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The hydrogen behavior in nanocrystalline W (ncW) samples with grain size of 5 and 10 nm is studied
using Molecular Dynamics (MD) with a bond order potential (BOP) for the W–H system. The dependence
of the hydrogen diffusion coefficient on grain size (5 and 10 nm) and hydrogen concentration
(0.1 at.% < [H] < 10.0 at.%) is calculated. These data show that in all cases the hydrogen diffusion
coefficient is lower for ncW than for coarse-grained samples. Trapping energies of grain boundaries
are estimated and a broad distribution roughly centered at the vacancy trapping energy is found.
Hydrogen diffusion results are interpreted within the trapping model by Kirchheim for nanocrystalline
materials. The H–H interaction is evaluated and the possible formation of H2 is disregarded for the
conditions in these simulations. Hydrogen segregation and trapping in grain boundaries for ncW is
discussed, including extrapolations for micron-sized polycrystals.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

One of the challenges in designing future nuclear power plants
is to develop materials capable of enduring the hostile environ-
ment of a fusion reactor. Because of its properties (i.e. low sputter-
ing yield, low-activation, high melting point, high thermal
conductivity and low thermal expansion), tungsten is one of the
most attractive materials proposed as plasma facing material
(PFM) in nuclear fusion reactors, both in the magnetic as well as
in the inertial confinement approach [1–3]. However, some
limitations have been identified that must be remedied in order
to fulfill specifications: (i) it has a high ductile-to-brittle transition
temperature (DBTT), which is a consequence of the non-planar
screw dislocations core and their high activation energies for glide
and (ii) it suffers from surface blistering and exfoliation when
irradiated with hydrogen isotopes above certain fluence [4], which
is unacceptable for a PFM. The main reason for this surface deteri-
oration is related to the accumulation of gases and the formation of
bubbles which can easily grow, becoming overpressurised.
Using nanocrystalline materials has been proposed as a solution
to both issues [3,5]. On one hand, there is evidence that ultra-fine
grained tungsten exhibits a lower DBTT [6] since deformation
mechanisms are grain size dependent [7]. On the other hand, under
certain conditions, nanostructured materials have been demon-
strated to be self-healing materials. This is because, at and above
room temperature, grain boundaries (GBs) behave as annihilation
centers for Frenkel pairs [8,9] and as pinning centers for light spe-
cies [10,11]. These two facts may delay (shift to larger fluences) the
formation of overpressurized bubbles and, therefore, delay surface
blistering and exfoliation. Because of this, in order to asses the
capabilities of nanocrystalline tungsten (ncW) as PFM, the under-
standing of the influence of the GBs in the diffusion and trapping
mechanisms of hydrogen in ncW is of primordial importance.

Nevertheless, so far the behavior of H in nanostructured mate-
rials has not been sufficiently studied. Hitherto, from the experi-
mental point of view, most studies were devoted to characterize
hydrogen and hydrogen-isotopes behavior in polycrystalline W.
Those experiments evidence that implanted hydrogen-isotopes
are trapped in native defects with trapping energies between 0.5
and 1.5 eV [12,13]. However, since real samples may contain a
large diversity of native defects, i.e. GBs, dislocations, impurities,
etc., from these data the role of GBs in hydrogen trapping cannot
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be directly assessed. On the other hand, computer simulations
carried out so far were oriented to study hydrogen diffusion and
trapping in GBs using bicrystals [14–16], and thus dealt with
hydrogen behavior in very ideal systems. As an example of such
simulations, von Toussaint et al. [14] used Molecular Dynamics
(MD) with Juslin et al. [17] bond order potential (BOP), and found
that twist GBs may act as fast transport channels due to the pres-
ence of low-activation-energy migration paths, possibly leading to
enhanced diffusion rates for hydrogen in the trace impurity limit.
Nevertheless, these results are not conclusive since the overall
migration depends on the spatial pattern of the fast channels. Zhou
et al. [15] performed density functional theory (DFT) calculations
and found that vacant spaces (i.e. with large free volume) in
symmetrical tilt boundaries can act as trapping centers for hydro-
gen, with a trapping energy of 1.11 eV comparable to the binding
energy of a hydrogen atom to a vacancy (1.41 eV [18], 1.43 eV
[19]). Therefore, a strong segregation of hydrogen atoms to GBs
was predicted. Recently, Yu et al. [16] calculated diffusion barriers
of two possible diffusion paths in a tilt grain boundary using MD
with the Li et al. [20] BOP. Their findings indicated that diffusion
barriers might be significantly higher than in bulk tungsten and
that there is segregation of hydrogen to the grain boundary.

The aim of this paper is to study hydrogen diffusion and trap-
ping in general grain boundaries, rather than special (coincidence
site lattice or low-angle) boundaries. For this purpose, we carried
out Molecular Dynamics (MD) simulations of hydrogen diffusion
in ncW with mean grain size of 5 and 10 nm. Firstly, the diffusion
coefficient is calculated as a function of hydrogen concentration in
the sample (0.1 at.% < [H] < 10.0 at.%) in the temperature range
from 1200 to 2000 K. Secondly, trapping energies of grain bound-
aries are estimated via the potential energy per hydrogen atom
and diffusion results are interpreted within the framework of a
trapping model proposed by Kirchheim [21] for nanocrystalline
materials. Finally, H–H interaction is evaluated with regard to possi-
ble H2 formation, and segregation of hydrogen to GBs is assessed.
2. Methods

2.1. Simulation methods

MD simulations were performed using LAMMPS [22] and a
bond order potential (BOP) [20] for the W–H system. The BOP used
in this work is a modified version of Juslin et al. [17] BOP, and pro-
vides a better description of defect formation energies. Although
values for the diffusion coefficient of hydrogen in bulk W calcu-
lated via MD are not reported in that article, static calculations of
the diffusion energy barrier (activation energy) are in agreement
with those calculated by ab initio techniques (for further discus-
sion on this topic see [23,18,24,25]).

The tracer diffusion coefficient of H in W (Ds) can be defined by
the Einstein–Smoluchowski equation [26]:

Ds ¼ lim
t!1

1
6t
½rðtÞ � rð0Þ�2
D E

ð1Þ

where the ensemble average is taken over all hydrogen atoms in the
system and rðtÞ is the position of these atoms at time t. Ds can be
derived from the slope of the plot ½rðtÞ � rð0Þ�2

D E.
6 vs. t. For a sin-

gle flat tilt and twist GB (see for instance [27]) one could define a
diffusivity along the GB plane, and another perpendicular to it. Here
we have instead a large collection of GBs which are typically not flat
and display more disorder than tilt and twist boundaries. Therefore,
Eq. (1) defines a macroscopic magnitude that averages the fine
inhomogeneous structure of our nanocrystalline samples, represen-
tative thus of the physical volume element. This is akin to the
assignment of a scalar diffusivity to untextured polycrystals, though
at a much finer scale. As will be shown later on, in our particular
case it also allows for a qualitative appreciation of the relative
impact of grain boundary and bulk regions on the diffusion process.

Although there is evidence that the temperature dependence of
Ds could deviate from an Arrhenius law in amorphous metals [28],
it is assumed that, for the limited temperature range studied in this
paper, the tracer diffusion coefficient does obeys an Arrhenius law:

Ds ¼ D0
s expð�Ea=kBTÞ ð2Þ

with D0
s an exponential pre-factor, and Ea the activation energy.

For the purpose of analyzing the results, it is considered that a
site energy can be assigned to each hydrogen atom. A practical way
to estimate site energies is calculating the potential energy of each
hydrogen atom. As the BOP is a many-body potential, the potential
energy per atom is not clearly defined. For the sake of simplicity,
the site energy of hydrogen i is calculated as:

Ei ¼
X
j–i

1
2

f cðrijÞ VRðrijÞ � bijV
AðrijÞ

h i
: ð3Þ

Here rij is the distance between atoms i and j, f c is a smooth cutoff
function, VR and VA are repulsive and attractive pair potentials
respectively, and bij represents a measure of the bond order (i.e.
the strength of each bond) and is a nonlinear function of three-body
contributions [20]. The advantage of estimating site energies with
Eq. (3) rather than with standard binding or formation energy cal-
culations is the saving of computational time. In addition, it was
verified that there is a remarkable linear relationship between bind-
ing energy and site energy as estimated with Eq. (3).

The binding energy of two hydrogen atoms (EHH
b ) is obtained as:

EHH
b ¼ 2EðWnHÞ � EðWnH2Þ þ EðWnÞ½ � ð4Þ

where EðWnÞ refers to the energy of the reference bulk W with n
atoms, EðWnHÞ refers to the reference bulk W with an H atom resid-
ing in a tetrahedral interstitial site (TIS), and EðWnH2Þ is the energy
of the reference bulk with two H atoms in different TIS. With this
definition, a positive binding energy represents attraction between
H pairs.

The hydrogen–vacancy binding energy (EHV
b ) is defined as:

EHV
b ¼ EðWn�1VÞ þ EðWnHÞ½ � � EðWn�1VHÞ þ EðWnÞ½ � ð5Þ

where EðWn�1VHÞ is the energy of an H atom in its lowest energy
site in a W monovacancy, and EðWn�1VÞ is the energy of the same
system containing a single vacancy. As for Eq. (4) above, a positive
value means the H–vacancy pair is more stable than the separated
constituents.

2.2. Simulated systems

Nanocrystalline W (ncW) samples with grain sizes of 5 and
10 nm were created using an in-house Voronoi tessellation code.
Each sample contains 60 randomly oriented grains and is cubic
with a box side of 50 and 100 lattice constants respectively. Grain
size distribution was calculated and the results can be described by
a log–normal distribution with mean EðXÞ ¼ 5:027 nm and
EðXÞ ¼ 10:083 nm. This distribution is frequently observed as a
result of crystallization processes, especially random nucleation
and growth [29].

Simulations were carried out to understand hydrogen behavior
in real nanostructured W samples, which contain a large diversity
of GBs. Fig. 1 shows a dark field transmission electron microscopy
of a pure a-phase nanostructured sample with a thickness of
30 nm deposited by DC magnetron sputtering. More details about
fabrication procedure and coatings properties are reported in
[30]. In this image, it is observed that the coating is made of grains
presenting anisotropic shapes, with sizes between 50 and 150 nm.



Fig. 1. Dark field TEM image of a ncW sample with a thickness of 30 nm obtained
with a JEOL JEM 2100 microscope operated at 200 kV.

Table 1
Simulated samples and results of fitting diffusion coefficient data to the Arrhenius
law.

Structure d (nm) C (at.% H) D0
s (�10�8 m2=s) Ea (eV)

nc 5 10 13 ± 2 0.70 ± 0.03
nc 5 1 6 ± 2 0.71 ± 0.05
nc 5 0.5 6 ± 3 0.74 ± 0.06
nc 5 0.1 2 ± 0.4 0.65 ± 0.02
nc 10 1 11 ± – 0.77 ± –
bulk – 1 5 ± 1 0.20 ± 0.04
bulk – 0.1 4 ± 1 0.17 ± 0.04

Fig. 2. Cross-section of the 5 nm sample with 1 at.% hydrogen in grain boundaries.
W atoms colored coded with centro-symmetry parameter and H atoms in red.
Obtained with OVITO [51]. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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The high contrast observed between adjacent grains may suggest
that GBs are mostly of large-angle type, though some low-angle
GBs are also present (low contrast regions). Furthermore, it is
known that the Voronoi construction used to create the simulated
nanocrystalline samples produces mostly high-angle GBs [31].
Therefore, in spite of the difference in grain size between the sim-
ulated and experimental samples, both have in common a large
fraction of high-angle GBs.

The potential energy of the simulated samples was minimized
and subsequently an annealing was performed in the NPH/isoki-
netic ensemble for 100 ps at 2000 K while the pressure was kept
at zero. The heating and cooling rate were 1000 K/ps and
200 K/ps respectively. The reason for a lower cooling than heating
rate is that it was verified that a lower potential energy was
achieved with a slow cooling. All simulations were carried out with
an integration time step of 1 fs.

The porosities of the samples after relaxation relative to the
density of the crystalline phase (1� q=qbulk) were 2.1% and 1.2%
for the 5 and 10 nm samples, respectively. Similarly, the respective
fractions of GBs, as calculated with common neighbor analysis
(CNA) [32] technique, were 42.4% and 22.5%.

Hydrogen was introduced in the samples by three different
methods: (a) using random positions uniformly distributed in the
sample’s volume, (b) identifying W atoms in GBs by means of
CNA and switching a suitable number of them to hydrogen atoms,
and (c) calculating the Voronoi volumes (the volume of the
Wigner–Seitz cell) of W atoms [33] and placing the hydrogen
atoms in a random fashion within the largest Voronoi volumes.
Ds was found to depend on the hydrogen insertion method. Assum-
ing that hydrogen segregates towards GBs, insertion methods
(b) and (c) are preferred since they give rise to closer to equilib-
rium configurations. However, insertion method (b) produces sub-
stantial alteration of the microstructure in addition to changing the
number of W atoms in the samples. Hence, the Voronoi insertion
method (c) emerges as the most appropriate one for performing
simulations. Furthermore, inserting hydrogen atoms in the largest
Voronoi volumes is justified on the grounds that these are regions
of charge density depletion, and since the charge density in GBs is
greater than the optimal density, hydrogen exhibits the lowest
energy where the charge density depletion is largest, i.e. largest
Voronoi volumes [15]. After hydrogen insertion, further minimiza-
tion and annealing were carried out. The parameters used were the
same as for the prior annealing, with exception of time and cooling
rate (10 ps and 1000 K/ps, respectively).

As illustrated in Table 1, samples with different hydrogen con-
centrations (0.1 at.% < [H] < 10.0 at.%) were created. Additional
samples with 20 at.% and 30 at.% of hydrogen were constructed
but they were neglected for Ds calculations since in these samples
an increase in grain boundary fraction, as identified by CNA, was
observed. Nonetheless, the latter samples were used to study
H–H interaction. Fig. 2 shows a cross-section of the 5 nm sample
after 1 at.% hydrogen insertion.

The diffusion coefficient was calculated using Eq. (1) in the
same ensemble used for annealing. The mean square displacement
was calculated every 0.1 ps and for a total time of 30 ps approxi-
mately. For samples with low concentrations and temperatures
(e.g. 0.1 at.% H and 1200 K), the simulation time was extended up
to 80 ps to avoid excessive fluctuations of Ds.

Bulk diffusivity calculations were performed in the same way.
The configurations employed for hydrogen concentrations of 0.1%
and 1% consisted of cubic boxes with 31,250 and 54,000 W atoms,
respectively. Hydrogen was introduced randomly in the simulation
box with uniform probability.
3. Results

The diffusion coefficient was calculated for all samples at five
different temperatures: 1200 K, 1400 K, 1600 K, 1800 K, and
2000 K. It is worthwhile to mention that because of the high com-
putational cost only two Ds values were calculated for the 10 nm
sample. Fig. 3 shows the calculated diffusion coefficients and the
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Fig. 3. Calculated diffusion coefficients (colored symbols) and Arrhenius fit (dashed
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this figure legend, the reader is referred to the web version of this article.)
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Arrhenius fit (lines) for bulk and nanocrystalline samples, together
with the experimental values determined by Frauenfelder [34]
(D0

s ¼ 4:1þ5:0
�2:0 � 10�7 m2/s, Ea ¼ 0:39� 0:09 eV). Results obtained

from fitting the data to Eq. (2) are listed in Table 1 together with
their corresponding errors.

To characterize H–H interaction, pair distribution functions for
hydrogen atoms were obtained for all the studied samples. Results
for bulk samples did not show significant interaction, within the
empirical potential cut-off, for any of the studied concentrations.

Histograms of site energies for hydrogen atoms were obtained
by means of Eq. (3) after quenching to 20 K. Comparison between
histograms of site energy for different hydrogen concentrations
and grain sizes is performed in Fig. 4 to illustrate the effects of
the various parameters.
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Fig. 4. Histograms of site energies for different: (a) hydrogen concentrations (5 nm,
20 K), (b) grain sizes (1 at.%H, 20 K), and (c) quenching times (5 nm, 20 K, random
inserted 1 at.%H).
In order to study segregation, hydrogen was randomly
introduced in the 5 nm nc sample with a uniform probability
distribution. Subsequently the sample was annealed at 2000 K and
then quenched at regular periods. Fig. 4c shows histograms of site
energies at 20 K of samples quenched at different times (5 ps,
20 ps, and 40 ps).
4. Discussion

4.1. Diffusion coefficient

The calculated diffusion coefficient (Ds) of hydrogen is lower in
ncW than in bulk W by at least one order of magnitude in the
temperature range 1200–2000 K (Fig. 3). Furthermore, as shown
in Fig. 3, the diffusion coefficient in ncW increases with rising
hydrogen concentration, whereas in bulk W it does not depend on
concentration, at least below 1 at.% H. These results are in agree-
ment with experimental findings in other nc metals [35], although
in this work an enhanced diffusion above a certain concentration
threshold is not found. From this data, it may be concluded that
diffusion of hydrogen in ncW is trap dominated, and that GBs do
not provide high diffusivity paths for hydrogen (in accordance with
other studies [36–38] and in disagreement with those data reported
by von Toussaint et al. [14]). The reason for such discrepancy might
be due to the fact that, as a consequence of the construction process
of the ncW samples employed in this work, we are dealing with high
energy or out of equilibrium GBs.

A rough analysis also shows that H diffusion mainly takes place
through the (relatively thick) GB regions as opposed to the
bulk-like ones. For the diffusivity we may set approximately,

D ¼ f bulkDbulk þ f GBDGB ð6Þ

where f X=DX refer to the statistical weight/diffusivity of H in region
X. By putting f bulk / 1, we get f GB / expðEB=kTÞ, but for a non-essen-
tial factor, where EB is some representative binding energy of H to
the GBs. Moreover, from Fig. 4 the average site energy of H in GBs
can be obtained and the corresponding binding energy is estimated
to be EB � 2 eV using Table 2; consequently f GB � f bulk (trapping
and segregation effects are also discussed later). Thus, the predicted
activation energy for the 1st term of Eq. (6) would be (cf. Table 1)
Ebulk � 0:2þ 2:0 ¼ 2:2 eV, which is sizably larger than the calcu-
lated 0.7 eV for the whole D. In summary, the above relationship,
in the investigated temperature range, is dominated by the 2nd
term.

Additionally, the diffusion coefficient calculated for the 10 nm
sample with 1 at.% H exhibits no significant difference from the
one obtained for the 5 nm sample with the same H concentration.
This behavior, as discussed in Section 4.2, is related to the
concentration of hydrogen at GBs.

Finally, it is worth to highlight the similarities between the
results from this work and that reported by Lee and Lee [39] for
a Cu–Zr bulk metallic glass (BMG). They also found a lower Ds in
the BMG than in the crystalline phase, and a strong dependence
of Ds on hydrogen concentration, suggesting that the nanocrystals
constructed in this work can be described, for the purpose of diffu-
sion, as a heterogeneous system with both ordered and disordered
phases. This view has also been used to explain mechanical
Table 2
Comparison between site energies (Ei) and binding energies (EMD

b ) calculated in this
work. DFT results (EDFT

b ) are shown for reference.

Site Ei (eV) EMD
b (eV) EDFT

b (eV)

bulk �1.71 0.0 0.0
vacancy �2.59 2.03 1.41 [18], 1.43 [19]
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properties of nanocrystals [7], with slightly different results
depending on nanocrystal construction details [40,41].

4.2. Trapping

Trapping is one of the main processes controlling retention of
hydrogen isotopes in tungsten. In order to understand experi-
ments, it is important to determine which microstructural defects
are involved in the trapping process and their related trapping
energies. Trapping energies (Et) are usually approximated as the
sum of the binding energy (Eb) and the migration barrier (Em) of
the fastest particle [19]. For reference, site energies calculated with
Eq. (3), binding energies calculated with Eq. (5), and binding ener-
gies obtained with Density Functional Theory (DFT) calculations
are given in Table 2 for an H atom in bulk W and in a distorted
octahedral site in a monovacancy.

As shown in Fig. 4, GBs in ncW samples present a site energy
distribution centered at �2.6 eV, which is approximately the site
energy of an H atom in a vacancy (see Table 2). The main conclu-
sion is that traps in ‘‘general’’ GBs may present a broad distribution
of trapping energies centered at the vacancy trapping energy. This
suggests that traps in GBs are free volume related, and that the
result of Zhou et al. [15] for a symmetrical tilt grain boundary,
where the deepest traps have lower trapping energy than for the
vacancy, might be a feature of that particular boundary, but not a
general behavior. The fact that GB trapping energies may be similar
to the vacancy trapping energy has been suggested by Anderl et al.
[42]. Ogorodnikova et al. [13] conjectured that trap energies of
0.85 eV could be related to native defects, including GBs. We fore-
see that the origin of this discrepancy is mainly related to the
impossibility to separate the contribution of GBs from that of other
native and ion-induced defects in real experiments. Indeed, this
value is closer to that calculated by Terentyev et al. [43] using
DFT for dislocation trapping (� 0:55 eV), than to our value associ-
ated to GBs. The trapping energy of hydrogen isotopes to a vacancy
has been reported by several authors to be � 1:4 eV [12,13,44].

The diffusion results previously described can be understood
within the trapping model proposed by Kirchheim [21], which
assumes that the distribution (thermal occupation) of hydrogen
atoms among the different sites present in GBs and bulk can be
described by Fermi–Dirac statistics. Thus, each site is allowed to
be occupied by one or zero hydrogen atoms. Sites in the bulk have
a well defined energy while those in the GBs present a site energy
distribution. Regarding diffusion, Kirchheim’s central assumption
is that on average the diffusion barrier is smaller for high energy
sites than for low energy ones. In other words, when a hydrogen
atom is occupying a high energy site its jump probability increases,
leading to a higher diffusivity.

The calculated dependence of the diffusion coefficient on hydro-
gen concentration and grain size are explained with this model as
follows. Fig. 4a shows that with increasing hydrogen concentration,
higher energy sites become occupied and thus, the average diffusion
barrier is diminished, explaining the increase in diffusivity observed
in Fig. 3. In contrast, site occupation is not altered significantly with
increasing grain size at constant global hydrogen concentration, as
seen in Fig. 4b. The reason of this behavior is that, assuming com-
plete segregation, hydrogen concentration in GBs is only doubled
when increasing the grain size from 5 to 10 nm (since the fraction
of GBs is halved) whereas changes in concentration in Fig. 4a span
two orders of magnitude (0.1 at.% < [H] < 10.0 at.%). Hence, the
simulated grain size range is insufficient to determine the
diffusion coefficient dependence on grain size.

Kirchheim [21,28,35] derived an expression for the tracer diffu-
sion coefficient in nanocrystalline materials based on transition
state theory and the assumptions of constant saddle point energy,
and Gaussian distribution of GB energies (see Appendix A). As these
hypothesis are only partially fulfilled in the systems simulated in
this paper, only a semi-quantitative agreement can be expected.
In order to check the validity of these hypothesis, Eq. (A.3) was fitted
to the MD data via the mean (E1) and standard deviation (r) of the
Gaussian distribution corresponding to grain boundary energies.
Values for the bulk diffusion coefficient (D0 and Ea) were taken from
Table 1 (bulk 1 at.% H), ct was calculated with common neighbor
analysis to be almost 0.4, and E0 ¼ 0:86 eV was employed for bulk
sites energy as reported in [20]. Since reasonable agreement could
not be obtained for all temperatures, a higher weight in Eq. (A.4)
was given to the intermediate temperature, i.e. 1600 K. The results
obtained from the fitting procedure outlined in Appendix A were
E1 ¼ 0:58� 0:01 eV and r ¼ 0:43� 0:01 eV. Fig. 5 shows the depen-
dence of the diffusion coefficient with concentration as obtained
from our MD simulations and the prediction with Eq. (A.3). The
agreement found is fair, given the simplicity of the model, and cap-
tures the essential features of the concentration and temperature
dependence. Unfortunately, the difference between bulk sites
energy (E0) and the mean of the Gaussian distribution (E1), i.e.
E0 � E1 ¼ 0:28 eV, does not seem consistent with Fig. 4. It is asserted
that this inconsistency arises due to the already discussed simplicity
of the model.

From our studies, we observe that each grain boundary atom in
the H free sample can accommodate at least a single H atom. This
is consistent with the peak at 0.17 nm in the H radial distribution
function discussed in Section 4.3. It has been seen that a single
vacancy can trap up to 6–10 H atoms without leading to H molecule
formation and possible interstitial emission [45]. Therefore, a single
H atom in each W atom in GBs is a reasonable lower limit to H trap-
ping. We could extrapolate from the 5 nm nanograined sample to a
sample with grain size d ¼ 5 lm by assuming that the relationship
between grain boundary atoms and atoms inside the grain goes as
� 1=d. Therefore, the amount of H which can be retained by GBs
in such sample would be around 0.035 at.% H. Neglecting GBs and
assuming an extremely high dislocation density of 1012 1=m2, we
can estimate H retention using the estimate by Terentyev et al.
[43], where a dislocation segment of 0.275 nm can accommodate
6 H, resulting in approximately 0.000035 at.% H retention. Of course
these are rough estimates, given that GB topology will change as H
content increases and that we are neglecting H bubble formation,
but they point to the relevance of GBs as H trapping sites.

4.3. H–H interaction

In order to understand hydrogen behavior in nanostructured W
it is very important to determine if molecular hydrogen is formed.
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There is no evidence for H2 formation in the samples studied here,
even at the largest simulated concentrations (30 at.%). Almost all
hydrogen atoms are separated by distances larger than the
empirical potential cut-off (0.17 nm). We tracked pairs separated
by smaller distances and found that their motion was not correlated,
and that inter-H distance increased significantly with time, clearly
indicating lack of molecule formation. These results are consistent
with DFT results, which show no H2 formation for up to 10 H bonded
to a single vacancy [45]. Several articles [46,47,23,48] have found,
using DFT calculations, that H–H interaction is mostly repulsive,
with a weak attraction for a separation between H atoms at around
0.22 nm, i.e. a distance much longer than the equilibrium distance
for an isolated H2 molecule, which is 0.07 nm [20]. Therefore,
self-trapping through H2 formation seems to be impossible.

At high H concentrations, the pair distribution function for H in
the nc samples at 20 K shows a well-defined peak at 0.17 nm. This
might be related to an effective long-range interaction mediated by
strain. Binding energy calculations of H–H pairs in bulk W with Eq.
(4) (with n = 2000) indeed show a weak (��0.1 eV) effective repul-
sive interaction, with a minimum at 0.17 nm (this result was also
found in a recent article [49]), in disagreement with DFT calcula-
tions cited above. However, diffusion results presented here are
not affected by this discrepancy: the fact that Ds in bulk W is inde-
pendent of concentration indicates that H–H interaction for the
concentrations studied is small enough not to alter the diffusion
process, and it can be concluded that the dependence of the diffu-
sion coefficient with concentration for nc samples arise solely from
the microstructure present in these samples.

4.4. Segregation

It is well known that hydrogen tends to segregate in native
defects like GBs, possibly changing the mechanical properties of
the material. As shown in Fig. 4c there is a strong peak at
�1.71 eV that corresponds to tetrahedral sites in bulk W and a broad
distribution centered at ��2.60 eV that corresponds to GB sites. As
the sample is annealed for longer times the peak at�1.71 eV looses
intensity, whereas the peak centered at�2.60 eV increases, indicat-
ing that hydrogen atoms gradually migrate to GBs during annealing.
This result suggests that GBs act as strong trapping centers and can
lead to intense segregation as predicted by Zhou et al. [15] based on
DFT calculations and by Gonzalez-Arrabal et al. [50] by analyzing
the hydrogen depth distribution in ncW using resonance nuclear
reaction analysis. It must be emphasized that hydrogen segregation
to GBs was complete in all simulations performed in this work, as
shown in Fig. 4. Finally, it should be noticed that the binding energy
of an H atom to a vacancy calculated here with MD overestimates ab
initio calculations, as shown in Table 2. Therefore, segregation is
probably overestimated by this empirical potential.

5. Conclusions

Hydrogen diffusion and trapping in nanocrystalline tungsten
with mean grain size of 5 and 10 nm was calculated using Molecular
Dynamics (MD). The hydrogen diffusivity calculated for all samples
was lower than that reported for coarse-grained tungsten and
depends strongly on hydrogen concentration (0.1 at.% < [H] < 10.0
at.%), rising with increasing concentration. Such dependence arises
solely from the nanocrystalline structure since it was not observed
for bulk tungsten samples, and could be rationalized using
Kirchheim’s model [21]. One important thing to be considered is
the possibility of H2 formation which might affect diffusion. There-
fore, H–H interaction was evaluated, disregarding the possible
formation of H2.

Grain boundary trapping energies were estimated and a broad
distribution roughly centered at the vacancy trapping energy was
found, giving trapping energies which are higher than those previ-
ously calculated for special GBs in bycristals [15]. In addition, for
typical polycrystals, the amount of hydrogen which can be retained
in grain boundaries was estimated to be significantly larger than
the amount which can be retained in dislocations. Finally, segrega-
tion of hydrogen towards grain boundaries was studied by anneal-
ing the 5 nm sample at 2000 K and quenching at regular periods,
resulting in hydrogen preferential migration towards grain bound-
aries during annealing, and also supporting grain boundaries as
strong trapping sites.

In conclusion, these results contribute to the understanding of
hydrogen behavior in polycrystalline tungsten, which is a strong
candidate as first wall material in nuclear fusion reactors. Never-
theless, in order to arrive at definite conclusions about material
performance, a more complete understanding of the hydrogen
impact on the material properties is needed, including the role of
hydrogen in the mechanical properties of the material, the role of
radiation-induced defects as competing trapping sites, etc.
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Appendix A. Trapping model

In this appendix we summarize the assumptions and equations
involved in applying the model proposed by Kirchheim [21] to explain
diffusivity in nanocrystalline metals. Throughout the appendix, con-
centrations (C) are expressed as the ratio of hydrogen atoms (NH) to
interstitial sites (N), i.e. C ¼ NH=N. These are then converted to the
ratio of hydrogen atoms to matrix atoms (Nmatrix), i.e. c ¼ NH=Nmatrix,
multiplying by the number of interstitial sites per matrix atom (b)
such that c ¼ bC. b is supposed to be constant, disregarding disorder
in grain boundaries, and is taken as 6 for bcc structures.

The model assumes that hydrogen atoms are distributed
according to Fermi–Dirac statistics in interstitial sites of a matrix
atomic structure (bulk and grain boundaries). There are fractions
ct and ð1� ctÞ of matrix atoms belonging to grain boundaries and
bulk, respectively. Bulk sites are all equivalent, with a well defined
energy E0 (an energy reference immaterial to the results), and grain
boundary sites follow a Gaussian distribution of energies with
mean E1 and standard deviation r. The total distribution function
is then [35]:

nðEÞ ¼ ð1� ctÞdðE� E0Þ þ
ct

r
ffiffiffiffi
p
p exp

E� E1

r

� �2
" #

: ðA:1Þ

Concentrations can be obtained multiplying Eq. (A.1) by the
Fermi–Dirac distribution and integrating with respect to E:

CðlÞ ¼ 1� ct

1þ exp E0�l
kbT

� �þ ct

r
ffiffiffiffi
p
p

Z 1

�1

exp E�E1
r

� �2
h i

1þ exp E�l
kbT

� �dE: ðA:2Þ

where l is the chemical potential. Eq. (A.2) must be solved numer-
ically and inverted to obtain l ¼ lðCÞ.

An expression for the tracer diffusion coefficient (Ds) can be
derived under the framework of transition state theory, and
assuming constant vibrational frequencies and constant saddle
point energy. Ds is then given by [28]:
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DsðCÞ ¼ DsðbulkÞ exp
lðCÞ � E0

kbT

� �
ð1� CÞ2

C
ðA:3Þ

This equation is also applicable for the nanostructured samples con-
sidered here, as previously discussed for Eq. (1).

In order to apply the model to our simulation results, the fol-
lowing objective function (n) was minimized:

nðE1;rÞ ¼
X
T; C

wðTÞ ln Ddata
s

� �
� ln Dmodel

s

� �h i2
ðA:4Þ

where Ddata
s are the diffusion coefficients calculated via MD, Dmodel

s

are the diffusion coefficients calculated with Eq. (A.3), and wðTÞ
are weights given to each temperature. A grid was constructed in
the E1 � r space, and nðE1;rÞ was calculated for each point in the
grid. Finally, careful analysis of the domain allowed identification
of regions where n presents minima.
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