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The migration behavior of fission product tellurium in bec iron is investigated by using the first-principles
method. The tellurium energetically prefers to stay at the substitutional site, and strong attractive interactions
between tellurium and monovacancies are found. The more introduced vacancy does not affect their migration
barriers significantly. For their diffusivities in iron, it shows that the migration energy barriers of tellurium are
highly affected with relatively larger atomic size of tellurium and strong binding with vacancy. Tellurium ex-
hibits relatively higher diffusivity when compared to that of iron self-diffusion and common alloying elements in

stainless steels (e.g. Cr, Mo, Nb, Ti, Al, Co, Cu, Mn, Ni, and W). This study can provide theoretical guidance to
understand the vacancy-assisted lattice diffusion mechanisms for tellurium as well as typical alloy elements in

iron.

1. Introduction

The molten salt reactor (MSR), identified as one of the six advanced
nuclear fission reactors by Generation IV International Forum since
2002 [1], has received lots of attention worldwide. Specially, the liquid-
fueled MSRs use molten fluoride salt as primary coolant and the nuclear
fuel is dissolved in the salts. Therefore, the structural materials for the
primary loop of MSRs will be in direct contact with the fuel. Histori-
cally, Hastelloy N (nickel-based alloy), initially designed by Oak Ridge
National Laboratory (ORNL), has been recognized as the primary
structural materials of MSRs due to their good high-temperature me-
chanical properties, good radiation resistance and especially the ex-
cellent corrosion resistance to molten salts [2]. It is also noted that the
stainless steels (iron-based alloys) are also proposed as possible candi-
dates for the structural materials of MSRs [3].

The fission products produced in the salts such as 8°Sr, 137Cs, 14°Ba,
142Ce, 144Ce, 95Zr, 95Nb, 99M0, 1°3Ru, 106Ru, 1258b, 1311, and 132Te et al.
under neutron irradiation would be big challenges for the structural
materials [2,4]. According to the ORNL reports [5,6], the amount of
tellurium (Te) deposited on the surfaces of structural materials over a

period of 30-years would reach to ~10'° atoms/cm? and the maximum
penetration depth of tellurium would be ~8 mils (~2.032um) from
the surface [2]. It is also evidenced by experimental investigations [7,8]
and theoretical studies [9] that the intergranular cracks formed in
structural materials mainly raise from the diffusion of metallic fission
product tellurium from alloy-salt interface into the bulk alloys, which
would further result in the deterioration of the structural materials.

It is known that the migration of elements plays an important role in
the kinetic processes such as precipitation, annealing, creep and cor-
rosion et al.. The elements such as hydrogen, boron, carbon, with their
small atomic sizes, generally behave as interstitials in metals. While for
the transition metal solutes such as chromium, nickel and molybdenum
et al., usually behave as substitutes in matrix materials. From the point
view of microscopic defect kinetics, the non-metal elements such as H
[10], He [11], B [12], C [13], as well as the metal solutes such as Cr
[14], Mo [15], Nb [16], Ti [17], Al [16], Co [18], Cu [19], Mn [20], Ni
[21], and W [16] et al. in bulk iron have been widely investigated by
first-principles method or molecular dynamics simulations. Tellurium,
as one of the main fission products in MSRs, their stabilities and che-
mical bonding in nickel-based alloys have been systematically studied
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recently. For example, Wang et al. [22] studied the stability of tellurium
in grain boundaries (GBs), surface, as well as the bulk nickel. It showed
that tellurium is energetically favorable at the substitutional site of
nickel due to its large atomic size, and tellurium has significant ten-
dency to segregate at the interfacial layer of GBs. With a diffusion en-
ergy barrier of 0.74 eV, the tellurium is relatively difficult to diffuse
along £3 GB when compared to that of £9 and =11 GBs. Liu et al. [23]
calculated the tellurium behavior in the nickel £5 GB. The expansion of
%5 GB of nickel mainly arises from the relatively larger size of the
tellurium atom, and strong tellurium-nickel bonds further weaken their
surrounded Ni-Ni bonding, which is the main source of the Te-induced
GB decohesion. Jia et al. [24] experimentally investigated the tellurium
diffusion behavior in temperature ranging from 773 to 1173 K in nickel.
The results showed that tellurium diffuses into nickel predominantly
along GBs at temperature lower than 900 °C (1173 K), while an ag-
gravated diffusion was found at elevated exposure temperature of
1000 °C (1273 K) via the lattice diffusion mechanism. However, there is
a paucity of studies investigating the tellurium behavior, especially
their diffusion properties in iron-based alloys up to now.

In this work, the migration behavior of tellurium in bcc iron is
systematically studied by first-principles method combining with the
Climbing Image-Nudged Elastic Band (CI-NEB) transition state method
and nine-frequency model theory. The stability of tellurium, as well as
their binding behavior with vacancies are initially studied.
Furthermore, the solute migration properties via vacancy-assisted me-
chanism are addressed and the related mechanism via binding en-
thalpy, migration energy, correlation factor and the activation energy
are also discussed. Additionally, the diffusion properties of tellurium
are comprehensively compared with the common alloying elements
including Cr, Mo, Nb, Ti, Al, Co, Cu, Mn, Ni, and W in austenite and
ferrite stainless steels. The results help to understand the fundamental
behavior of tellurium as well as the metal solutes in stainless steels.

2. Computational details and methodology
2.1. Computational details

The first-principles calculations were performed using the Vienna
Ab-initio Simulation Package (VASP) [25-27] within the framework of
spin-polarized density functional theory (DFT). The self-consistent
Kohn-Sham equations were solved using projector augmented-wave
(PAW) [28] method in which exchange-correlation function was de-
scribed by spin-polarized Perdew-Burke-Ernzerh (PBE) of generalized
gradient approximation (GGA) [29]. The cut-off energy of the plane
waves was set to 400 eV, which was sufficient to obtain a good energy
convergence that the total energy differences are about 0.01 eV com-
pared with the higher energy cutoff results. The conjugate gradient
algorithm was used to determine ions relaxations into local energy
minimum with the total energies converged to 10~ ®eV and the forces
on each atom converged to less than 0.01 eV/A. The minimum energy
paths were investigated by CI-NEB method [30]. The vibrational fre-
quencies were obtained by determining the Hessian matrix, and the
zero-centered (I'-point) frequencies were treated as the vibrational
frequencies.

The 3 X 3 x 3 body-centered-cubic (bcc) supercells (54 atoms)
were employed to model the bulk bcc-iron. The convergence test
showed that the 4 X 4 X 4 k-point mesh of the Monkhorst-Pack [31]
scheme was sufficient. The total energy differences were less than
0.005eV per atom compared to that with 6 X 6 X 6 and even much
denser k-point mesh. The optimized lattice constant and local magnetic
moment of bee iron were calculated to be 2.825 A and 2.12 Up/atom,
respectively, which were in good agreement with the previous results of
2.825-2.86 [16,33,34] and 2.2 ug/atom [33] (see Table 1). Moveover,
the activation energy (sum of formation, binding and migration en-
ergies, which will be seen later) of Te is calculated to be 1.90 eV and the
difference with that in a larger model (4 x 4 X 4 supercells, 128 atoms)
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Table 1
The fundamental material parameters used in this work.

Present work Ref.

Lattice parameter ag (A) 2.825 2.8257, 2.834", 2.87¢
Spin magnetic moment per atom ug 2.12 2.2°
Vacancy formation enthalpy Hy(eV) 2.18 2.227,2.18%,2.0 + 0.2°
Vacancy formation entropy Sy (kp) 3.89 419,217, 3.798, 4.148
Self-diffusion correlation factor f; 0.727 0.727"
Self-diffusion effective frequency 4.67 4.65°%, 67, 4.9'

vg (THz)

2 DFT result from Wu (2016) [16].

> DFT result from Zhang (2015) [33].

¢ Experimental data from Kittle (2005) [34].

4 DFT result from Messina (2014) [43].

¢ Experimental data from Deschepper (1983) [47].
Pair-potential approach result from Hatcher (1979) [54].
& DFT result from Vesteylen (2017) [32].

" DFT result from Murali (2011) [42].

! DFT result from Domain (2005) [44].

is less than 0.012 eV.

2.2. Methodology

The dissolution energies (Eg;) of tellurium at interstitial and sub-
stitutional sites in iron matrix are defined to investigate their stabilities
[35]:

Eys=E — Ep,, — —E
dis Fey Tey Fep m Tep (1)

-1 1
e
n

Egis = EFep_1Te; — . @

where Ep,,1¢, is the total energy of the bulk iron with one interstitial
tellurium atom. Ep,,_, 1, is the total energy of the system with one iron
atom substituted by the tellurium atom. EF,, is the total energy of the

matrix of defect-free bce iron with n = 54 atoms (Im3m space group)
and Er,, is the total energy of simple trigonal tellurium with m =3
atoms (P3,21 space group) [36].

The diffusion coefficients of element diffusion can be expressed with
Arrhenius form [37]:

Q
D = Dyexp| ———
<r(-i7) .

where T is the Kelvin temperature. The pre-factor D, is expressed as
(The details are provided in Supplementary Material, Note. 1):

ASf + ASb)

Dy = a *exp(
0 ks

4
where q, is the lattice constant, is the Boltzmann constant. The corre-
lation factor f of a defect diffusing in bec lattice was approximated by
Le Claire [38,39] and expressed as:

! " 3. 2w3 w3y
3ws + 30; + wy — —2b 3 E3™
f _ @4 + Fos w4 + 3Fwg wy + TFeq
' " 2w3‘w:‘ w;m{
20; + 3wz + 30w; + w3 — — 2t - —
2 3 3 3 @4 + Fos wy + 3Fwq wy + TFwq 5)

with factor F = 0.512 [32]. The w; denotes the possible jump illustrated
in the framework of nine-frequency model which will be discussed
later. The jump frequency w of solute-vacancy exchange is described by
Eyring’s [40] reaction rate theory:

@ = v*exp(—Epn/ksT) 6)

where v* denotes the effective frequency in terms of transition-state
theory [41] and approximated by Wu [16]:
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where 1™ and v denote the attempt frequency of atoms in the three
degrees of freedom (DOFs) in initial and saddle point states, respec-
tively. The effective frequency is expressed as the quotient of the pro-
duct of all real frequencies in the initial state and that in the saddle
point state, which physically indicates how many vibration attempts of
the initial structure are converted to the saddle point state every
second. Usually, there are three attempt frequencies for each atom in
their stably initial state. The unstable vibrational model for the atom in
its saddle point exhibiting as imaginary frequency, is excluded from the
product. Moreover, only the migrating atom is considered to get an
approximation by ignoring the thermal expansion effect on other lat-
tices.

In this work, the correlation factor f for iron self-diffusion is cal-
culated to be 0.727, which is identical with the previous DFT result [42]
(see Table 1). While the effective frequency v* for iron self-diffusion is
4.67 THz, which is also in good agreement with DFT results [16,43,44],
as listed in Table 1.

The vacancy formation entropy AS; for bec lattice can be computed
in a similar manner with the harmonic approximation [45] and formula
derivation (see Supplementary Material, Note. 2) by only considering
the first and second nearest neighbor (INN and 2NN) atoms to the
vacancy:

(H3 pPurey20
In 3 VlNNl sl 3 VNN | B
AL v DAL v ®

pure

ASf =

where v/ is the vibrational frequencies for three DOFs of one iron
atom in pure bec iron. v/ and v/*?™¥ are the frequencies of the INN
and 2NN iron atoms to the vacancy in the system, respectively. The
vacancy formation enthalpy in bcc iron is calculated to be 3.89 kg,
which is in consist with 3.79 kg in 3 X 3 X 3 supercells and slightly
smaller than that in 4 X 4 x 4 supercells (4.14 kz) obtained by Ves-
teylen et al. [32] (see Table 1).

The solute-vacancy binding entropy AS, for bcc lattice can be cal-
culated from the supercells with and without defects [32] (see
Supplementary Material, Note. 3). For self-diffusion case, AS; is calcu-
lated to be zero.

_ | TP v AT v ™) AT, v M) A v L v ™) |

ASp 3 pure\g 3 V,sol 3 V,S,2NN 3 3 V,S,3NN\3 3 V,S,5NN B
L v AL v AT v AT v > AT v )

9

The activation energy Q in the Arrhenius expression of Eq. (3) in-
cludes the following three parts:

Q=En+Hr + Hy (10)

The migration energy E,, for each migration process is expressed as:
Epn = Esaa — Eini (11)
where E,4 and E;,; are the total energies (or enthalpies) of the saddle
and initial states in CI-NEB estimations, respectively.

The vacancy formation enthalpy H; for the vacancy cluster in bulk
material is defined as [46]:

n-y

Hy = Epe,_yv, — Efe, 12)
where Ep,, v, is the total energy of the system containing y vacancies.
The vacancy formation enthalpy of monovacancy in bcc iron is calcu-
lated to be 2.18 eV, which is in agreement with previous DFT [16,43]
and experimental [47] results (see Table 1).

The binding enthalpy H;, between solute atoms (denoted as S) and

vacancies (denoted as V) is defined as [48]:

Ey = (EFen_x_ysxvy + EFBn) - (EFen_xSx + EFBn_yVy) 13)
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where the first item is the total energy of the system containing x solute
atoms and y vacancies. The third item is the total energy of the system
with x solute atoms. A more negative binding enthalpy indicates more
attractive interaction between the solute atom and the vacancies and
vice versa. With such definition, H, equals zero for the case of self-
diffusion.

As expressed by Eq. (3), the diffusion coefficients for self/solute
diffusion are in Arrhenius form with respect to the temperature. How-
ever, extensive experimental works [49-52] evidenced that there is a
deviation from linearity in the neighborhood of the Curie temperature
for the self/solute diffusion in bcc iron, in which the pre-factor is re-
latively little affected while the activation energy is generally affected
due to the change of magnetization of iron. It is reported that the
magnetic moments of atoms can be affected by their local environment
[53]. In this work, all calculated energies mentioned above are in fer-
romagnetic (FM) state of iron with the frameworks of spin-polarized
DFT calculations. The activation energy in paramagnetic (PM) state Qpyy
could be estimated by:

_ Qpy
Qv =T g 14)

where the parameter a quantifies the variation of Q due to the change
in magnetization of material and is also a species-dependent constant. &
is chosen to be 0.16 and 0.10 for the situations of self-diffusion and
solutes in the dilute limit [32].

3. Results and discussion
3.1. Stability of tellurium in iron

Tellurium is a semi-metallic chemical element in the oxygen group
(Group 16 [VIA]). The atomic radius of tellurium is ~1.43 10\, which is
much larger than the matrix element iron (~1.26 A). As mentioned
above, the lattice diffusions for metal solutes in alloy at elevated tem-
perature are generally dominant by the vacancy-assistant mechanism.
Therefore, the tellurium dissolutions at possible symmetrical sites as
well as their binding with vacancies in bcc iron are initially in-
vestigated. The phonon spectrum for various occupations are also cal-
culated to identify their stabilities. It shows that all the frequencies of
atomic vibrations in both interstitial and substitutional Te-doped
structures are real, which mean these structures are stable.

For tellurium as an interstitial, two typical trapping sites were
considered: the tetrahedral and octahedral sites. It shows that the dis-
solution energies at tetrahedral and octahedral interstitial sites are 8.10
and 9.12eV, respectively. In comparison, the dissolution energy of
tellurium at substitutional site is 1.03 eV, which is significantly lower
than that as interstitials, indicating that tellurium energetically prefers
to occupy the substitute site in bce iron. Such result is similar with that
in nickel, the relatively larger atomic radius leads to its instability as
interstitials [22,23]. For the substitutional tellurium, the possible Te-V,
Te-V,, Te-V3, and Te,-V clusters are considered and their most stable
atomic configurations are shown in Fig. 1.

As benchmark calculations, the formation enthalpies of vacancies in
bcce iron are calculated and listed in Table 2. The formation enthalpy of
monovacancy in bec iron is 2.18 eV in our calculation, which is in well
agreement with the previous results of 2.16 eV by DFT method with
PAW-PWO91 potential [56], as well as the experimentally measured
value of 2.0 = 0.2eV [47]. The binding enthalpies between the
monovacancy and tellurium with possible separations at first nearest
neighbor (INN), 2NN and 3NN sites, corresponding to the I;, I, I3
atomic configurations, as shown in Fig. 1(a), are predicted to be —0.82,
—0.21 and —0.07 eV, respectively. The negative binding enthalpies
indicate that the binding of Te-V pairs are exothermic processes and the
1NN Te-V pair is the most energetically favorable one.

When the divacancy being introduced, the formation enthalpies of
divacancies with their relative distances in 2NN, 1NN, 3NN, and 5NN
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Fig. 1. The typical atomic configurations of Te,V, clusters in bec iron: (a) Te-V; (b) Te-Vy; (c) Te-V3; (d) Te,-V.

are calculated to be 4.12, 4.18, 4.35, and 4.30 eV, respectively, which
are in agreement with previous DFT calculations reported by
Kandaskalov et al. [56]. With respect to the corresponding Te-V,
clusters, the typically stable atomic configurations are II;, II,, II3 and
I, as shown in Fig. 1(b). The binding enthalpies for these Te-V, clus-
ters are found to possess considerably negative values of —1.44,
—1.07, —1.26, and —1.21 eV, respectively, when compared to that of
Te-V pairs. It shows that the relatively compact atomic structures are
much more energetically favorable by analyzing the Te-V, binding
energies as well as their corresponding atomic configurations. The
sparsity of the atomic structures can be simply identified by the sum of
relative separations between tellurium and the two vacancies. For ex-
ample, with respect to local structures in which two vacancies locate at

Table 2

1NN sites of tellurium, the separations between two vacancies corre-
sponds to their sparsity. The II; structure, with 2NN separation between
two vacancies, is energetically favorable when compared to that of II3
and II, with 3NN and 5NN separations. For II; and II, cases, it can be
seen that the latter structure (two vacancies locate at INN and 2NN
sites of tellurium), owns higher binding enthalpy. This indicates that
vacancies like to gather around the tellurium atom. The total energies
of various atomic configurations are also compared to identify their
relative stability.

Various Te,-V clusters shown in Fig. 1(d) represent the higher
tellurium concentration model, in which the vacancy locates at the INN
site of tellurium atoms. The binding enthalpies between vacancy and
Te, with their relative distances in 1NN, 2NN, 3NN, and 5NN are

The formation enthalpies of vacancies and their binding enthalpies with the substitutional tellurium in bcc iron. The most stable atomic configurations are shown in

bold. Units are in eV.

Vi V2 V3
1, 1, 15 11, 11, 111, 15 11,
Hy (eV) 2.18 4.12 4.18 4.35 4.30 6.05 6.17 6.49 6.23
1.86% 2.16°, 2.0+0.2¢ 4126" 4.136° 4.351° 4.265° 6.70° 6.14" 6.21°
Te-V, Te-V, Te-Vs3 Te,-V
L I, Is I, 1, I, I, 11, I, 11, 11, WA 1V, IV, IV,
Hy (V) —0.82 -021 -0.07 -1.44 -107 -126 -121 -1.97 -208 -215 -1.80 -0.93 -128 -1.64 —1.77

& Molecular dynamics (MD) result from Wang (2010) [55].
b DFT result from Kandaskalov (2013) [56].
¢ Experimental data from Deschepper (1983) [47].
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calculated to be —0.93, —1.28, —1.64, and —1.77 eV, respectively.
The tendency of binding energies clarifies that tellurium atoms do not
like to be close to each other.

By comparing the general tendency of the binding enthalpy between
tellurium and vacancy clusters, it shows that the binding enthalpy de-
creases slightly with the number of vacancies (or the tellurium atoms)
increases. With the definition of vacancy formation enthalpy in Eq.
(12), the formation enthalpies are in a simple exponential relation with
the size of vacancy cluster [57]. And it is noted that the trivacancies
with different atomic configurations possess quite large formation en-
thalpies among 6.05-6.49 eV when compared to the monovacancy and
divacancies. Besides, the migration energy barriers for solutes via 1NN
lattice jumps are approximately less than 1.35eV, which will be dis-
cussed in the latter text.

According to Eq. (3), the diffusion coefficients for self/solute dif-
fusion in alloys largely depends on the activation energy Q. A higher
diffusion coefficient could be reached when the activation energy is
lower. The activation energies consist of three parts, the vacancy for-
mation enthalpy, the solute-vacancy binding enthalpy and the migra-
tion energy barrier, as Eq. (10) defined. Although the binding energies
between Te and Vy (y = 2) clusters are usually less than that of Te-V
pair, one can see that significantly increments of the formation enthalpy
are found with the size of vacancy cluster increasing. It is suggested that
the formation enthalpies are dominant factor to affect the activation
energy when compared to that of the second and third terms by ana-
lyzing the calculated activation energies for Te,-V, clusters. Hence, for
the further studies on the kinetic dynamic properties of those Te-Vy
models, the two cases with relatively lower formation energies are se-
lected, Te-V pair and Te-V, cluster, to further discuss the migration
behavior of tellurium.

3.2. Te-V diffusion characters

The lattice migration processes in bcc iron are illustrated in the
framework of nine-frequency model, as shown in Fig. 2(a), in which S
denotes the solute or impurity atom. Among the various lattice hop
processes, w, denotes the migration of solute atom via INN vacancy
site. w3, w; and w; represent the vacancy diffuses to the iron positions
which are 2NN, 3NN and 5NN sites far away from the tellurium atom,
while w,, w,, and w, are their reverse diffusion processes. ws is the jump
process for the 2NN site vacancy to 4NN site, and ws is the reverse
process of ws. Except the above-mentioned jump processes in the solute
doped model, wy is defined as the self-diffusion of iron (or vacancy) in
the model with absence of the solute atom.

Before going into the details, the possible solute diffusion mechan-
isms via solute-vacancy pair with different separations are addressed
for a comparison. The detailed migration energy barriers and effective
jump frequencies for various solute atoms are provided in
Supplementary Material, Note. 4. Specially, the self-diffusion of iron
and the diffusion of the foremost alloying element chromium are se-
lected as typical examples to compare with the tellurium diffusion

Computational Materials Science 181 (2020) 109571

behavior. The values are listed in Table 3. The migration barrier and
effective frequency for 1NN self-diffusion process (w,) in iron are cal-
culated to be 0.67 eV and 4.67 THz, respectively, which are in well
agreement with the previous DFT results of 0.65-0.69 eV [16,42,58]
and 4.65-6 THz [16,43,44]. The migration barriers and effective jump
frequencies for chromium doped iron are carefully compared with the
previous DFT calculations [16]. For example, the chromium migration
energy barrier and jump frequency to its 1NN vacancy site (w,) are
0.54 eV and 4.95 THz, respectively, which are also in good consistent
with the reported results of 0.56 eV and 5.03 THz [16]. The migration
barrier for tellurium diffusing to its 1NN vacancy site is 0.54 eV, which
is ~ 0.13 eV lower than that of the self-diffusion of iron, indicating that
the migration of tellurium is relatively easier than that of the iron self-
diffusion. It should be noticed that the migration barrier of tellurium,
solute chromium and iron self-diffusion are comparable, while the ef-
fective frequency of tellurium is much lower than that of chromium and
iron self-diffusion. This can be attributed to the relatively lower fre-
quencies of tellurium (3.49 THz for the third DOF as Eq. (7) defined)
compared to that of chromium (5.44 THz), which may be caused by the
relative larger atomic mass of tellurium.

In contrast, the 2NN self-diffusion of iron is notably difficult with
much higher diffusion energy barrier of 2.59 eV from our calculation.
While the diffusion energy barrier for tellurium diffusing to its 2NN
vacancy site is about 2.28 eV. Such phenomenon is also reported in
previous literature for chromium with 2.0 eV energy barrier for its 2NN
diffusion [14]. Therefore, it is nearly impossible for metal solutes, in-
cluding tellurium element, diffusing via 2NN vacancy directly, pro-
viding evidence for the previous results from ab initio [60] and MD
simulations [61] that 1NN lattice jumps are the most frequently ob-
served diffusion processes.

It is known that the solutes, with different atomic sizes and chemical
affinities to its adjacent vacancy, would inevitably affect diffusion be-
havior of the nearby lattices. The migration energy barriers for various
lattice jump processes are plotted in Fig. 3 and the detailed energy
profiles are shown in Fig. S1 in Supplementary Material, Note. 4. Var-
ious migration processes illustrated by the nine-frequency model in
Fig. 2(a) are divided into three typical situations to clarify the local
effect of solutes on the lattice migrations, which is identified by dif-
ferent colors in Fig. 3. One is the solute/impurity diffusion process (w,).
By taking the self-diffusion in iron as a reference, it can be seen that the
migration energy barriers of w, for all solutes considered in this work
are all lower than that in defect-free iron matrix. Another kind of the
migration processes are w;, s, @; and ws, which represent the diffusion
of vacancy far away from the solute atom. In another word, they are
also explained as the dissociation jumps between the solute and va-
cancy. The migration energy barriers of ws, w;, w; and ws with tell-
urium-doping are 1.30, 1.10, 0.98 and 0.69 eV, respectively, which are
0.63, 0.43, 0.31 and 0.02 eV higher than the situation for self-diffusion
of iron. Moreover, the processes of wy, co4, cu4 and wg, which are the
reverse processes of ws, w;, w; and ws, respectively, represent the as-
sociation jumps between the tellurium and vacancy. They are relatively

(b) S14
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~ 1.2
£

g )
g
2os

b
o
)
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Fig. 2. (a) The illustration of the general nine-
frequency model of bec iron lattice. S denotes the
solute atom, the numbers represent the relative
positions of lattice iron atoms with respect to the
solute atom; (b) The corresponding energy profiles
for the various lattice diffusion processes in tell-
urium-doped model, where the reference state is
1NN Te-V pair. The scaled distances are used for
these 1NN lattices jump processes.
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Table 3

Computational Materials Science 181 (2020) 109571

The effective frequencies and migration energy barriers for various lattice jumps illustrated in the nine-frequency model.

wo w3 w3 w3 wy s w4 wy g 25 W2nn
Enm (eV) Fe 0.67 2.59
0.69% 0.65", 0.69¢, 0.55"
Te 0.54 1.30 1.10 0.97 0.69 0.67 0.33 0.27 0.50 2.28
cr 0.54 0.67 0.67 0.62 0.72 0.63 0.61 0.60 0.68 2.34
0.56" 0.69° 0.68° 0.64° 0.72° 0.65° 0.62° 0.61° 0.69°
v* (THz) Fe 4.67 5.85
4.65% 6°, 4.9°
Te 2.97 5.07 5.49 5.80 4.90 4.39 4.64 5.22 455 3.09
cr 4.95 4.88 453 451 4.63 455 4.36 4.41 4.70 7.10
5.03° 4.92° 4.58° 457° 4.70° 4.59° 4.38° 4.44° 4.64°

2 DFT result from Wu (2016) [16].

Y DFT result from Murali (2011) [42].

¢ DFT result from Soisson (2007) [58].

d Experimental data from Vehanen (1982) [59].
€ DFT result from Messina (2014) [43].

f DFT result from Domain (2005) [44].
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Fig. 3. The calculated migration energy barriers for Te in bcc iron based on the

nine-frequency model compared to that for the general solutes including Cr,

Mo, Nb, Ti, Al etc. The migration energy barrier for self-diffusion of iron is
identified by the dashed blue line. *DFT result from Wu (2016) [16].

easier with comparable or smaller energy barriers corresponding to
0.67, 0.33, 0.27 and 0.50 eV, respectively. It is indicated that the pre-
existing of tellurium would retards the iron atom to move closer in a
large extent, in other words, the tellurium shows it’s considerably af-
finity to vacancy. Furthermore, the lattice migrations (from w; to ws) in
tellurium-doped iron are compared with other alloying elements in
ferrite stainless steels (e.g. Cr, Mo, Nb Ti, Al etc.), as shown in Fig. 3. It
shows that among the alloying elements considered in this study, the
doping of the chromium and molybdenum does not alter the lattice
migration a lot, while the tellurium and niobium would significantly
affect the lattice migration.

In order to more intuitively compare the tellurium behavior with
other metal solutes, the binding enthalpy, migration barrier and acti-
vation energy of S-V (S denotes solute or impurity) in ferromagnetic
state are summarized in Fig. 4. As shown in Fig. 4(a), the binding en-
thalpies between the solutes (except tellurium) and vacancy are in a
range from —0.42 to 0.01 eV. The tellurium exhibits the lowest binding
enthalpy of —0.82eV, indicating its strong attractive interaction with
vacancy. Additionally, the cobalt possess a positive binding enthalpy,
suggesting a repulsive interaction between cobalt and vacancy, which is
in agreement with previous calculation reported by Wu et al. [16]. The
migration energy barriers for the metal solutes via 1NN exchanges with
vacancy are shown in Fig. 4(b). It shows that the migration energy

barriers for these solutes are in a range of 0.3-0.7 eV, among them a
medium value of 0.54 eV is obtained for 1NN tellurium diffusion. The
migration barrier of tellurium via 1NN vacancy is comparable to other
alloying elements. Except Co and W, the 1NN migrations for most al-
loying elements considered in this study (Cr, Mo, Nb, Ti, Al, Cu, Mn and
Ni) possess lower migration energy barriers, indicating that their mi-
grations in iron are easier comparing to the iron self-diffusion. Such
results are consistent with the previous results that the diffusion for
most metal solutes in metal are comparable [16]. According to Eq. (10),
the activation energy shown in Fig. 4(c) consist of vacancy formation
enthalpy, vacancy-solute binding enthalpy and solute migration barrier.
Obviously, tellurium exhibits lowest activation energy, which can be
attributed to its lowest binding enthalpy. Therefore, the strong attrac-
tive interaction between tellurium and vacancy is the main reason for
the rapid diffusion of tellurium in bcc iron compared with other solutes.

3.3. Solute-V2 behavior and diffusion characters

The long-distance diffusion for the solute via the vacancy-assisted
migration mechanism requires alternate jump processes for solute and
iron with nearby vacancies. It is reported that the long distance diffu-
sion for a solute is difficult to be achieved via single solute-vacancy pair
[14] and may need another vacancy to diffuse. According to the sta-
bility study for the different Te,-Vy clusters shown in Section 3.1, the
Te-V, clusters are also relatively stable. Therefore, we conceive to in-
vestigate the migration processes of solute-V, cluster consisting of a
single solute atom (Te, Cr, Mo, Nb, Ti, Al, Co, Cu, Mn, Ni, and W) and
two vacancies, in order to improve the self-vacancy-assisted migration
mechanism.

As shown in Fig. 5, a multi-step net diffusion path is judiciously
desired to achieve a long distance diffusion for tellurium from one
primitive cell to its adjacent cell via single Te-V, cluster (frame (I) to
frame (IX)), in which the substitutional tellurium atom and iron atom
successively jump to/from their 1NN vacancy. There are various pos-
sible paths for the long-distance net diffusion, here, the following three
aspects are considered to optimize the diffusion and avoid the ex-
tremely higher energy barriers. First, the initial frame of Te-V cluster,
in which the two vacancies (with 2NN separation) locate at the 1NN
sites with respect to tellurium atom, owns lowest binding energy and is
considered as the reference state for the net diffusion. Second, only the
1NN lattice exchanges for Te-V or Fe-V are adopted to avoid the much
higher energy barrier via 2NN direct diffusion. Last but not least, the
relatively compact atomic configurations rather than sparse ones are
selected as the intermediate frames. For instance, two atomic config-
urations for frame (III) are selected to illustrate the importance of
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Fig. 4. (a) The binding enthalpy; (b) migration barrier; (c) activation energy in
ferromagnetic state of tellurium in solute-V pair compared to alloying elements
arranged by row and column of the periodic table. The 3p, 3d, 4d and 5d
elements are presented by the purple triangle, red squares, blue pentagons and
green hexagon, respectively.

sparsity on their stability. The frame (III,) represents a sparser atomic
structure, in which the two vacancies (2NN separation) locate at 2NN
and 3NN sites of tellurium, respectively. While frame (III;) is quite
compact when compared to frame (III;). One can see from the black
dotted line shown in Fig. 6 that the total energy of frame (III,) is
1.22 eV higher than that of frame (III;). Moreover, the migration energy
barrier for II — III, is also slightly higher (0.03 eV) than that for II — III,
process. Thus, the intermediate step of III;, with much more stable
atomic structure is selected as intermediate frame.

The energy profiles for tellurium net diffusion via Te-V, clusters
along the corresponding diffusion paths are plotted in Fig. 6 and
compared with that of chromium and other alloying elements (shown in
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Fig. 5. The illustration of long-term net migrations of tellurium in bcc iron via
Te-V, cluster. The tellurium atom and vacancy are denoted by the green ball
and yellow-dashed circle, respectively. The cells where Te-V, clusters located at
are represented by the dark yellow balls to guide the eye.

Fig. S2 in Supplementary Material, Note. 5). The nine frames can be
divided into two categories. The total energies of frames (III), (V), (VID),
and (IX) are aligned to zero with similar atomic structures to the re-
ference frame (I), and the total energies of frames (II), (IV), (VI), and
(VIII) are about 0.46 eV higher than zero point. The total energy dif-
ference arise from the inequivalence in atomic configurations, in which
more intuitive atomic structures of the two categories are corre-
sponding to the II; and II, cases in Fig. 1, respectively. A relatively
lower energy is observed for the structure that the two vacancies (with
2NN separation) locates at 1NN sites with respect to tellurium atom.
Therefore, for the possible Te-V, clusters, it also shows that the tell-
urium atom energetically prefers vacancies gathering around itself, as
also clarified in the Section 3.1.

Among the frames illustrated in Fig. 5, the steps [ = 1II and [V —=V
correspond to the tellurium diffusing into its 1NN vacancies with re-
lative energy barriers of 0.56 and 0.12 eV, respectively. While others
are the processes for iron diffusing into its 1NN vacancy sites. The
absolute barrier (0.56 eV) of tellurium atom in Te-V, clusters is ap-
proximate to that of 1NN Te-V diffusion (0.54eV), suggesting that
further introducing vacancy does not significantly affect the 1NN tell-
urium migration in bec iron. It should be mentioned that the migration
barriers for tellurium and iron diffusion via Te-V, cluster are about
0.02 eV and 0.05 eV higher than those obtained in Te-V pair, which is in
agreement with the examination on the chromium diffusion in iron
previously [14]. The introducing tellurium would alter the local diffu-
sion properties for the surrounded irons significantly. Similar results are
also found in Te-V diffusions as aforementioned. The 1NN iron diffusion
energy barriers vary due to different atomic configurations for the in-
itial and final states. For example, the diffusion processes of II — III,
VI — VII, and VIII — IX exhibit moderate energy barriers of 0.89 eV, in
which the initial states with two vacancies (1NN separation) locate at
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lute diffusion via solute-V, cluster in bcc
iron and corresponding barriers for long-
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Fig. 5(ID—(1V). The red and purple dashed
line denote the max long-term migration
barrier of tellurium and chromium from our
calculation.
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the 1NN and 2NN sites of tellurium (as the II, case shown in Fig. 1(b).
For the processes of IIl - IV, V — VI, and VII — VIII, with a much lower
energy for the initial state, should overcome a much higher energy
barrier of 1.35eV for further migration.

For the same net diffusion paths of Cr-V, cluster, as the purple da-
shed line shows, the maximum energy barrier for long distance mi-
gration of Cr-V, cluster in becc iron are much easier with the relatively
energy barrier of 0.58 eV for the possible frames considered. Such en-
ergy barrier is about 0.09 eV lower than the previous MD calculations
[14]. By systematically analyzing these diffusion processes, it shows
that the doping of tellurium greatly affects the surrounded lattice dif-
fusion. As mentioned above, the doping of solute/impurity would alter
the binding behavior as well as the nearby lattice diffusion properties,
which can be understood by their fundamental binding behavior as
follows.

The binding enthalpies and migration energy barriers for solute-V,
are also summarized for a better comparison. The differences of binding
enthalpies and migration barriers in ferromagnetic state of solutes (Te,
Cr, Mo, Nb, Ti, Al, Co, Cu, Mn, Ni, and W) are shown in Fig. 7. It shows
that the Te-V, cluster exhibits a similar binding behavior with that of
Te-V pair, for which most of the metal solutes except cobalt possess
negative binding enthalpies with vacancy, while the tellurium exhibits
the lowest binding enthalpy among all the solutes considered in this
study. As shown in Fig. 7(a), the binding enthalpy between tellurium
and the two vacancies is —1.44 eV, which is much lower than that of Cr
(—0.04 eV). The maximum migration barriers of niobium and tellurium
are larger than other elements in Fig. 7(b). Similar to solute-V pair, the
extremely lower binding enthalpy indicates the strong attraction in-
teraction between tellurium and divacancy, which is the main reason
for the higher diffusion energy barrier of tellurium when compared to
other solutes.

3.4. Diffusivity of tellurium at finite temperature

The diffusion properties of elements in materials can be affected by
temperature in a large extent. In this section, the diffusion coefficient of
tellurium in bcc iron at finite temperature are evaluated from the
Arrhenius diffusion equation. The parameter D,, denoted as the pre-
exponential factor or the diffusion constant, and the activation energy
Q are listed in Table 4. The calculated pre-exponential factor D, for self-
diffusion of iron is 1.33 X 10~ m?/s, which is in the same order of
magnitude with the previous DFT result [32] and pair-potential ap-
proach [54]. Such value is found to be about two orders of magnitude
larger than the results from the previous theoretical calculations
[16,42,62], while about one order of magnitude smaller than that of the
previous experimental investigation [63]. The activation energies for
self-diffusion of iron in ferromagnetic state (Qpy) and paramagnetic
state (Qpy) are calculated to be 2.85 and 2.45 eV, which agree nicely
with the results obtained by Vesteylen et al. [32] and are also found to
be comparable with other DFT [16,42,43,48] and experimental results
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Fig. 7. (a) The binding enthalpy; (b) migration barrier in ferromagnetic state of
tellurium in solute-V, cluster compared to alloying elements arranged by row
and column of the periodic table.

[63]. When compared to the diffusion along grain boundaries in iron,
the activation energy for the self-diffusion in bulk iron is much higher
than that along grain boundary in iron as calculated by Inoue et al. [64]
(Q = 55.7 kJ/mol, which is ~ 0.58 eV), indicating the relatively easier
diffusion in pre-existed grain boundaries.

The D, for migration of tellurium in present work is 1.49 x 10~>m?/s,
which is slightly larger than (and in the same order of) iron self-diffu-
sion. Since the diffusivity of tellurium is rarely touched in the literature,
we also calculate the D, of chromium for benchmark calculation with
an order of 10~°m?/s, which consists with the previous calculation [32].
The activation energy for tellurium in ferromagnetic state Qg is
1.90 eV, which is quite smaller than the cases of iron self-diffusion and
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Table 4
The pre-exponential factor D, and activation energy Q for self-diffusion of iron
and migration of tellurium, the values obtained in this study are shown in bold.

Element Do (m?/s) Qry (€V) Qrm (eV)
Fe 1.33 x 1075 2.85 2.45
3.5 1075* 2.830° 2.440°
2.98 x 1077° 2.60"
5.9x 1077¢ 2.66°
7.87 x 10774 2.85°
1.6 x 1075¢ 2.88¢
6.0 x 1074" 2.91"
2.75 x 10~% 2.63'
Te 1.49 x 10~5 1.90 1.64
Cr 2.68 x 1075 2.68 2.44
7.7 X 107>? 2.732% 2.484"
3.73 x 1073 3.14
2.63°
Mo 5.9 x 1075° 2.650" 2.409"
Nb 7.4 x 10752 2.560" 2.327°
Ti 7.6 X 1075° 2.656" 2.415°
2.1 x 1071% 3.04"
Al 5.0 x 10757 2.631° 2.392°

2 DFT result from Vesteylen (2017) [32].

® DFT result from Wu (2016) [16].

¢ DFT result from Murali (2011) [42].

4 MD result from Mendelev (2009) [62].

¢ DFT result from Zhang (2014) [48].

f Pair-potential approach result from Hatcher (1979) [54].
& DFT result from Messina (2014) [43].

h Experimental data from Seeger (1998) [63].

i Experimental data from James (1966) [65].

I Experimental data from Lee (1990) [66].

k Experimental data from Klugkist (1995) [67].

all other alloying elements with the reported calculations in the range
corresponding to 2.10-2.93 eV. The activation energy for tellurium and
other alloying elements in paramagnetic state Qpy, estimated by Eq.
(14) have the same tendency with that of Qpy,.

The Arrhenius plots of diffusion coefficients with considering their
magnetic transition are shown in Fig. 8, in which the pre-factor D, and
the activation energy Q are simply shown as the y-axis intersection and
slop of the linear plot in their unitary magnetic state. As plotted in
Fig. 8(a-b), the calculated diffusion coefficients of iron self-diffusion
and chromium in bec iron are in well agreement with the previous DFT
calculation [32] with comparable pre-factor and the activation energy.
Besides, the slopes of the iron/chromium diffusion coefficients for both
FM and PM states are in well consistent with that of experimental
measurements [50-52,65,66].

As shown in Fig. 8(c), the diffusion coefficients of tellurium in bec
iron are plotted and compared with that of other solutes. It shows that
the diffusion coefficient of tellurium is significantly greater than other
solutes in the temperature range of 700-1300 K. The diffusivities of
solutes such as Cr, Mo, Nb, Ti, and Al are in an order of Nb > Ti >
Al > Mo > Cr with diffusion coefficients in an order of magnitude of
~10~°m?/s, and they all exhibit slightly better diffusivity than that of
iron self-diffusion. As reported, the inlet and outlet temperature of
Molten-Salt Reactor Experiment (MSRE) is 1175 to 1225 °F (908-936 K)
[68]. Here, we choose the typical operating temperature of MSRE at
650 °C (923 K) as an example. The diffusion coefficient of tellurium is
estimated to be 6.86 x 10~ '®>m?/s, which is approximately four orders
of magnitude larger than that of iron self-diffusion coefficient with
1.31 x 107 '9m?/s, as well as Nb, Ti, Al, Mo, and Cr with corre-
sponding values of 6.45, 2.15, 1.89, and 1.79 x 10~ ' m?/s, suggesting
the fast diffusion for tellurium in bcc iron.
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Fig. 8. Diffusion coefficients for (a) self-diffusion of iron; (b) solute chromium;
(c) solute tellurium comparing to other alloying elements. The x axis is 1000
times of the inverse Kelvin temperature range from 1300 to 700 K. The Curie
temperature (I = 1043 K) is shown in the black dotted vertical line.

2 DFT result from Vesteylen (2017) [32].

b Experimental data from James (1966) [65].

¢ Experimental data from Hettich (1977) [50].

4 Experimental data from Iijima (1988) [51].

¢ Experimental data from Lubbehusen (1989) [52].

f Experimental data from Lee (1990) [66].

4. Conclusion

The fundamental migration behavior of the fission product tell-
urium is systematically studied and compared to alloying elements in
bce iron matrix. The tellurium atom prefers to reside at the substitu-
tional sites with the formation energy of 1.03 eV, which is much lower
than that at interstitial sites (~8.10-9.12 eV). For the tellurium binding
with vacancies, it is found that there is a strong attractive interaction
between the tellurium and monovacancy. The long-distance net diffu-
sion is further studied by introducing another vacancy to form solute-
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divacancy cluster. The results show that further introducing vacancy
does not affect the tellurium migration barriers significantly. Similar
with tellurium interaction with monovacancy, the surrounded iron
lattice diffusions are also significantly affected for Te-V, clusters when
compared with other solute doping cases. The diffusion coefficients for
tellurium in a temperature range of 700-1300K are estimated via the
Arrhenius equation. Tellurium exhibits relatively higher diffusivity
when compared to other solutes including Nb, Ti, Al and Mo, as well as
the self-diffusion of iron. The study can provide theoretical guidance to
understand the vacancy-assisted lattice diffusion mechanisms for tell-
urium in iron.
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Appendix A. Supplementary data

The derivation of pre-factor D, and activation energy Q in Note. 1.
The derivation of vacancy formation entropy AS; in Note. 2. The deri-
vation of solute-binding entropy AS, for bcc lattice in Note. 3. The
migration energy profiles and corresponding data for solutes (Te, Cr,
Mo, Nb, Ti, Al, Co, Cu, Mn, Ni, V and W) of nine-frequency model in
Note. 4. The net diffusion barrier profiles of solutes in Note. 5.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.commatsci.2020.109571.
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Note. 1 Pre-factor D, and activation energy Q

According to previous literature [1, 2]

G
D = af,C,w, exp (— b/kBT) (S1)

The a, is the lattice constant and f, is the correlation factor for solute atom, for
self-diffusion, the correlation factor denoted as f.

The vacancy concentration C,, in thermal equilibrium is defined as:

C, = exp (— :TfT) = exp (?) exp (— :;%;) (§2)

B

The jump frequency of solute-vacancy exchange is described by Eyring’s [3]

reaction rate theory:

w = v¥exp (— Em/kBT) (S3)

where w, denotes the jump frequency of solute atom. v* is the effective frequency.
E,, is the diffusion barrier.
The binding free energy of solute-vacancy AG, is calculated in terms of the

binding enthalpy Hj, and entropy ASj,.

Gb = Hb - TASb (84)
G AS H
exp (= /i 1) = expGEDexp(— 12 (S5)
Hence,
i AS f+AS Em+Hp+H
D = a3f,vsexp (%) exp (— #) (S6)

Compared to the Arrhenius equation

_ __9
D = Doexp(—7%) (s7)
We have
Q=Hs+H,+Ep (S8)
. ASf+AS
D, = aifv*exp (%) (S9)

For self-diffusion of iron, H,, = 0, AS, = 0.

2



Note. 2 Vacancy formation entropy AS

According to previous literature[4], the vacancy formation entropy is written as

following:
ksT \ N-1 kgT
ASf — I:Z3N 3 <hUB;’aC) —_ Tzfivl ln (W):I kB (510)
where v is the vibrational frequencies in three degrees of freedom of the

atoms in pure bcc lattice and v}%¢

contalnlng one vacancy.

is the frequencies of the atoms in the system

Unfold the Eq. (S10)
B kgT 1 N—-1 (kzT\*¥ N-1 1
ASy = [ln (T) *+in <v”acv§ac “ pYAC 3> Ty (T) Ty <vaevpure vpure>] ks

1 2 3N
[ pPure pure pure pure pure pure) N ]
1 1
B

3N-3

V2 ‘V3n—3V3n—2V3N-1V3N

vac,,vac. . ,,vac
L V3N-3

(S11)

For pure bcc lattice, the vibrational frequencies of all atoms are the same.
Generally, the vacancy affects the vibration of its first nearest neighbor (1NN) and
second nearest neighbor (2NN) atoms, for which there are eight 1NN sites and twelve
2NN sites for each site in bec lattices. By considering the symmetry, the only the 1NN
and 2NN sites (N=8+12+1=21) are simplified selected to calculate the vibration

frequency. Thus, Eq. (S11) can be written as:

[ 21 21-1 —|
21
((vpurevgure pure) ) |
ASf =\|tn = kB
vac,1NN __vac,1INN vac,lNN) (vvaC,ZNNvvac,ZNvaac,ZNN
(v V2 V3 1 2 3

20

_ (l—[3 pure)

- ln (I—H vlyac 1NN) (l—ﬁ vlyac,ZNN)lz B (512)

pure

where v, is the vibrational frequencies in three degrees of freedom of one iron atom

vac, 1NN vac,2NN

and v;

in pure bec iron. v; h

are the frequencies of the 1NN and 2NN iron

atom to the vacancy in the system containing one vacancy.



Note. 3 Solute-vacancy binding entropy AS, for bcc lattice

According to previous literature[2], the binding entropy is written as following:

ASb = ZSN 3 In (U::acsol) Z?Nl In ( pure)] kB

—|m (Vfac vac, vv}c\z}c 3)(vsol sol . sg’l) K (513)
- pPuTe, pure . pure ( vacsolvvacsolmvvac,sol) B
1 2 3N 1 2 3N-3

By considering the vacancy generally affect the vibration of the eight INN atoms,
N=8+1=9 is selected here. Among the eight 1NN sites adjacent to vacancy, there are
one solute atom, three 2NN host atoms relative to the solute atom, three 3NN host atoms
relative to the solute atom and one SNN host atom relative to the solute atom. Hence,
we have:

3
1 sol,1INN sol,2NN sol,3NN sol,5NN
(I vpee (H%vf” ) o) (T3 w5 b2V Y (I 3NN ) (R wgobsVY )

AS, = |In
b 3 pure 3. vacsol 3 .. vac,sol,l2NN 3 3 .. vac,sol,3NN 3 3..vac,sol,5NN
(H ) H1vi Hlvi Hlvi Hlvi

kg (S14)



Note. 4 Migration energy profiles for solutes in bcc iron
The minimum energy paths and their corresponding energy barriers of solutes (Te,
Cr, Mo, Nb, Ti, Al, Co, Cu, Mn, Ni, V and W) in nine-frequency model for bcc iron

lattice.
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Fig. S1. The energy profiles for lattice diffusions in various solute-doped iron.



Table. S1

The corresponding migration barriers and effective frequencies for the solutes migration processes

in Fig. S1.

Wo ) w3 w3 w3 Ws Wy w4 wy We  Wonn

En Fe  0.67 2.59
(eV) 0.692, 0.65°,
0.67¢, 0.55¢

Te 054 130 1.10 097 0.69 067 033 027 050 228

Cr 054 0.67 067 062 072 063 0.61 060 0.68 234

0.56° 0.692 0.68° 0.64* 0.72¢ 0.65° 0.62* 0.61° 0.69°

Mo 053 095 066 068 065 065 051 056 077 2.04

Nb 031 1.24 062 072 062 070 028 043 0.78 1.57

Ti 038 1.06 070 0.69 0.62 063 046 050 0.79 1.62

Al 048 090 0.76 071 0.63 055 046 051 0.61 256

Co 072 058 0.68 065 072 070 0.70 0.68 0.62 2.88

Cu 054 071 073 0.65 0.72 064 0.51 048 0.54 287

Mn 045 0.64 068 061 074 059 055 050 0.62 252

Ni 0.66 057 070 061 0.78 068 0.63 057 056 3.01

W 071 094 065 069 065 065 052 060 078 2.50

v* Fe  4.67 5.85
(THz) 4.65% 6° 4.9

Te 297 507 549 580 490 439 464 522 455 3.09

Cr 495 488 453 451 4.63 455 436 441 470 7.10

5.03% 4.92° 458 4.57* 470° 4.59* 438" 4.44* 4.64°

Mo 461 513 488 4.69 4.68 469 485 446 471 6.12

Nb 4.14 528 505 477 477 466 491 432 470 528

Ti 509 532 487 473 473 460 467 442 469 7.65

Al 534 483 469 491 464 413 422 521 439 6.63

Co 453 448 4.64 455 470 465 4.65 468 464 530

Cu 327 445 481 453 485 441 437 472 448 457

Mn 437 475 454 443 478 459 437 434 466 6.07

Ni 415 443 469 447 487 470 459 461 462 477

W 348 500 485 4.66 467 470 490 455 474 4.19

4 DFT result from Wu. 2016. [5]

® DFT result from Murali. 2011. [6]

¢ DFT result from Soisson. 2007. [7]
4 Experimental data from Vehanen. 1982. [8]
¢ DFT result from Messina. 2014. [9]
fDFT result from Domain. 2005. [10]



Note. 5 The energy profiles for long distance diffusion via solute-V> cluster.

The minimum energy paths of long-term migration of solute-V2 cluster. The
solutes including Te, Cr, Mo, Nb, Ti, Al, Co, Cu, Mn, Ni, V and W are considered here.
The values in the figure are the maximal energy barriers for the solutes over the

designed net diffusions.

1 Te 1.36
0 . . . .

1 Cr 0.58

Mo 1.06

0 - L L L L
1 W

Al 0.93

,|Co 1.30

Cu 0.68

Mn 1.06

Ni 0.69

1 W 0.95

I T i 1"2NY; vi Vil Vil IX
Minimun Energy Paths

= O

= O

(eV)

m

Barrier, E

= O

= O

= O

Fig. S2. Energy profiles for long distance solute diffusion via solute-V; cluster in o-Fe and

corresponding maximum barriers.
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