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Is Hydrogen Diffusion along Grain Boundaries Fast or Slow?
Atomistic Origin and Mechanistic Modeling
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We perform comprehensive first-principles calculations and kinetic Monte Carlo simulations to
explicitly elucidate the distinct roles of grain boundaries (GBs) in affecting hydrogen (H) diffusion in
fce nickel (Ni). We demonstrate the transition between slow and fast H diffusion along the GB with an
abrupt change in H diffusivity. Low-angle GBs are shown to comprise isolated high-barrier regions to trap
and inhibit H diffusion, with H diffusivity well prescribed by the classical trapping model, while high-angle
GBs are shown to provide interconnected low-barrier channels to facilitate H transport. On the basis of the
dislocation description of the GB and the Frank-Bilby model, the slow-fast diffusion transition is identified
to result from dislocation core overlapping and is accurately predicted. The present Letter provides key
mechanistic insights towards interpreting various experimental studies of H diffusion in metals, new critical
knowledge for predictive modeling of H embrittlement, and better understanding of the kinetics of H and

other interstitial impurities in microstructures.
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Hydrogen embrittlement (HE), a phenomenon where
hydrogen (H) causes premature failure with a drastic loss in
ductility, toughness, and strength in metals, in particular,
high-strength metals, has been a topic of intense research
for decades [1-7]. Although the exact microscopic mecha-
nism underlying HE remains elusive and highly debated
[2,8-11], it is commonly agreed that one prerequisite for
HE to occur is for H to be delivered to target regions at
critical concentration. The target region is, in general, a
stress-concentrated location (more often also a “defective”
location, e.g., microcrack, grain boundary, nanovoid, etc.)
and the critical concentration is the threshold H concen-
tration that induces a change in the deformation mode (i.e.,
from the normal ductile deformation to brittlelike defor-
mation behaviors [2,12]). Consequently, understanding this
phenomenon requires an accurate knowledge of H transport
in metals to provide a correct interpretation of various HE
data and phenomena.

The effect of microstructures on H diffusion in metals
has been well recognized and studied in the literature
[3,13—-16]. In particular, H segregation and diffusion along
grain boundaries (GBs) are crucial for H-induced inter-
granular cracking [17-21]. Nonetheless, different—and
even contrary—viewpoints exist regarding the exact role
of GBs in H diffusion. Numerous studies have reported
accelerated H transport along GBs [7,17-20,22-27], which
was attributed to low activation barriers and short-circuit
diffusion along GBs [19,27,28]. However, there also exists
ample evidence of the opposite observation [18,29-32].
For instance, Yao and Cahoon [30] discovered that, at
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extremely low H concentration, H is virtually stopped at
GBs, indicating strong retardation of H motion by GBs.
More recently, Oudriss et al. [33-35] demonstrated the
strong dependence of H diffusion behaviors on GB
characteristics and grain size, suggesting that H diffusion
can be facilitated by random high-angle GBs while being
inhibited by special GBs.

The high contention regarding the effect of GBs in H
diffusion indicates a clear lack of mechanistic understand-
ing, a knowledge deficit we aim to address in this Letter.
Employing comprehensive first-principles calculations and
kinetic Monte Carlo (KMC) simulations, we explicitly
elucidated the dual role of GBs in H diffusion and its
dependence on the GB structure and H bulk concentration,
using nickel (Ni) as a model system. The atomistic origin
underlying the multiplex GB effect on H diffusion was
clarified and a mechanistic model was proposed to predict
transitions between distinct diffusion behaviors. Our Letter
sheds critical new light on understanding and interpreting
the various experimental studies of H diffusion in metals,
being an important step towards the formation of a unified
option of GBs in H kinetics and H embrittlement in metals.

A series of symmetric tilt GBs of different tilt angles in
Ni were examined in our study, with a few representative
configurations presented in Fig. 1. The GB structure (and
adjacent bulk lattice) was analyzed utilizing the space
tessellation approach proposed in Zhou et al. [36], which
characterizes the GB structure as an array of joint poly-
hedrons. The approach enables quick search and identi-
fication of H adsorption sites (as encapsulated in individual
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FIG. 1.

Representative GB configurations examined in this
Letter, (a) Z3[110](111), (b) Z11[110](113), (c) £5[100](210),
(d) =5[100](310), (e) £25[100](430), and (f) Z41[100](540),
with the polyhedral units constituting the GB illustrated. The gray
spheres indicate the host Ni atom. Different polyhedral units, i.e.,
octahedron (OCT), tetrahedron (TET), capped-trigonal prism
(CTP), bitetrahedron (BTE), and pentagonal bipyramid (PBP)
are indicated by different geometrical shapes in green, blue, gray,
purple, and red shades, respectively.

polyhedrons) and H migration paths (with H diffusion
being hops between adjacent polyhedrons), aided by which
the exact locations of interstitial sites and associated
energetics and energy barriers of H were then determined
from density functional theory calculations (see
Supplemental Material for details [37]). Figure 2 shows
contour mappings of energy barriers for H diffusion at
several representative GBs. To put those results into
context, it is worth noting that the migration barrier of
H diffusion in bulk Ni lattice was determined to be 0.38 eV
[0.42 eV with zero point energy (ZPE) correction [52] ], in
agreement with previous theoretical (0.37 eV [53]) and
experimental (0.4 eV [54]) studies. One note to make is that
the influence of ZPE correction has been investigated by
benchmark calculations (see Supplemental Material for
details [37]), and we found that ZPE does not really affect
the spatial landscape and relative values of H energetics and
migration barriers, despite causing a slight shift in the
absolute values. This is in accordance with the previous
work performed by Stefano ef al. [55], where it was shown
that the quantum mechanical effect on H diffusion can be
important for an accurate assessment of H migration in bcc
Fe, but to a much less degree in fcc Ni. Therefore, below we
only present results without the ZPE correction.

Figure 2 depicts typical scenarios of H migration at GBs.
First, we note that there exist certain GBs where H
migration has similar energy barriers as that of bulk
diffusion, indicative of little alternation of H diffusion
behaviors by those GBs. Figures 2(a) and 2(b) show
two representative GBs of this kind, i.e., 3[110](111)
and X11[110J(113), both of which are confirmed by
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FIG.2. Contour mapping of the energy barrier E;, of H migration
at representative GBs. (a) Z3[110](111), (b) Z11[110](113),
(c) X5[100](210), (d) X5[100](310), (e) X25[100](430),
(f) Z41[100](540). Big gray spheres represent host Ni atoms.

experiments [17,35,56] to exhibit bulklike diffusion behav-
iors. Meanwhile, there are apparent cases of H migration
greatly modified by GBs. As shown in Figs. 2(c) and 2(d),
GBs provide interconnected low-barrier paths to facilitate
H transport along the GB, while in GBs shown in Figs. 2(e)
and 2(f), there exist high-barrier regions that would
presumably inhibit or disrupt H transport along the GB.
The results in Fig. 2 clearly demonstrate the significant
influence of GBs on local H migration, similar to what
was observed recently on C diffusion in Fe [57]. KMC
simulations with the density functional theory-calculated
energy barriers as input were then conducted to examine
collective diffusion behaviors of H. Figure 3 shows H
diffusivity data (along GB direction) extracted from KMC
simulations for systems containing different GBs as func-
tions of H bulk concentration C, and temperature 7.
Consistent with the different scenarios of H migration at
GBs (cf. Fig. 2), distinct diffusivities (and their evolution
as C,, varies) are observed. Examining the diffusivity data
at room temperature (i.e., 300 K), the X3[110](111) and
211[110](113) GB systems [cf. Figs. 3(c) and 3(d)] exhibit
almost identical D vs C}, evolution as the bulk lattice, where
D stays constant until the lattice is saturated with H,
attributed to the minimal influence of GBs on the hydrogen
migration barrier. For the £5[100](210) and X£5[100](310)
GB systems [cf. Figs. 3(e) and 3(f)], D is much higher
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FIG. 3. H diffusivity (D) as H bulk concentration (C,) varies,
calculated from KMC simulations and predicted from Eq. (1), for
GBs: (a) Z3[110](111), (b) Z11[110](113), (c) =5[100](210),
(d) £5[100](310), (e) £25[100](430), and (f) £41[100](540), at
different temperatures.

than the bulk value at low C,, but continues to decreases
as C, increases. In contrast, the X25[100](430) and
¥41[100](540) GB systems show much lower D than
the bulk value at low C;, with D monotonically increasing
as C,, increases. Such strong dependence of D on C,
observed in Figs. 3(c) and 3(d) or Figs. 3(e) and 3(f) is due
to how GB diffusion dominates at low C,, while at high C,,
bulk diffusion becomes significant due to GB saturation.
Meanwhile, we see that the influence of GBs on H
diffusivity diminishes as temperature increases, which
can be attributed to thermally facilitated H exchange
between the GB and bulk lattice.

The numerical results from KMC simulations may
also be described by an analytical expression, with the
diffusivity approximated as the weighted sum of contribu-
tions from different interstitial sites over the whole
lattice [58,59],

DT.C) = YopTusenp( o) 0T C). (1)

where p;(T) denotes the probability of finding H at
interstitial site i, ®;(T, C,) is the blocking coefficient at

site 7, and D ; and AE;, respectively, denote the associated
diffusion prefactor and dominant energy barrier (see
Supplemental Material for details [37]). As illustrated in
Fig. 3, the predicted diffusivities from Eq. (1) are in good
agreement with those from KMC simulations. This con-
firms the accuracy of Eq. (1) in describing H diffusion
behaviors at GBs and shows that the modification of
diffusivity comes from the combined GB effects on site
occupancy and the migration barrier of H.

One approximation made in the KMC simulations is that
we did not consider the influence of a H—H interaction. In a
previous study by Miitschele and Kirchheim [60] on H
segregation and diffusion at GBs in nanocrystalline Pd, it
was demonstrated that H—H interaction plays a minor role
in bulk H concentration up to 0.01 H/Pd. Given that the
H—H interaction energy in Ni(~ —0.04 eV) is much
weaker than that (~ —0.31 eV) in Pd and in the absence
of large stress concentration, we therefore expect the H—H
interaction to have a negligible effect on H segregation and
diffusion in Ni for the range of H concentration (i.e.,
C, < 0.01, see Fig. 4) in which we are interested, which is
also further confirmed by a few benchmark calculations we
performed.

Further examination of H diffusion behaviors revealed
that H diffusivity exhibits critical dependence on the GB tilt
angle 0. For a systematic discussion, here we choose
symmetric tilt GBs with [100] tilt axis as the representative
group, where the tilt angle 0 ranges between 0° and 90°.
As seen in Fig. 4(a), slow diffusion is observed for 6
smaller than 28° or larger than 62°, while fast diffusion is
observed for 0 ranging between 28° and 62°. Interestingly,
we note that fast diffusion occurs exclusively along high-
angle GBs, while for slow-diffusion regimes, the diffusivity
(for a particular C}) decreases monotonically as € increases
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FIG. 4. (a) H diffusivities at different H bulk concentration C,
as functions of the GB tilt angle 9 at 300 K. The horizontal red
dashed line indicates bulk H diffusivity at 300 K and the solid
lines are predictions from Eq. (3). (b) Dislocation separation
distance along the GB as a function of § according to the Frank-
Bilby model (2), where b denotes the Burgers vector of the
constituting dislocation.
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(or decreases from 90° for 8 > 62°). (Note that the regime
of tilt angle > 62° is effectively the low-angle regime
considering the crystal symmetry.)

To understand such variation in H diffusivity, we note
that a low-angle tilt GB can be described as a planar array
of dislocations. Based on the Frank-Bilby model [61-63],
there exist two Frank-Bilby Burgers vectors for disloca-
tions constituting [100] tilt GBs, i.e., with b= a/2[110]
for 0 < 36.87° and b = a[100] for @ > 36.87°, with the
spacing d, between adjacent dislocations being

__ b
O 2sin(g/2)’
b=a/2[(110] and ¢@=06 for 6 < 36.87°

b=a[l00] and ¢=90°—6 for 6> 36.87°

with

(2)

As ¢ increases, spacing between dislocations along the
GB decreases, as illustrated in Fig. 4(b). For small ¢, the
dislocations act as individual trapping sites and create
localized high-barrier regions along GBs, as previously
demonstrated in Figs. 2(e) and 2(f). Consequently, slow
diffusion is expected. Combining the Frank-Bilby model
with the McNabb-Foster trapping formulation [13,64] (see
Supplemental Material for details [37]), H diffusivity can
be predicted as

D,

D=—!
1+C—:(1—

Crxdgy ) ’ (3)
27|b|N, sin(g/2)

where Cy is the H concentration at the trapping site (i.e.,
dislocation), Dy, is the H diffusivity in bulk lattice, N, is the
number of bulk lattice sites per volume, and dgg is the grain

size, while b and @ were previously defined in Eq. (2). As
seen in Fig. 4(a), Eq. (3) well predicts the tilt angle and
concentration dependence of H diffusivity for low-angle
GBs. This also confirms that the downward trend in H
diffusivity (as ¢ increases) for GBs in slow-diffusion
regimes originates from the increase of trapping (disloca-
tion) density along the GB.

As ¢ continues to increase, the spacing between dis-
locations further decreases. Eventually, dislocation cores
start to overlap and it is no longer possible to distinguish
individual dislocations along the GB. The transition from
individual dislocations to core overlapping can be precisely
identified by examining the evolution of the polyhedrons
that constitute the GB as the tilt angle varies (see
Supplemental Material for details [37]). This is found to
nicely coincide with the dislocation spacing being 2 times

the Burgers vector, i.e., dy = 2|E|, namely, taking the

effective core radius as |l;| Plugging this condition into
the Frank-Bilby equation (2), we can then precisely
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FIG. 5. Schematic illustration of dislocation cores at GBs and
the evolution of energy barrier with tilt angle increase. The gray
shape represents dislocation cores at GBs. The gray spheres are
the host Ni atom and the small red ball illustrates the H atom.

determine the range of tilt angle in which dislocation core
overlapping occurs to be 28.95° and 61.05°, which inter-
estingly coincides with the range of tilt angle when fast
diffusion occurs, as depicted in Fig. 4(a). Such nice
correspondence is identified to be attributed to the fact
that the core overlapping induces substantial volume
dilation to key GB polyhedrons responsible for the rate-
limiting diffusion steps (see Supplemental Material for
details [37]), thereby effectively rendering the formation of
interconnected low-barrier paths for H diffusion [e.g., see
Figs. 2(c) and 2(d)], as schematically illustrated in Fig. 5.
Consequently, the core overlapping directly corresponds to
the abrupt elevation of H diffusivity in the regime of high-
tilt angles.

Figure 4 also shows that increasing C,, respectively,
increases and decreases H diffusivity in slow- and fast-
diffusion regimes, towards the bulk H diffusivity D,.
This can be well attributed to GBs being the thermody-
namically preferential location for H adsorption. Increasing
H bulk concentration thus leads to saturation of GB sites
and, subsequently, the overall H diffusivity is more con-
tributed by bulk H diffusion.

To conclude, we have explicitly demonstrated the dis-
tinct roles GBs may assume in affecting H diffusion and
elucidated their dependence on the GB structure, through
comprehensive first-principles calculations and KMC sim-
ulations. Using symmetric tilt GBs with a [100] tilt axis
as the representative, we quantitatively showcased the
transition between slow H diffusion and fast H diffusion
along the GB with an abrupt change in H diffusivity, as the
GB tilt angle varies. We showed that low-angle GBs
comprise isolated high-barrier regions that trap and inhibit
H diffusion, while high-angle GBs provide interconnected
low-barrier channels that facilitate H transport. Using the
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dislocation description of GB of the Frank-Bilby model, we
identified the slow-fast diffusion transition that results from
dislocation core overlapping; we also accurately predicted
the threshold angle at which such transition occurs. Finally,
we showed that the H diffusivity for low-angle GBs can be
well described by the classical trapping model treating
constituting dislocations as discrete trap sites.

The present Letter provides important mechanistic
insights to interpret and understand the often bipolar
experimental observation of the GB effect on H diffusion
in Ni, in accordance with numerous experimental evidence
showing low-angle GBs causing slow diffusion [31,33,34],
and high-angle and/or random GBs accelerating H diffu-
sion [33-35]. Our findings are also generally applicable to
H diffusion in other structural metals, as well evidenced by
the recent work of Iwaoka et al. [65] on H diffusion in fcc
Pd, which demonstrated the random high-angle boundaries
as fast-diffusion paths and the strong impediment of H
diffusion by dislocations, and the silver-decoration experi-
ment by Koyama et al. [66], showing that H flux through
low-angle GBs in steel is drastically lower than that through
high-angle GBs. Moreover, our Letter has clarified the
notable dependence of H diffusivity on H bulk concen-
tration, showing that the increasing H lattice population
would moderate the effect of GBs on H diffusion. This
reflects the important influence of the chemical environ-
ment (e.g., chemical potential, charging current, etc.),
suggesting that caution should be used in interpreting H
diffusion experiments.

Meanwhile, worthy of note is the two-dimensional
nature of GBs, and therefore, in addition to the along-
GB diffusion, there is also the contribution of H diffusion
along the tilt axis direction. With the lattice structure along
the tilt axis following a different pattern, such contribution
would presumably exhibit different dependence on the GB
angle (or other GB metrics). Consequently, further research
efforts are needed in future studies to obtain a more
complete picture of the GB-mediated H diffusion.

Furthermore, our findings on H diffusion may also
provide useful hints for understanding the diffusion behav-
iors of other impurities in metals. For instance, Leonhardt
et al. [67] experimentally investigated oxygen diffusion
in SrTiO; bicrystals and also found that the X3 twin
boundary has no effect on diffusion, while low-angle
213 GB exhibits a pronounced resistance. Couling and
Smoluchowski [68] conducted a comprehensive investiga-
tion of Ag diffusion behaviors along [100] tilt GBs in Cu
and revealed a strong correlation between impurity pen-
etration and the GB angle (see Supplemental Material for
details [37]) that shows a strikingly resemblance to what we
demonstrated in Fig. 4. Such observed similarity in the
dependence of diffusion on GB characteristics for different
impurities, despite variance in the detailed diffusion process
and/or the diffusion mechanism, further alludes to the
possibility of a more generic structure-property relationship

underlying the GB-mediated diffusion of impurities, a topic
probably worthy of further investigation.
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