, volume, and radius [50] were calculated and listed in Table 1. For the
Cr atoms, the Bader charge and atomic volume of the 127 Cr atoms are almost
identical, so their average values are given directly in the table. Both Cs and I
gain electrons from the matrix, with the non-metallic I atom gaining reasonably
more electrons than the metallic Cs atom. The atomic volumes of Cs and I are
almost the same.

The binding effect between impurity atoms and their surrounding Cr atoms is
weaker compared to that between Cr atoms, which can be observed from the
charge densities between the impurity atoms and their Inn Cr atoms shown in
Fig. 4. The charge density around the impurity atoms decreases significantly
compared to the corresponding profile for the pure Cr system (Fig. 4(a)), which
is consistent with the effect of increasing bond length shown in Fig. 3. Addition-
ally, the presence of impurity atoms increases the charge density between Cr
atoms in the diagonal direction, indicating enhanced interaction between them.
Taken together, Cr atoms near the impurity atoms tend to move away from
the impurity atoms and have weak binding interactions with them, favoring the
diffusion of impurity atoms in the matrix.

The binding effect of Cr atoms to Cs is slightly weaker than that to I. Comparing
the results for Cs and I (Fig. 4(b) & (c)), the charge density distributions are
similar, but in terms of equipotential lines, the charge density around Cs is more
dilute and the interaction with Cr atoms is weaker than that of I. This is also
consistent with the fact that the Cs-Cr bonds are longer than the I-Cr bonds in
Fig. 3 and can be observed in Fig. 5. There is no hybridization peak between
Cs and Cr atoms, indicating metallic bonds, while several hybridization peaks
appear between I and Cr atoms, indicating covalent-like bonds. Specifically, the
d electrons of Cr and the p electrons of I are mainly involved in hybridization
between -9 and -3 eV, and the d electrons of Cr and I are mainly involved in
hybridization between -2 and 0 eV. Overall, Cs and I have similar effects on the
Cr matrix, with slightly lower interactions around Cs than I.

[Figure 3: see original paper]

The attempt frequencies of vacancies moving away from the impurity atoms (vs,
v, vg) are also generally lower than the attempt frequencies near the impurity
atoms (v4, vy, ). This indicates that vacancies are more likely to be attracted
to and remain near the impurity atoms, which is also consistent with the results
shown in Fig. 6. This attractive effect on vacancies facilitates the diffusion of
impurity atoms.

2. Diffusion Process and Diffusion Coefficient in Matrix To investi-
gate the effect of impurity atoms on neighboring vacancies, the binding energies
of impurity atoms to neighboring vacancies were calculated according to Eq.
(6) and the results from Inn to 4nn are shown in Fig. 6. The binding en-
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ergy involving the 5nn vacancy is not presented because the 5nn vacancy slides
spontaneously into the 1nn position (i.e., the Cr atom in the 1nn position of
the impurity slides spontaneously into the 5nn position). Both impurity atoms
have an attractive effect on vacancies from Inn to 4nn. The binding energy
of Cs to the 1nn vacancy is up to 2.46 eV, which is a possible reason for the
formation of the “V/2 + Cs + V/2” configuration. The relatively low binding
energy between I and its 1nn vacancy may be the reason why I remains stable
at the substitutional site. The binding energies of Cs to vacancies are generally
higher than those of I, especially for the 1nn and 2nn vacancies. However, for
the 3nn and 4nn vacancies, the binding energies are almost the same, indicating
that impurity atoms mainly affect the Inn and 2nn vacancies.

Migration energy and the attempt frequency required for vacancies near the
impurity to move onto different sites are also important factors affecting the
difficulty of migration processes. The results in Table 2 indicate that impurity
atoms are favored in the competition for vacancies with the surrounding matrix
atoms. The migration barriers of vacancies moving away from the impurity
atoms (E?)) are generally higher than those in the direction close to the impurity
atoms (ES), and the energy required for vacancies located at the 3nn of the
impurity atoms to migrate to the 1nn is lower than that required for self-diffusion
in the pure Cr system (0.92 eV shown in Fig. 7). In terms of attempt frequencies,
the attempt frequencies of vacancies moving away from the impurity atoms (v,
v;, v5) are also generally lower than the attempt frequencies near the impurity
atoms (v, v}, V). This indicates that vacancies are more likely to be attracted
to and remain near the impurity atoms, which is also consistent with the results
shown in Fig. 6. This attractive effect on vacancies facilitates the diffusion of
impurity atoms.

Both Cs and I can diffuse easily in the Cr matrix because of their low migration
barriers. As illustrated in Fig. 7(a) & (b), Cs will spontaneously move from
the substitutional site to the middle point of the two lattice sites, while I must
overcome a migration barrier of 0.36 eV to move to another substitutional site.
Although the migration of I is not spontaneous, the migration barrier is lower
than that for Cr atoms (0.92 eV according to our calculations). As a result,
the diffusion of both Cs and I is easier than Cr self-diffusion. Nevertheless, the
migration barrier results do not necessarily imply that Cs diffusion is faster than
I, as the displacement that occurs by diffusion for Cs is 3a/2, which is twice
that of L.

Before determining the diffusion coefficients of Cs and I in Cr, approximations
must be made for the phenomenon of spontaneous sliding of the 5nn vacancy of
the impurity to the 1nn position. Since this process proceeds spontaneously, it
is not possible to find the corresponding vacancy jump frequency according to
Eq. (4). According to the assumptions of the Le Claire and OSA models, the
frequency of exchange of the 5nn vacancy with the atom further away from the
impurity is considered to be the jump frequency of Cr atom self-diffusion. In
our DFT simulations, the 5nn vacancy will only slide into the 1nn position, so
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we can define: wj = w, wy = 0.

Based on all the assumptions made, the diffusion coefficients of Cs and I in
the Cr matrix at 500-2000 K can be calculated according to the OSA model
and Le Claire model, respectively, as shown in Fig. 8. The results of Cr self-
diffusion coefficients are shown for comparison, which are in good agreement
with experimental data [51, 52]. It can be seen that the diffusion coefficients
of the impurity atoms are larger than the self-diffusion coefficients of Cr in
the temperature interval considered. This can be attributed to the combined
effect of three factors analyzed in preceding paragraphs: weaker bonding effect
by the surrounding Cr atoms, stronger attraction effect for nearby vacancies,
and lower migration barriers compared to the Cr self-diffusion process. In the
temperature range of Generation IV fast reactors (around 500-1000 K), the
diffusion coefficients of Cs and I are 3-7 orders of magnitude larger than the self-
diffusion coefficients of Cr, which also indicates the strong penetration ability of
Cs and 1. The diffusion coefficients of all three elements increase exponentially
with increasing temperature. Despite the different diffusion characteristics of
Cs and I shown in Fig. 7, the diffusion coefficients of Cs and I are very close in
the temperature range considered. Because our calculations of Cr self-diffusion
coefficients agree well with experimental results, the diffusion coefficients of Cs
and I in BCC Cr from DFT calculations are reliable.

The self-diffusion coefficient of BCC Cr, D, (cm?/s), can be recalculated using
the following equation based on parameters obtained in this study:

4.0861 x 10*
De, = 0.1323 x exp (—O%TX())

and the diffusion coefficients of Cs and I in BCC Cr, D¢, and D; (cm?/s), can
be fitted from Fig. 8 as:

2.6015 4 0.0004) x 10*
De, = exp [(—5.8676i0.0051)—( = ) }

T

3.4207 + 0.0016) x 10*
Dy = exp [(—1.858210.0158)—( = - ) ]

[Figure 7: see original paper]

[Figure 8: see original paper]

Impurity Diffusion at Cr GB

1. Atomic Structure and Electron Distribution at the GB The grain
boundary serves as a fast diffusion channel for impurity atoms, and the presence
of Cs and I atoms on the GB plane changes the GB structures, such as bond
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lengths and charge distributions. In this subsection, the impurity atom was
placed at site 1 on the GB plane to analyze these changes and the differences
between the matrix and GB. As shown in Fig. 9, the presence of impurity
atoms at the GB does not lead to an increase in all bond lengths, which differs
from the behavior in the matrix. Nevertheless, impurity atoms located at this
substitution site significantly increase the bond length in the [210] direction, i.e.,
distancing the atoms on both sides of the GB plane. This facilitates the diffusion
of impurity atoms along the interface. Additionally, Cs has a more pronounced
effect on increasing this bond length than I, which is consistent with the results
in Fig. 3.

The Bader charge, volume, and radius [50] of atoms at the GB were obtained
using the Bader decomposition method [49] as in the matrix, and the results
are demonstrated in Table 3. As in the matrix, the Bader results for the 75 Cr
atoms at the GB were found to be similar, so their average values were used
for analysis. Comparing Table 1 with Table 3 reveals that the I atom gains
electrons both in the matrix and at the GB, while the Cs atom loses electrons
at the GB, which differs from the case in the matrix. For I substitution, the
number of electrons gained at the GB is slightly less compared to that in the
matrix, probably because the atomic structure at the GB is not as compact as
in the matrix and electrons are transferred less between different nuclei. The
atomic volumes of Cs and I at the Cr GB are essentially the same as in the
Cr matrix. The difference is that the Bader volume of all atoms at the GB is
slightly larger than that in the matrix, which is reasonable because the atomic
arrangement at the GB is sparser. This is also favorable for the migration of Cs
and [ atoms, and it can be expected that impurity atoms on the GB plane will
migrate more easily than in the matrix.

Both Cs and I have similar effects at the Cr GB as in the matrix, with slightly
lower interactions around Cs than I, as shown in the charge density distributions
in Fig. 10. The charge density around the impurity atoms is significantly lower
compared to that at the pure Cr GB, which is similar to the behavior in the Cr
matrix (Fig. 4). The dilute charge density indicates weak interaction between
the impurity atoms and their surrounding Cr atoms, which favors the migration
of impurity atoms along the GB plane. Comparing the charge distributions in
Fig. 10(b) & (c), the charge density around Cs is smaller than that around I,
i.e., the Cs-Cr binding is weaker than the I-Cr binding, which also agrees with
the change in bond length in the [210] direction shown in Fig. 9. Compared
to the charge density distribution in the matrix (Fig. 4), the charge density
distribution at the GB is more dilute. As a result, it can be predicted that the
diffusion rates of Cs and I at the GB should be comparable, and the diffusion
should be much easier than in the matrix.

[Figure 9: see original paper]

[Figure 10: see original paper]
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2. Diffusion Barrier and Diffusion Path Along the GB To investigate
impurity diffusion behaviors along the GB, impurity atoms were placed at in-
terstitial site 0 and substitutional sites 1 and 2 on the GB plane (as shown in
Fig. 2(b)) as initial structures for different migration processes, and the results
of optimization of these initial structures are shown in Table 4. It can be ob-
served that impurity atoms located at site 0 will spontaneously migrate to the
non-occupied site 2, which is more stable than site 0. If a vacancy is introduced
at site 1, the impurity atoms located at site 2 will spontaneously migrate to
site 1, which is more stable than site 2. Both of these migration processes occur
spontaneously, so the impurity atoms can readily diffuse along the GB direction.

The calculated migration barriers between site 0 and site 1 are shown in Fig.
11. The migration barriers from site 0 to site 1 for Cs and I are obviously
smaller compared to those in the matrix (Table 2), indicating that GBs are fast
channels for impurity diffusion in Cr. Nevertheless, Cs or I needs to overcome
a high energy barrier (up to 4.90 eV or 3.53 €V) to migrate from site 1 to site 0,
meaning that impurity diffusion is directional in some GB regions.

In summary, two additional possible paths were predicted for the diffusion of
impurity atoms along the GB plane, as shown in Fig. 12 & 13. Both migration
paths require the introduction of vacancies at the GB plane, and many vacancies
exist in the GB region of real materials. Furthermore, the vacancy concentra-
tion can be significantly increased by the combined effect of high temperature
and irradiation under service conditions on the inner surface of the cladding in
nuclear reactors. In Fig. 12, vacancies at sites 2 and 1 were introduced in succes-
sion, and the impurity atoms at site 0 move spontaneously, sliding sequentially
to site 2 and then to site 1. In Fig. 13, one vacancy was introduced at site 1,
and due to the low migration barrier from sites 0 to 1, the impurity atoms can
easily move to site 1.

[Figure 11: see original paper]
[Figure 12: see original paper]

[Figure 13: see original paper]

IV. Summary

The diffusion behaviors of Cs and I, key elements of FCCI, in Cr coating were
investigated using DFT approaches together with Le Claire and OSA diffusion
models. Under the combined effect of low binding with matrix atoms and strong
binding with nearby vacancies, the migration barriers of Cs and I are both lower
compared to that of Cr. As a result, the diffusion coefficients of Cs and I are both
3-7 orders of magnitude larger than the Cr self-diffusion coefficient below 1000
K, which corresponds to the temperature range of Generation IV fast reactors.
Despite the differences in migration barriers and displacements of the elemental
diffusion processes of Cs and I, and also the different models used, the diffusion
coefficients obtained for Cs and I are basically the same order of magnitude at
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the temperatures considered. Meanwhile, the results for Cr self-diffusion agree
well with experimental values, by which our results can be considered accurate.
Based on our results, the diffusion paths of Cs and I in the inner-surface Cr
coating of the cladding were predicted. Cs and I are more likely to diffuse along
the GB, and intergranular corrosion still requires further investigation.

V. Appendix
List of Abbreviations

Abbreviation Definition

BCC Body Centered Cubic

cNEB climbing image Nudged Elastic Band
DFT Density Functional Theory

FCCI Fuel Cladding Chemical Interaction
GB Grain Boundary

nn nearest neighbors

OSA Oversized Solute-Atom

PAW Projector Augmented Wave

PBE Perdew-Burke-Ernzerhof

VASP Vienna ab initio simulation package
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