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Abstract—The diffusion and release of fission products through silicon carbide in
the tri-structural isotropic (TRISO) fuel particles remain unsolved for decades.
Determining the underlying mechanism is quite challenging. To help unveil the
mystery, the current work applies a molecular dynamics method to show the stability
of silver, palladium, ruthenium, and iodine as interstitials and their atomic diffusion
along coincident site lattice (CSL) boundaries, especially the ∑3 grain boundary
(GB). The major finding describes a much faster diffusion along GB than in bulk for
all elements considered. The reasonably close estimate to experiments and
simulations where available has confirmed the important role of GB diffusion of Ag
and Pd in SiC. However, the discrepancy addressed in Ag with measurements from
fuel studies suggest a more complicated mechanism, which might be in correlation
with high‑energy GBs or the presence of crack. The subsequent characterization of
Ru and I distribution in SiC-PyC-SiC diffusion couples, which have been ion
irradiated at 900°C to 10 and 20 dpa, was performed by secondary ion mass
spectrometry (SIMS) analysis. The experiment measurements correlate well with the
GB diffusion by simulation, which provide further evidences that the GB diffusion
cannot be neglected once fission products are accessible at the grain boundary.

I. INTRODUCTION

Silicon carbide has unique capability in the
applications of nuclear fuel due to its exceptional
characteristics: high melting temperature and high
thermal conductivity. The cubic polytype of SiC (3C
-SiC) is believed to be most stable below 2100°C,
and this has been widely explored for structural
applications in nuclear reactors [1]. In high-
temperature gas-cooled reactors (HTGRs), SiC is
one of the constituent materials in tri-structural
isotropic (TRISO) fuel particles, which has
considered as a major barrier for the release of
fission products (FPs), as well as providing
structural support. While TRISO fuel has
demonstrated excellent retention of a majority of
FPs and radioisotopes, release of some metallic FPs,
i.e. Ag, Pd, Ru and I, from intact fuel can still be
observed in experiments under conditions similar to

accident scenarios[2]. The release of FPs raises
serious concern on the safety and operation of
HTGRs.

Therefore, a full understanding of the transport
mechanisms of FPs through 3C-SiC is required, not
only to determine how it occurs so that mitigation
measures can be devised, but also to support fuel
performance codes[3] and provide for more‑accurate
fuel-behavior modeling in both normal and off-
normal operating conditions. To this end, several
experiments [4–10] and simulations [11–16] were
performed over the past decades to investigate FP’s
transport through SiC. However, despite numerous
experimental studies on FP transport, the
microscopic mechanism governing the interactions
of FPs with the fuel particle remains unclear. Hence,
to identify the mechanism that contributes to
transport requires information which can only be
obtained by atomistic simulation.
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Grain boundaries (GBs) are important for high-
diffusivity paths along which diffusion can occur
much faster than bulk diffusion. Their open structure
along with the disruption in bonding can raise both
the mobility and local thermodynamic solubility of
FP through segregation. Thus, we use the molecular
dynamics (MD) method to first determine FP
interaction with grain boundaries in SiC. Special
GBs in SiC that are most observed from TRISO fuel
particles irradiated in the Advanced Gas Reactor
(AGR)-1 experiment [17] are of interest. The GB
characterization conducted by Kirchhofer et al. [18]
has shown a high fraction of coincident‑site‑lattice
(CSL) boundary with ∑3 GB being dominant.
Experimental research by Lillo and van Rooyen [31]
on neutron irradiated TRISO coated particles
identified that up to 20% Pd, Ag, and U containing
precipitates are located on CSL GBs. The simulation
has carried out along ∑3 GB to provide guidance in
the study of GB diffusion kinetics.

II. APPROACH

2.1 Grain Boundary Atomic Configuration

GBs were constructed by using the molecular
dynamics method, which is performed by LAMMPS
software package [19]. The analytical bonded order
potential (ABOP) was applied to the simulations
with parametrization for FP-SiC as implemented by
previous work [16]. The model has an orthorhombic
cell with periodic boundary conditions (PBCs)
applied in directions parallel to the boundary plane.
A cell consisting of two grains was used to obtain
equilibrium 0K GB structure and excess energy.
Within the cell, there are two crystallographically
identical GBs; one is in the middle of the cell, and
another periodic GB is at the upper and lower ends
of the cell. There are no fixed regions of atoms
within the cell, and this allows the crystal lattice to
translate during energy minimization if such a
translation is energetically favorable.

The basic process of determining the GB follows
the same method described by Tschopp et al. [20].
First, based on the CSL theory, two differently
oriented grains were brought together to obtain a
bicrystal. Then, the two grains were translated
rigidly with respect to each other, followed by an
atom deletion process to avoid atom overlapping.
The conjugate gradient (CG) algorithm was
subsequently used for energy minimization. The
length in the direction parallel to the tilt axis is set to
be large enough (>10 nm) to avoid the interactions
of GB with surfaces. The constructed ∑3 GB lies in
(21 ̅1 ̅) crystallographic plane with a tilt axis in [01
̅1] direction. The size of the CSL unit cell is 7.55 Å
and 3.08 Å along [111] and [01 ̅1], respectively. The
cross-section of the most stable structure of ∑3 has
been shown in Figure 1. Within the GB, there are
three types of rings, containing five, seven, and six
atoms, which are labeled I, II, and III, respectively.

This structural feature is consistent with both
transmission electron microscopy (TEM)
observations [21–23] and other simulations [11],
[24]. These rings can be extended to four distinct
pores, with Region III being specified in upper and
lower grain as IIIU and IIIL, respectively. The
fourth core noted as IV was also included as a bulk-
like site.

Figure 1. Bicrystal GB model of ∑3 <110> {211}
GB (gray spheres stand for carbon and yellow
spheres indicate silicon). The dashed line
corresponds to the GB plane separating upper (U)
and lower (L) grains.

The defect formation energy associated with
FPs on the distinctive GB sites can be an important
term to explore with respect to diffusion kinetics.
The formation energy of FP‑related point defects can
be defined as follow:

Here, Edefect is the total energy of the simulation
block containing a point defect. Eperfect stands for the
total energy of a perfect cell without a defect. The
integer indicates the number of atoms of type X
added to ( or removed from ( the cell. The μX
(X = Si or C) is the corresponding atomic chemical
potential describing the exchange of particles with
the respective reservoir.

2.2 Diffusion Coefficient Calculation

The diffusion kinetics of FPs along the GB were
obtained by MD method with number-volume-
temperature (NVT) ensemble. The temperature
performed is in a range from 1200 to 3000 K. Each
simulation was allowed at least 6 ns to identify the
defect motion. Before the dynamic run, the atomic
configurations before and after inserting the defect
were relaxed for 20 ps under number-pressure-
temperature (NPT) ensemble to release inner stress
due to the thermal expansion for the corresponding
temperature. The obtained stable configuration was
then introduced to GB‑diffusion study. The way to
simulate the migration was described in detail
elsewhere[16]. The trajectory of defect was traced
during MD simulations, and the positions of all
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atoms at time t are recorded. The lowest energy
configurations of an FP atom at the GBs, which
were relaxed to remove inner stress at a certain
temperature, were used as the initial configurations
for evaluating the mean-square displacements
(MSDs) during the diffusion of FPs. Therefore, the
diffusion coefficient can be determined by the
Einstein relation from random walk theory:

where . N is the total atomic number.
Within the nuclear reactor, two environmental

variables could control diffusion: temperature and
radiation. On the one hand, diffusion could be a
purely thermal process in which the magnitude
increases with temperature. On the other hand,
radiation can affect diffusion by producing
additional defects that will accelerate the diffusion
of atoms. To systematically investigate FP diffusion
mechanisms, the diffusion coefficients as a function
of temperature should be determined under various
conditions (i.e., pure thermal and irradiation
conditions). Pre-factors (, and activation energies ()
for grain boundary diffusion to calculate diffusion
coefficients follow an Arrhenius relationship:

The direct output from MD simulation assumes
a defect to be present 100% of the time within the
cell. However, under the thermal condition, FP
diffusion as a specific defect cannot exist 100% of
the time. The effective diffusion coefficient can be
affected by the fraction of time the defect is present
or concentration ratio[12]. The effective diffusion
coefficient in the realistic scenario includes both the
intrinsic diffusion known here as D(T) from MD
simulation and the concentration ratio, which can be
described by

The concentration of the defect, c(def), can be
determined by its formation energy along with the
temperature-independent pre-factor. Since the pre-
factor is able to be canceled in the concentration
ratio, the relative concentration of defect can be
presented by an Arrhenius form . The sum of the FP
defect concentrations is contributed by the
summation of all the possible FP defects that could
be created. Therefore, the effective diffusion can be
defined as a function of effective migration energy (
and effective pre-factor (:

2.3 Experimental Detail

A novel design of multi-layer diffusion couple,

reported by Dwaraknath et al. [25], was used in the
experiments. The diffusion couples are ultra‑high-
purity 1 ×1 cm2 3C-SiC plate substrates that are
0.6 mm thick. The substrates are sources from Rohm
and Haas, Inc., and are coated with a thin layer of
pyrocarbon and then a thin SiC cap. The fission
products (Ru and I) are implanted into the PyC layer
at 400 keV to a total fluence of 1016 cm-2. The
samples were then used for ion irradiations
performed by a 3MV Pelletron accelerator at the
University of Michigan Ion Beam Laboratory
(MIBL). Total doses of 10 and 20 dpa were reached
using 9MeV Si++ ions at 900C with a dose rate of
4.610-4 dpa/s. Subsequently, the FPs’ transport
through SiC were analyzed via secondary ion mass
spectrometry (SIMS). These experiments
demonstrate the capability of FP diffusion into SiC
substrate. The Harrison model for grain boundary
and bulk diffusion was used, and an improved
Whipple solution was applied to calculate the
diffusion coefficients [26], [27] with details
described elsewhere[28].

III. RESULTS AND DISCUSSION

3.1 Stability of Defect in Grain Boundaries
FP diffusion along the GB is closely related to

defect formation. Therefore, FP‑related point defects
have been investigated in this study, including
substitutional defects and interstitials. All the
formation energies of FP‑related point defects were
calculated based on Eq. 1. Along ∑3 grain boundary,
FPs can be formed on the possible vacant sites as
indicated in Figure 1. In Table 1, the formation
energies of FPs at the defect sites along the
asymmetric GB are compared to the corresponding
values in bulk[16]. To clarify our nomenclature, IIIL
and IIILa denote two distinct interstitial sites formed
in pore IIIL along the [01] direction. The same
description applies to pore IVL, as well. When Ag is
placed at the GB, the sites within channel IVL
require the highest energies (> 9 eV) to form Ag
interstitial. As is expected, interstitial at site IVL and
IVLa, which are outside the predefined GB region
with the most bulk-like structure as compared with
other locations, have the closest values to that of the
interstitial in bulk. The similar finding also applies
to the substitutional defects when Ag occupies the
atom site in Ring IV. Among the interstitials, Ag at
Site IIILa was found to be the most stable
configuration, with a formation energy of 5.77 eV.
The energy order has been well maintained as
compared with the ab initio calculation [11].

Following by the same trend, the Pd, Ru, and I
point defects were also calculated, and adhered in
Table 1. Palladium was found to be stable on a
carbon-vacant site along the GB, rather than a
silicon-vacant site. This is evidenced by the
formation and penetration of palladium silicides
along the SiC GB [29]. The most stable Pd
interstitial is formed on IIILa site with the formation
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energy of 5.11 eV. We found the formation energy
can be significantly influenced by distinct sites along
[01] direction. The difference is maximized in IIIL
pore, which can reach at 2 eV. The discrepancy in
formation energy along the [01] direction may be
due to the formation of a Si dimer. When the atom is
close to the Si dimer, the formation energy is usually
higher. Along ∑3 GB, the Ru as an interstitial is
likely to be stable in Pore II, with an energy of
1.20 eV, being the lowest. This is even more stable
than the substitutions, which is similar to Ag.

Moreover, the overall formation energy of
iodine along grain boundary is generally much
higher than the other three elements, which might be
due to its large atomic size and mass. The energy
required to stabilize iodine as an interstitial is two to
three times amount of the substitutions, which
means that if a vacant site is presented, the iodine
atom will most likely occupy the lattice site instead
of the free volume at the pores. However, when an
interstitial is located in Pore IV, all the three
elements presented a less‑stable structure than in
other locations. This can be explained by the same
bulk feature as described previously for Ag.

3.2 Diffusivity of interstitials along grain
boundaries

In light of the strong segregation of FPs to GBs,
which has been found for a typical grain diameter
(0.8 μm) of SiC used in the TRISO application, we
further investigate FB diffusion along the GB.
Interstitials generally diffuse quickly inside the high-
temperature reactor and can be obtained
dramatically under irradiation condition. Therefore,
we conducted simulation with respect to FP’s
introducing a single atom as an interstitial here.

As is shown in Table 1, a silver interstitial was
found to be stable in Pore IIIL along ∑3 as
compared with other locations. Therefore, the Ag
atom was initiated at Pore IIIL. After several
nanosecond simulations, the atom was found
vibrating in Pore IIIL and could not overcome the
energy barrier. However, the atom in Pore II was
more active. In this simulation, Ag diffusion was
found to be faster along the [01 ̅1] direction than
along the [111] direction. This is due to the open
channel along the [01 ̅1], which gives a possible
pathway for the interstitial to migrate. The diffusion
also undergoes directional reorientation. After 1 ns
diffusion, the atom jumps along the [010] direction
at 2000 K.

As stated in Equation 4, the diffusion coefficient
contains two components, an intrinsic diffusion
coefficient (meaning the diffusivity of the defect
assuming it exists 100% of the time) and the
concentration factor. Because Ag could only spend a
fraction of the time as any specific defect type in the
real case, the diffusion coefficient should be
modified by the concentration ratio. The
corresponding diffusion coefficients in the

temperature range from 1200 to 3000 K, considering
that the defect concentration ratio has been
illustrated in Figure 2(a) as well as results from
experiments[4], [7], [9], [10] and simulation [11].

The best‑fit effective migration barrier and
exponential pre-factor are summarized in Table 2.
An estimation of the effective diffusion coefficient
at 1873 K is 6.44 × 10-18 m2/s. This value matches
perfectly with the ion implantation result obtained
by Leng et al. [7] and the ab initio calculation [11]
in which the diffusion coefficients are 8.84 × 10-18

m2/s at 1842 K and 3.69 × 10-18 m2/s at 1873 K,
respectively. The larger value, as compared with the
bulk‑diffusion prediction of 3.41 × 10-24 m2/s at this
temperature, for example, indicates the more
important role that GB diffusion plays in Ag
transport.

The close estimate to other ion implantation-
based diffusion data in polycrystalline SiC also
reinforces the accuracy of our MD prediction.
However, a discrepancy still exists in comparison
with the integral release results [9], [10]. While
simulation and ion implantation can focus directly
on a specific means of Ag transport through SiC, the
integral release is independent of diffusion
mechanisms. As the investigation in just ∑3 could
be limited, the value falling below the measured data
obtained in fuel studies may suggest other GBs may
offer fast diffusion, or other effects, such as the
presence of cracks, might play a significant role in
silver diffusion.
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Table 1. Defect formation energies associated with FPs in ∑3 as compared with the corresponding defects in bulk SiC.

Site Site Site

ABOP
Ab
initio[11
]

ABOP ABOP ABOP ABOP
Ab
initio[11
]

ABOP ABOP ABOP ABOP
Ab
initio[11
]

ABOP ABOP ABOP

Bulk 8.0909
[16] 7.39 3.7963

[16]
4.1101
[16]

7.8909
[16] Bulk 5.9784

[16] 6.60 5.1762
[16]

4.1056
[16]

8.9955
[16] Bulk 10.6170

[16] 10.49 7.5003
[16]

7.8279
[16]

18.2266
[16]

C1 6.4996 5.60 2.6798 4.9449 7.3548 Si1 4.0438 4.01 3.0646 3.1902 7.4886 I 8.9694 Unstable 5.8064 2.9458 15.5081

C2U 3.8915 3.63 2.4401 5.4145 5.7523 Si2U 5.2324 4.47 4.8753 4.0287 10.5293 II 6.3317 6.71 5.8656 4.1041 11.0984

C2L 5.0397 4.22 2.5095 2.1572 5.4576 Si2L 4.7115 4.74 4.0252 4.0678 9.1735 IIa 6.1417 4.70 5.4279 1.2019 11.0868

C3U 7.7733 4.59 3.8311 6.2413 6.6380 Si3U 5.2411 6.15 4.9384 5.7298 7.4956 IIIL 6.5524 5.99 7.1154 5.4693 13.6264

C3L 8.2916 4.76 4.0078 6.9392 7.0720 Si3L 4.7879 5.18 4.0144 3.9520 6.1763 IIILa 5.7695 3.27 5.1118 2.7589 12.7577

C4U 8.6339 4.99 2.6683 4.9319 7.1912 Si4U 5.4802 3.95 4.5930 3.3470 6.1547 IVL 9.5019 7.65 7.8447 8.4519 18.1299

C4L 9.0560 4.84 4.7138 6.9528 7.5539 Si4L 5.5318 3.69 4.5377 3.5890 6.5688 IVLa 9.1266 7.38 7.1388 8.4133 18.0255

Table 2. Effective migration energy and diffusion coefficient of FPs along as compared with values from experiments and simulations.

Element
(eV) (m2/s)

Bulk[16] Exp. Ab initio Current Bulk[16] Exp. Ab initio Current

Ag 5.68
3.43[4];
2.21[10];
2.26[9]

3.95[11] 3.22 6.57 2.49[4]; 6.8[10];
4.5[9] 1.71[11] 2.99

Pd 5.43 1.22 1.14 6.36 1.83
Ru 7.99 3.13 5.56 1.73
I 13.88 3.27 2.84 4.85
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Palladium diffusion along GBs was also
simulated in the same way as silver diffusion. As
GBs have a comparatively more open structure than
bulk due to relative misorientation of two adjacent
grains contacting each other, Pd is thought to be able
to freely migrate along GBs. The diffusion along ∑3
mainly exists along the [01 ̅1] direction. The volume
at Pore II is quite a bit larger than at other cores that
provide open space for the interstitial to migrate. In
consideration of the concentration ratio that resulted
from the formation energy, the diffusion coefficient
has been shown in Figure 2(b) in comparison with
the ab initio calculation [30]. The diffusion
coefficient is considerably higher than silver, which
suggests that Pd can diffuse more readily along GBs
than Ag.

The calculated atomic diffusion of Pd is much
faster than the observed penetration rate of a
palladium nodule [29]. This displays the slow
dissolution and rapid regrowth of palladium nodules
as possible ingress mechanism in addition to the
suggested palladium nodules’ migration along the
GB. The effective migration energy and
corresponding pre-factors are listed in Table 2.
Moreover, the diffusion along ∑3 at 1500 K by MD
calculations has well reproduced the ab initio
calculations, which guarantees the reliability of the
simulation we conducted here.

We continue to investigate Ru diffusion along
this special CSL GB. Ru diffusion along ∑3 GB was
found mainly in the <011> direction, which is
prevalent in the observations for both Ag and Pd in
earlier statements. Even though the lowest formation
energy is identified at the C2L site, the jumps of the
Ru atom can be noticeable once it overcomes the
barrier from Core II to I. However, the diffusion is
slower than that seen in the previous two elements,
as indicated in the diffusion coefficient prediction
demonstrated in Figure 2(c). The migration energy
and diffusion pre-factor derived from the
diffusivities are also summarized in Table 2.
Because sparse diffusion‑coefficient data have been
published for Ru in SiC under pure thermal
conditions, we found it to be of interest to exclude
the defect‑concentration ratio for the purpose of
seeing the relationship between our simulation result
and ion irradiation experiments because the
interstitial can be generated uniformly with less
impact on the formation energy than under thermal
condition.

An estimation of the diffusion coefficient,
without consideration of the defect‑concentration
ratio is 9.27 × 10-17 m2/s at 1173 K. In experiments,
Ru implanted SiC-PyC-SiC diffusion couples were
irradiated with Si++ to 10 and 20 dpa at a
temperature of 900℃ at MIBL. The diffusivity
extrapolated from SIMS was found to be 1.5 × 10-17

m2/s and 5.5 × 10‑17 m2/s for 10 and 20 dpa,
respectively, as indicated in Figure 3. The order of
magnitude in the intrinsic diffusion coefficient of
our simulation found a good match with the

experimental data. Since interstitials can easily be
obtained under irradiation conditions, the Ru
diffusion as an interstitial could not be ignored.

Finally, iodine diffusion along GBs was tested.
The migration along ∑3 can be three dimensional,
which involves a zigzag path from Core II to Core I,
in addition to a direct jump along the open channel
of Core I. The occupation of an iodine interstitial at
Core II can be either in plane or between planes. The
corresponding traces of an iodine atom at 2200 K in
Figure 4 clearly shows the preferable paths. This
diffusion mechanism is accessible for all
temperatures we investigated here. The effective
diffusion coefficient in the range of 1200 to 3000 K
are included in Figure 2(d), with the corresponding
migration energy and diffusion pre-factor listing in
Table 2. Our result suggests that iodine can diffuse
faster along ∑3 than in bulk, where the effective
migration energy along the GB also decreases
dramatically.

The same set of experiments as used in the Ru
case was also conducted using an iodine‑implanted
sample under irradiation condition. The slopes of the
SIMS curve (Figure 5) for the prediction of grain
boundary diffusivities at both 10 and 20 dpa,
8.3 × 10‑17 m2/s and 5.6 × 10‑17 m2/s, respectively,
are somewhat larger than the estimated effective
diffusivity in MD simulation at 900℃ displayed in
Figure 2(d). It is reasonable that the diffusion of
iodine is accelerated due to ion irradiation where
damages to the material could change the
microstructure and create paths for iodine to diffuse;
thus, it might be dangerous to make a direct
comparison. However, it could be of interest to
correlate the intrinsic diffusion coefficient of iodine
to the irradiated condition. In such a correlation, less
impact on the formation energy should be addressed
than under thermal condition. This could help
qualitatively understand the GB‑boundary diffusion
role in the presence of iodine.

The evaluated intrinsic diffusion coefficient in
simulation at the experimental temperature shows a
value of 2.21 × 10‑16 m2/s. This is, however, faster
than what has been observed in the experiments.
Iodine can react with SiC at relatively low
temperature (200–300℃) to form tetraiodide (SiI4).
It is suspected that the iodine may have formed SiI4,
which would significantly limit the diffusion of
iodine to the GB. Another observation of a
decreased diffusion at 20 dpa, as compared with
10 dpa, may be explained by the same phenomenon.
Even though limited results identify the dominant
diffusion mechanism as more microstructure effect,
and condition changes must be considered,
calculations still show the evidence of preferable GB
diffusion over bulk diffusion. This mechanism
cannot be neglected once FPs are accessible at the
GB.
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Figure 2. Effective diffusion coefficient of (a) Ag (Friedland et al. [4], Leng et al. [7], Nabielek et al. [10],
Amian et al. [9], ab initio-Σ3 [11]); (b) Pd; (c) Ru; (d) I; along ∑3 as compared with computational and
experimental results where available.

Figure 3. SIMS analysis of the ruthenium diffusivity in SiC after Si++ irradiation at 900C to (a) 10 and (b)
20 dpa.
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Figure 4. Diffusion trajectory of iodine along ∑3 at 1 ns, with the temperature of 2200 K (gray spheres stand for
carbon, and yellow indicate silicon).

Figure 5. SIMS analysis of the iodine diffusivity in SiC after Si++ irradiation at 900C to (a) 10 and (b) 20 dpa.

IV. CONCLUSION

In the present study, MD simulations were
carried out to study four FP’s transport, including
Ag, Pd, Ru, and I at ∑3 GB, which forms the
majority of the special CSL GBs in SiC within the
TRISO fuel particle. We have determined the most
stable structures of ∑3 and identified the possible
locations that FPs can occupy. The general trend of
decreasing in formation energy, as compared with
bulk, indicates a strong segregation of FPs at GBs. It
is also instructive to compare interstitial diffusion in
the GBs to that in bulk. As segregation of FPs at the
grain boundary is obvious, the energy required for
those atoms to rest is relatively low as compared
with those in bulk.

In addition to the direct comparison of
migration energy and diffusion coefficient, it is
without doubt that bulk diffusion is not a dominant
mechanism. While GB diffusion can be orders of
magnitudes faster than bulk diffusion, GB diffusion
in FP transport is significant. This can be explained

because GBs contain high concentrations of
dislocations due to the relative misorientation
between adjacent grains; therefore, they have a
comparatively open structure. This results in
diffusivities for GB transport that are much larger
than analogous values for lattice diffusion. However,
exception can be found as the complexity of
microstructures of polycrystalline SiC could raise
after neutron irradiation. The discrepancy between
fuel studies and the simulated data for the silver case
can itself be an evidence. The experiment
measurements conducted at MIBL for the Ru- and
I‑implanted samples help elucidate both
quantitatively and qualitatively the major role of GB
diffusion in Ru, but its limited participation in I.
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