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Abstract

In this paper, we report on an enhanced hydrogen permeation effect along grain boundaries in tungsten. Sputtered nano-
columnar tungsten layers (column lateral dimensions 100—150 nm and layer thickness 2 pm) were analysed by hydrogen
permeation measurements in the temperature range 520—705 K. The experiments constitute a direct observation of this effect,
previously postulated by means of a combination of indirect experiments and simulations and considered controversial due
to the lack of direct measurements. DFT results support this observation since (i) the hydrogen binding energy to the grain
boundary is 1.05 eV and (ii) the migration energies along the grain boundary and along the bulk are 0.12 eV and 0.20 eV,
respectively. OKMC simulations, parametrized by DFT data, were used as a supporting tool to attain a better understanding
of the involved phenomena. The OKMC results are also compatible with the observations. Indeed, they show that the fraction
of hydrogen flux along grain boundaries in the steady-state permeation regime increases when decreasing the ratio of lateral
dimensions to length of the nanocolumns, rapidly approaching unity when this ratio is < 2. Therefore, grain boundaries act
as preferential migration pathways for H atoms at the studied temperature range in the studied samples. This behaviour has
interesting implications to reduce the retention of hydrogen in several applications, in particular, fusion materials exposed
to plasma discharges.
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1 Introduction

One of the main challenges that must be overcome in order
to attain energy production by means of nuclear fusion
reactions is the development of materials, by any fabri-
cation method able to provide functional solutions (e.g.,
protective coatings) with superior properties to withstand
realistic power plant conditions [1-8]. Tungsten (W) is
nowadays considered the most reliable material to fulfil
this role due to its outstanding properties, such as high
melting point (T, = 3695 K) and high thermal con-
ductivity (160 W m~! K1) [1]. However, it also presents
certain drawbacks, particularly regarding the retention of
light species, mainly hydrogen and helium [9, 10]. This
leads to a series of detrimental effects such as surface blis-
tering, exfoliation and cracking [5, 11]. In order to avoid
or at least to minimise these effects, one of the proposed
strategies consists in scaling down the grain size from
micrometre dimensions to tens to hundreds of nanome-
tres (nanostructuration), as it has been reported that nano-
structured materials present a higher resistance against
radiation than their coarse-grained counterparts [12—16].
The superior resistance is attributed to the high density
of grain boundaries (GBs), which enables a self-healing
behaviour based on the annihilation of point defects (such
as vacancies and interstitial atoms) under certain condi-
tions [12—-16]. However, in the specific case of nanostruc-
tured tungsten, there are still some discrepancies regard-
ing the effect of the GBs in the transport of hydrogen:
some publications report an enhanced hydrogen transport
through GBs [17, 18], whereas, other authors attribute
a strong trapping behaviour to the GBs [19, 20]. These
discrepancies have been ascribed to different factors, like
the nature and structure of the GB [21, 22], as well as the
different temperature range of the performed analysis (as
thermal-activated mechanisms can play additional roles
in defect transport), not only in tungsten, but also in other
metals [23-26]. We should emphasise that the information
regarding the influence of GBs in hydrogen transport has
been obtained through indirect observation, not only in our
previous reports but in all the literature mentioned above.

This work intends to shed some light regarding the role
of GBs in hydrogen transport in tungsten by direct obser-
vation of hydrogen permeation in nanostructured tung-
sten samples in the temperature range from 520 to 705 K
grown by DC magnetron sputtering. In addition, object
kinetic Monte-Carlo (OKMC) simulations, parametrized
by means of density functional theory (DFT) data, have
been extensively used to analyse the experimental data and
attain a better understanding about the underlying phe-
nomena. The combination of experiments and simulations
provide a clear evidence of an efficient H trapping at the
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GBs and an enhanced 2D diffusion along them. Thus, the
GBs act as efficient H migration pathways in our samples
and therefore, contribute to a significant H permeation flux
enhancement along nanostructured W in the temperature
range of this study.

2 Materials and methods
2.1 Sample preparation

Pure a-phase, nanostructured W (NW) coatings preferen-
tially oriented along the a-(1 1 0) direction were deposited
by DC magnetron sputtering from a pure (99.95%) W com-
mercial target at normal incidence angle on nickel substrates
for mechanical support during the permeation experiments.
The coatings have a thickness of approximately 2 pm as
determined from cross-sectional scanning electron micros-
copy (SEM) images. The deposition setup consists of a high
vacuum chamber with a base pressure in the range of 107
Pa, equipped with a 5-cm diameter magnetron designed and
manufactured by Nano4Energy SL (www.nano4energy.es).
The coatings consist of columns that grow perpendicular to
the substrate, presenting an inverted pyramidal shape (com-
patible with zone T in Thornton’s morphology diagram
[27]). The diameter of the columns at the coating surface
is around 150 nm (Fig. 1). A more detailed description of
the deposition method and the morphological and micro-
structural properties of the coatings can be found elsewhere
[28]. The Ni substrate (99.95% pure Ni foil, with a thickness
of 100 um) was provided by Goodfellow. The effect of the
coating on the hydrogen transport was studied by means of
permeation experiments on an uncoated Ni substrate.

Fig.1 Top view and cross-sectional (detail) scanning electron
microscopy images of pure a-phase nanostructured W coatings
deposited by sputtering following the procedure described in [28].
The coating is made of columns with an average diameter of ~100
nm, which grow perpendicular to the substrate
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2.2 Permeation measurements

The permeation measurements rely on the determination
of the hydrogen flux along a sample that acts as a mem-
brane separating the high-pressure side from the vacuum
side where detectors to determine the flux are located. This
process consists of several steps that involve the adsorp-
tion and dissociation of the hydrogen molecule at the sam-
ple surface, diffusion of the hydrogen atoms through the
sample and, finally, the recombination of the hydrogen
atoms and desorption of the hydrogen molecule on the
other side of the sample. The steady-state permeation flux
along a single material membrane in this case can be writ-
ten as follows:

" "

J= D% = SD% = go%, €))

where J represents the permeation rate, C, the surface
region concentration, S and D are the solubility and the
diffusivity, respectively, ¢ represents the permeability of
the material, P is the hydrogen pressure in the high-pres-
sure side, and d the thickness of the sample. It is important
to note that the value of the inlet pressure exponent, n,
varies depending on the limiting step of the whole pro-
cess: for purely diffusion-limited permeation, the exponent
takes a value n=1/2, whereas for purely surface-limited
permeation, n=1 [29-31]. The permeability is represented
by ¢ =SD and, in most cases, it follows an Arrhenius law
over a broad range of temperatures, as the solubility and
the diffusivity do.

_Ea
qp:(pOXeXp<k—T>. (2)

where @, is the permeability preexponential factor, E,
the activation energy, k the Boltzmann’s constant, and
T, the temperature. In the case of coated, multi-layered
samples, hydrogen must permeate through the whole sys-
tem, and therefore a reduction of the permeation flux with
respect to that along an uncoated substrate is expected. In
this situation, an experimental proof of the coating effi-
ciency is the reduction of the steady-state hydrogen perme-
ation flux at identical conditions for coated and uncoated
substrates. Thus, we can define a permeation reduction
factor (PRF) [32], which can be written as:

uncoated

J,
PRF = —, 3)
coated
where J,.0ateq T€fETS to the steady state flux along
the substrate and J_,.4 to the stead-state flux along the
whole-coated sample. In the diffusion-limited permeation
scenario, the PRF of a bilayer sample is related to the

permeability (¢) and thickness (d) of each layer (i) through
the following expression [32]:
d g,

PRF =1+ —, 4
d.o; 4

where the subscript f corresponds to the coating film and
the subscript s, to the substrate. Thus, we can obtain the
permeability of the film provided we know the thickness of
the layers, the permeability of the uncoated substrate (Ni in
our case) and the PRF (i.e., the J_,.q and Jpcoated)-

Permeation measurements were performed in a home-
built all-metal permeation cell, which operates with a base
pressure of 10~ Pa. It is divided in three different modules,
schematically shown in the inset of Figure 2. Module 1 is
the gas supply, module 2 contains two sample holders with
the heating elements and module 3 is the detection chamber
with the necessary instrumentation. Module 1 consists of
stainless steel tubes connected to the gas supply, a mem-
brane pump and a pressure gauge to control the pressure.
The sample is mounted in one of the stainless steel flanges
(module 2), in such a way that the sample acts as a mem-
brane separating the high-pressure side (module 1) from the
high vacuum side (module 3). The sample can be exposed to
pressures of up to 10° Pa. The temperature is controlled with
a thermocouple attached to the flange that holds the sample.
Finally, module 3 is made of stainless steel and contains a
vacuum gauge and a quadrupole mass spectrometer (QMS).
Thus, we can estimate the hydrogen permeation rate with
both instruments. The measurements were performed fol-
lowing the dynamic method, i.e., exposing the heated sample
to a constant pressure and determining the permeation flux
on the other side of the sample.

In this paper, the permeation experiments were performed
at different temperatures, ranging from 520 to 705 K, in
order to determine the permeability of the material accord-
ing to Equation (2). At least five measurements were carried
out at every single temperature at different inlet hydrogen
pressures from 10° down to 10° Pa to verify the rate limit-
ing mechanism of the permeation process through the value
of the pressure exponent, n, in Equation (1). Between two
consecutive experiments, the sample and neighbouring tubes
were heated for several hours above the maximum analy-
sis temperature value, in order to minimise the influence
of hydrogen desorption contributions. An example of the
hydrogen permeation flux obtained at 520 K is shown in
Figure 2. During these experiments, the sample was heated
to the target temperature in vacuum (aprox. 107 Pa) and
kept at that temperature for several hours to reduce the back-
ground signal. Then, the highest hydrogen pressure (777.6
kPa) was set. At this relatively low temperature, long times
are required to stabilise the permeation flux, in the exam-
ple, more than 2 days. Once stable, the inlet pressure was
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Fig.2 Hydrogen permeation 20 T T : T vda T r I T T
flux obtained at 520 K for
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decreased to the indicated values and the permeation flux
was recorded in every case.

2.3 DFT simulations

DFT simulations were performed by means of the VASP
package [33-35]. In all these calculations, we have used the
approximation developed by Perdew, Burke and Ernzerhof
(PBE) [36] for the exchange and correlation functional and
the Projector Augmented Wave [37] pseudo-potentials pro-
vided by the code. A cutoff energy of 400 eV was fixed for
the plane waves and the structures were relaxed until the
energy difference was less than 10~ eV and the forces were
lower than 0.025 eV/A. We have modelled the W atoms
using six valence electrons (4 4d and 2 5s) and a single
electron in the /s orbital for H. Following these conditions,
the lattice parameter obtained for the bulk (bcc) structure
was 3.172 10\, in agreement with the experimental room
temperature value 3.165 A [38]. The 1x1x1 cubic unit cell
was repeated 5 times along the three Cartesian directions,
thereby forming a 5x5x%5 supercell (250 atoms), where we
have created all the defects included in the parametrization.
The first Brillouin zone was sampled with a 2x2X2 k-mesh
following the Monkhorst—Pack methodology [39]. We pre-
sented and successfully used all these values in a previously
published work [10].

On the other hand, the GB was modelled with a slab
formed by 6 layers of a W <110> surface adjoined to
6 additional layers of a W <112> surface (for a total of
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Time (minutes)

288+168=456 atoms). This particular choice of surfaces has
been suggested by experimental data (XRD). The interface
was formed after the alignment of the (—111) directions of
both surfaces (see Fig. 1 in Ref. [40]). We repeated the unit
cell four times along this direction and defined the full unit
cell when a mismatch between the surfaces of less than 1%
was found in the perpendicular direction. Due to the dif-
ference in the length of the lattice vectors, the k-space was
sampled asymmetrically by means of a 2x4 k-mesh. The last
atomic layers of each surface were fixed, in order to mimic
bulk behaviour, while the remaining ones were allowed to
move during relaxation. A vacuum of 12 A was included in
the calculation to avoid spurious interactions between sur-
face images. A more exhaustive description of the interface
construction process can be found in [40].

2.4 OKMC simulations

OKMC simulations were performed with the open source
code MMonCa [9, 10, 41]. The parametrization used in this
work is identical to the one recently employed in [9], except
for some modifications introduced to consider hydrogen
incorporation to GBs and hydrogen migration along GBs,
based on the results of the DFT calculations. Figure 3
depicts the simplified schematic energy diagram used for the
simulations. We obtained a smaller value for the migration
energy along GBs than that in the bulk (0.12 eV and 0.20
eV, respectively) [10], which implies an enhanced mobility
for H atoms along the GBs. We take into account the 2D
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Fig.3 Energy diagram of a
H atom in a nanostructured
tungsten sample. The migra-
tion energies along the grain

(E,, grain) In a direction parallel

to the surface and along the
grain boundary (E,, ) are
indicated, as well as the binding
energy to the grain boundary

(Eb, grain—GB)

migration mechanism along the GBs and the 3D migration
mechanism in the interior of the grains. In addition, our DFT
simulations leads to a binding energy of a hydrogen atom
to an empty GB is 1.05 eV. Hence, hydrogen atoms are effi-
ciently trapped at the GB at low occupation levels and at
the experimental temperatures. In our simplified scheme, we
used this value instead of a binding energy dependant on the
GB occupation density. However, we considered the hydro-
gen occupation by varying the allowed maximum occupa-
tion density from 0.25 to 6.25 H/nm?. Thus, the GBs are not
considered perfect sinks for H, on the contrary, hydrogen
incorporation to the GB is only possible through empty sites.
In this way, the effect of GB occupation is considered in a
simple model that provides information about the relation-
ship between occupation density and effective permeability.

In order to analyse the influence of the GB density on the
permeation behaviour, several simulation boxes were used
with different sample dimensions, i.e., different length (d)
and grain size (lateral dimensions, LXL). The box length
was d = 50, 100 and 200 nm and the lateral dimensions L? =
50%50, 100x100 and 150x150 nm?2. The four lateral surfaces
of the boxes were defined as GB in terms of energies and
migration mechanisms.

We carried out the permeation simulations by means of
two different methods. The first one consists in keeping a
constant concentration at the box surface, while the second
one relies on keeping a constant flux along the simulation

m, grain

box. The first method is more intuitive because it is similar
to the experiments performed in diffusion-limited mate-
rials such as tungsten. However, it requires to count the
number of atoms in the surface region every certain num-
ber of steps and replace the lost ones. There are some
issues that arise from this method, namely, the definition
of the surface region is not trivial, and the small dimen-
sions of the simulation boxes lead to statistical errors
in counting and replacing atoms. Regarding the second
method, we added a fixed number of atoms every certain
number of simulation steps. In this way, we properly repro-
duce the steady-state permeation once it is reached (which
is actually the final goal of the simulations) without the
statistical fluctuations produced by the random movement
of atoms in and out the surface region. For this reason,
most results shown in this paper were obtained with this
method. Certainly, with this method, we cannot describe
the concentration build-up prior to the steady-state regime.
However, this is not the main point of interest, which
would actually require, for a proper description, a more
sophisticated model including molecule adsorption from
the gas phase and dissociation at surface cracking centres.
Without such a detailed surface model, we need to rely
on published values of solubility to estimate the external
pressure in equilibrium for a certain surface concentration
(steady state in diffusion-limited permeation).

QATAR UNIVERSITY @ Springer
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3 Results and discussion
3.1 Permeation measurements

As described in the previous Section, Figure 2 shows an
example of hydrogen permeation experiments at 520 K
across a NW sample on a Ni substrate. We carried out the
same experiments at different temperatures and inlet pres-
sures, as mentioned above, in order to study the steady-
state permeation flux dependence on these variables. The
steady-states fluxes (J,,,.q) are summarised as a function
of the square root of the inlet pressure for five experiments
performed at different temperatures in Figure 4. The linear
trend followed by the experimental points can be fitted
with the least square method, showing a high goodness of
the fits (R > 0.999 in all the cases). This indicates that
the steady-state permeation flux follows Equation (1) with
an exponent n = 1/2, which, as discussed in the previous
Section, is an evidence of a diffusion-limited permeation
process. Thus, the atomic hydrogen concentration at the
sample surface region is in equilibrium with the external
gas pressure.

In order to determine the PRF, we need to know the
permeability value of the uncoated Ni substrates. Instead
of using values reported in literature, we carried out
similar experiments to those shown in Figure 4 on our
uncoated substrates (not shown). We confirmed a diffu-
sion-limited permeation behaviour (n=1/2) and obtained

Ni permeability values with the following Arrhenius tem-
perature dependence in the studied temperature range:

H, exp —-0.579 eV )
mx s x Pa'/? kgT

Pn = 3.43x 10"

which is in good agreement with the literature [42, 43].
With this expression and Equation (1), we obtain J,,.qaeq fOT
all the temperature and inlet pressure values of the experi-
ments represented in Fig. 4. By using Equation (3), with
J oarea Values represented in Fig. 4 and its corresponding
Juncoated Value, we obtain the PRF, which is ~4 for all tem-
peratures and inlet pressure values. Then, and taking into
account that the substrate (d,) and the coating depth (d,) are
100 pm and 2 pm, respectively, Equation (4) provides the
permeability of the NW coatings at every temperature. The
permeability values are plotted in Figure 5. Assuming an
Arrhenius behaviour, we get the following expression for
the permeability of the NW layers (fitting line in the figure):

H, exp —0:369 €V 6
m X s X Pa'/? P kgT ’ ©)

onw = 1.74 x 107

For comparison purposes, along with our results, Figure 5
contains permeability results obtained by Frauenfelder [44,
45], Zakharov [45], Esteban et al. [46], Zhao et al. [47],
Liang et al.[48], and Liu et al.[49, 50]. The results shown in
the figure were obtained for samples with different micro-
structure and defect level; thus, the values shown in the

Fig.4 Steady-state permeation
fluxes across a nanostructured
tungsten sample deposited on a 5
nickel substrate as a function of
the square root of pressure for
the indicated temperatures. The
continuous lines were obtained
by means of least square fits.
The goodness of the fits, R%, is
>0.999 in all cases

Permeation flux (10" H, m?s”)

R’ > 0.999

i . S— : 1 . ] ) ] )

300 400
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Fig.5 Permeability of H in 10" g T r r r -
tungsten obtained by means
of the experiments reported wl 1
in this paper and compared to 107 F E
experiments by Frauenfelder
[44], Zakharov [45], Esteban 10" |k -
et al. [46], Zhao et al. [47], O E
Liang et al. [48], and Liu et al. " 12
[49, 50]. The continuous lines % 10° F E
are fits to the experimental data £ E
o!)tamed frgm samples with i 10" = — Frauenfelder [42] 3
different microstructure. In the ~ F E
case of Esteban et al. the con- E 10 —— Zakharov [43] ]
tinuous line corresponds to the e 107 F Esteban [44] -
permeability of bulk tungsten — Zhao [45] ® 3
as estimated from their results 10° [ ® This work _
when considering the effectof ~ F --o-- Fit to this work. 3
traps . | — Liang [46] ]
10" F Liu_rolled (rolled) [47] E
—— Liu_annealed (annealed)[47] 1
10" k Liu (recrystallized) [47] -
Liu [48] 3
106 [ 1 1 L 1 L 1
0.0004 0.0008 0.0012 0.0016 0.0020
1/T (K)

figure are effective permeabilities affected by the details
of the samples under study, their microstructure and their
defect level. The estimation of the permeability value of a
non-ideal sample is not straightforward, in particular at low
temperatures, due to the myriad of effects that can occur
in a real sample containing point defects, dislocations and
grain boundaries [51]. However, it is very remarkable that
the permeability of our nanostructured layers is considerably
higher than the permeability reported in every one of the
other experiments carried out on samples with much larger
grain size. Only at very elevated temperatures, an extrapola-
tion of our results seems to point to the experimental results
of Frauenfelder [44, 45]. This observation agrees with the
fact that, at elevated temperatures, H emission from the
GBs is possible, which suppresses the preferential migra-
tion pathway of H along the GBs. On the other hand, at low
temperatures, H cannot escape from the GB region due to
its binding energy (1.05 eV, according to our DFT results).
Therefore, at low temperatures, GBs play an important role
in H transport and permeation. Based on DFT calculations
and indirect observations on hydrogen transport in NW,
we proposed that the presence of GBs perpendicular to the
sample surface significantly enhances the H migration to
the surface [9, 10], from where H can escape in molecular
form upon recombination. The direct observation of hydro-
gen transport through the permeation experiments shown
in this paper strongly supports our suggestion. The recent
permeation results obtained by Zhao et al. [47] (green line
in Figure 5) on microstructured tungsten samples with elon-
gated grains perpendicular to the surface also support our

proposal of an enhanced permeation favoured by the GBs. In
addition, the results shown by Liang et al. (grey line) and Liu
et al. (various green lines and pink line) do correspond with
the projection of the results attained by Frauenfelder and
Zakharov, respectively for samples with grain sizes of sev-
eral hundreds of nanometres, even few micrometres [48-50],
where the effect of the GBs is negligible.

3.2 DFT simulations

DFT calculations allowed us to determine the binding energy
of the most stable site for a single H atom in an empty (100)/
(112) interface, obtaining a value of 1.05 eV, in agreement
with the result found by several authors [52-57]. Its migra-
tion energy along the (—111) direction was also estimated,
and the barrier found was 0.12 eV, clearly below the migra-
tion energy through bulk W (0.20 eV). Additionally, in an
attempt to achieve a better understanding of the GB occupa-
tion process, we have tried to fill completely the interface
with H atoms, as it is shown in Figure 6. It was possible to
insert a maximum of 39 H/nm? in the designed interface.
This process leads to an important modification of the
energy diagram and the migration of a significant number
of H atoms to first and second nearest neighbour sites. This
means, effectively, a reduction in the binding energy of H
to the GB. These calculations have been performed follow-
ing a standard DFT methodology, thus all processes take
place at 0 K. Reaching this huge H occupation at the GB is
not expected at higher temperatures, as the binding energy
of H decreases when the amount of H atoms that access to
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Fig.6 Representation of the
results attained during the fill-
ing process of the (100)/(112)
interface (W atoms as grey
spheres) with H atoms (white
spheres). A maximum H density
of 39 H/nm? was achieved at 0
K. The inclusion of additional
H atoms provokes a decrease

in the binding energy and the
migration of several H atoms to
first and second neighbour sites

the GB increases, to a point that the reemission mechanism
dominates over the incorporation to the GB.

These values confirm, firstly, the ability of GBs to act
as efficient traps for H atoms at he analysed temperatures,
avoiding the return of these atoms back to the grain and
forcing them to migrate along the GBs, where the migra-
tion energy barrier to overcome is smaller than inside the
grain. It is important to note that the value found for the
binding energy (1.05 eV) corresponds to a hydrogen-empty
GB, and therefore might change depending on the amount
of H already present at this GB. However, considering the
model proposed in previous sections and further developed
in the following one, the proposed value is high enough
to assume that GBs behave as traps for H, impeding their
reemission back to the interior of the grain. If the accumula-
tion of hydrogen at the grain boundaries is too high, hydro-
gen atoms will pile up; however, since this situation is far
from our experimental situation, we have not considered it
in detail.

3.3 OKMC simulations

We carried out OKMC simulations to understand the effect
of the GBs on the hydrogen transport along our NW sam-
ples. Rather than a quantitative fit to the experimental data,
we pursued a semi-quantitative explanation of the transport
processes. As discussed in Section ‘Materials and meth-
ods’, the simplified GB model we used does not consider
a variable hydrogen-binding energy to the GB as a func-
tion of the GB occupation. On the other hand, we set the
maximum occupation number to study its influence. We
did not consider surface effects, on the contrary, we intro-
duced hydrogen in the surface region by two methods, either
keeping the concentration constant or the flux constant. It

orrrCco g | s acols

QATAR UNIVERSITY

@ Springer

O 00 00O0O0O0OO0OOODO
© 00 00000000 OO

©0000000O0O0O0O
©000000000O0O

©0000000O0O0OO0O

©0:000000°00000

was not possible to carry out simulations with boxes of the
experimental dimensions (2 pm thick) because the simula-
tion times for such boxes are excessively long. However,
we show next that this is not a major drawback. In fact,
in order to provide a comparison with the experiments for
validation purposes, we show in Figure 7 the permeability
values obtained from our experiments (previous discussion)
and permeability values obtained by means of the OKMC
simulations, calculated with Equation (1), provided we can
connect the concentration in the surface region (from the
simulations) and the external equilibrium pressure. For that
purpose, we need the hydrogen solubility in tungsten, which
is actually a non-well established value, especially at low
temperatures, at which different traps do play an important
role [51]. In our case, we used the solubility obtained by
Esteban et al. [46] considering traps at temperatures similar
to those of our experiments. Thus, to provide an example
with the values employed, with Esteban’s solubility, the
equilibrium pressure to keep a fixed concentration of 5.6
H/nm? varies from 0.1 to 1 GPa depending on the tempera-
ture. These inlet pressures are considerably higher than the
experimental ones, which is appropriate to avoid the statisti-
cal fluctuations related to the low concentrations reached in
our simulations even when carrying out the simulation in
constant flux mode (Section ‘Materials and methods’). Cer-
tainly, at these high pressures, one would expect additional
effects, such as the appearance of strain/stress fields in the
material and a hydrogen behaviour far from ideal gas condi-
tions, which affect physical parameters such as solubility and
permeability. However, since these effects are not considered
in our model, the results obtained at high pressures can be
extrapolated to low pressures with the mentioned advan-
tage of reducing the statistical fluctuations. Indeed, the good
agreement between the experiments and the simulations in
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Fig.7 Comparison of perme- 100 ¢ T T T T T
ability values obtained in our [ O 50x150x150
experiments and by means
of OKMC simulations using A 100x150x150
bpxes Qf the 3intdhicaﬁtedt dimegl— — X v 200x150x150
reeretothe box gt dand g ®  Experiments (this work) 4
a maximum GB occupation of o —— Fitto experiments
§.25 H/nm?. For the'simula- F'w 10 | - - - Monocrysta”ine W -
tions, the concentration was - (@)
kept constant (5.6 H/nm?) in the £ S
near surface region (0.4 nm). o~ S~ 0O
The continuous line is the fit to OI S o
the experimental values given ) s
in Eq. (6). The dashed line was D
obtained by OKMC simulations >
of a GB-free (monocrystalline) g 1 3 -
tungsten sample 'c%

o ~

S

)

o

3,1 L 1 L 1 1 1 L
1.2 1.4 1.6 1.8 2.0
Reciprocal temperature (1000/K)

the whole temperature range of the experiments for boxes N T T '
with lateral dimensions similar to those of the experimental zm wor ® : mzi 822?11 i
samples (L? = 150x150 nm?) and a sufficiently large thick- > oo L 3 3 ° s 2 Max. Occ.=0.25
ness (d = 100-200 nm) in simulations with a maximum GB § o “‘;: 5 705 K
occupation density of 6.25 H/nm? is remarkable. According § 08} § S § § § ]
to the figure, the permeability curve significantly changes § S g § § é
when d varies from 50 to 100 nm. However, the variation is § o7 o § “ é - g .
small when d varies from 100 to 200 nm. Further increase in g o = S ’
the box thickness will likely lead to similar results, making g oer 3 3 X 3 ’
possible to extract useful conclusions with boxes smaller E 0s L 2 3 ® X i
than those of the experiments. Thus, despite the simplified ~ 5 S 3 <
model, the permeability values obtained by OKMC simula- % 04 L 3 i
tions reproduce fairly well the experimental values, making R h - . .

us confident about the explanation on hydrogen transport
given in the following.

For comparison, similar simulations for a GB-free
(monocrystalline) sample are included in Figure 7 (dashed
line). The obtained permeability is much lower than the one
found for the NW cases. Once again, the enhancement due
to the high GB density is very evident. The permeabilities
shown in Figure 7 for NW samples are effective permeabili-
ties, i.e., a fraction of the hydrogen flux diffuses along the
grain boundaries through a 2D diffusion process and the rest
along the grain, following the normal 3D diffusion along
monocrystalline W.

The OKMC simulations provide the fraction of hydrogen
flux along the GB (J;5/J) once the steady state is reached.
Figure 8 contains this fraction at 705 K as a function of
the ratio of lateral size to depth (L/d) for different box

Ratio of lateral size to depth (L / d)

Fig. 8 Fraction of hydrogen flux along the GB in steady-state condi-
tions as a function of the ratio of lateral box size to box depth. The
results were obtained by means of OKMC simulations with the indi-
cated boxes at 705 K keeping a constant flux of 10** H, m? s~!. The
maximum GB occupation density varied from 0.25 to 4 H/nm? (leg-
end)

dimensions and for the indicated maximum GB occupation
densities. The role of the maximum occupation densities is
clearly visible; if the number of accessible sites for H atoms
is limited, the flux along the GB is reduced with respect to
the same case with a larger number of accessible sites. It is
interesting to realise that, in a first approach, the ratio L/d
determines the value of J;p/J, even when using boxes of
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different dimensions, as for L/d=0.5 and L/d=1.0 (note the
overlapping symbols in the figure). The flux fraction along
the GB increases with decreasing L/d. For LId<1.5, Jgp/J
tends to saturate to values close to 1. This explains why in
Figure 7, the permeability curves do not vary significantly
when increasing d beyond 100 nm since the major contribu-
tion to the total permeability is the one of the GBs in these
scenarios. In addition to the J;z/J dependency on L/d, the
lateral area (GB area) plays a role. In other words, if the
box length is greater than the box side, hydrogen will easily
reach the GB, get trapped and diffuse along it. Therefore, the
flux fraction along the GB approaches unity. On the other
hand, if the box side is greater than the box length, hydro-
gen will diffuse a long way along the grain before getting
trapped at the GB. However, the probability of hydrogen
trapping at the GB followed by 2D diffusion along it is not
negligible at all. For example, for the box with dimensions
50%150%150 nm?® (L/d =3.0), the flux fraction along the
GB is J;5/J=0.6 —0.7, which indicates, that H can effec-
tively reach the GB and leave the sample from it even for
cases with high L/d ratios. If we observe the cases for boxes
with dimensions L = 150x150 nm?, the flux along the GB
appears higher than the one for the L/d ratios 0.75 and 1.5.
Thus, as expected, we can state that the larger the GB, the
higher the J;,/J fraction that can be reached, due to the addi-
tional available H sites at the GB.

By means of the OKMC simulations we can obtain the
hydrogen concentration profiles in any simulated box and

distinguish where H is located, i.e., at the GB or in the inte-
rior of the grains. Figure 9 contains the H atoms concentra-
tion profiles for a number of illustrative cases to understand
the effect of the GBs on the hydrogen transport. Columns A
to C display the concentration profile of thin columnar grains
(L* = 50x50 nm?). The constant parameter is the hydrogen
flux; therefore, the steady state is reached with different sur-
face concentrations. In these columns, it is easy to observe
that the total concentration gradient is less pronounced for
increasing box length. From Equation (1), we can deduce
that the permeability increases for increasing depth, similar
to the observations in Figure 7. The explanation to this effect
is related to the GBs: in all cases, the H fraction trapped at
the GBs increases with increasing box length. Due to the
fact that according to our DFT results, the migration energy
along the GB (0.12 eV) is lower than along the grain (0.20
eV), the increase of H concentration at GBs leads to the
experimentally observed effective permeation enhancement.
It is interesting to note that the surface concentration basi-
cally increases by trapping and accumulating more H atoms
at the GB (red curves).

If we compare columns A and B, we can observe the
effect of varying the maximum GB occupation density from
1 to 4 H/nm?. In all cases, but especially relevant for the
boxes with a length of 200 nm, the concentration profiles
rises for increasing maximum occupation densities. Note
that the surface GB concentrations in these cases are far
from the maximum values (0.08 H/nm? and 0.32 H/nm?,
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Fig.9 Atomic hydrogen concentration profiles (in the interior of the

stant at a value of 10* H, m~? s~!. Box dimensions, temperatures, and

grain, in the grain boundary and total) in steady state as obtained by
means of OKMC simulations. The inlet hydrogen flux was kept con-
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respectively for maximum occupations of 1 and 4 H/nm?).
Anyhow, it is obvious that increasing the availability of sites
to accommodate H at the GB significantly contributes to
increase the surface concentration.

The effect of the temperature can be understood by com-
parison of columns B and C. According to Equation (1),
reducing the temperature from 705 (column B) to 615 K
(column C), results in a decrease in the permeability and,
therefore, a higher external pressure is needed to maintain
the hydrogen flux constant. This fact leads to an increase in
the concentration profiles of H in the sample, which is easily
seen when comparing these columns, e.g., the maximum H
concentration in the 200-nm-thick sample rises from a value
of approximately 0.03 H/nm? at 705 K to a value of almost
0.04 H/nm® at 615 K.

The previous cases obtained with thin boxes (L? = 50x50
nm?) and side to length ratios L/d < 1.0 are examples of
GB-dominated permeation (J;5/J~1). Column D shows the
effect of using broader columnar grains L? = 100x100 nm?
and L? = 150x150 nm>. As the lateral dimensions increase
(L/d ratios increase), the probability of reaching the GBs
decreases, thus the H fraction trapped at the GB decreases
to the extent that in the panel D3 the H diffusion along the
box mainly occurs through 3D diffusion along the grain.

It is important to note that the flux fraction (J;,/J) along
the GB shown in Figure 8 was estimated by means of the
flux that escapes from the GB (J;p) at the end of the simula-
tion box but this fraction does not consider how the hydro-
gen transport took place along the box. Therefore, the values
obtained in this way may lead to misguiding interpretations
if not considered carefully. For instance, we showed that for
the box with dimensions 50x150x150 nm? (L/d=3.0) in
Figure 8, the flux fraction along the GB is J;5//=0.6-0.7,
thus, one may misinterpret that H transport mainly occurs
along the GB. However, we have just discussed invoking
panel D3 in Figure 9 that the transport in this case is dom-
inated by 3D diffusion along the grain, despite the prob-
ability for H trapping at the GB is high, it mainly occurs
near the exit surface of the sample, once the migration has
taken place mainly along the grain. The fact that for the
50x150x150 nm?® box (as an example of a high L/d ratio
sample), the permeation process mainly occurs along the
grain explains why, in Figure 7, the permeability approaches
the grain-free permeability (dashed line): the small thickness
of this sample favours the diffusion along the grain until the
exit surface, and only a small amount of the H atoms (the
ones closest to the lateral surfaces) will access the GB and
diffuse along it. In samples with a high L/d ratio such as
the one considered, H atoms tend to diffuse along the grain
before reaching the GB (as the thickness of the simulation
box is shorter than the existing distance between its lateral
surfaces), although the atoms that eventually reach the GB
will therefore be trapped, and will contribute to the fraction

of the H flux that permeates through GB instead of along
the grain.

4 Conclusions

We performed hydrogen permeation experiments in nano-
structured tungsten samples in the temperature range of 520
to 705 K and for inlet pressures ranging from 10° to 10°
Pa in order to determine by direct observation analysis the
influence of GBs on the hydrogen transport in tungsten. The
experimental results were compared with the information
provided by several OKMC simulations, parametrized by
means of DFT simulations, which provided a better under-
standing of the phenomena involved.

The permeability values obtained from our experiments
were consistently higher than the ones found in literature.
We ascribed this effect to the presence of GBs with a per-
pendicular orientation regarding the sample surface, which
act as preferential migration paths (as we postulated ear-
lier) for H atoms at relatively low temperatures, such as the
ones employed here. However, at higher temperatures, the
extrapolation of the obtained data suggests the suppression
of these preferential paths as H emission from GBs becomes
possible, leading to permeability values similar to the ones
found in literature.

We performed several OKMC simulations, parametrized
by DFT values, employing a simplified GB model. Differ-
ent box sizes were designed to improve the interpretation of
the experimental results, confirming the assumption of an
enhanced H permeation along GBs, particularly at low tem-
peratures. It is important to note that the flux fraction along
GBs follows the ratio of lateral dimensions to box length
(L/d) even for simulation boxes of different sizes. In addi-
tion, different GB occupation densities were studied, and we
found that increasing the availability of sites for H atoms in
the GBs leads to an increase of the permeation flux along the
GB, as well as an obvious increase of the H concentration in
the GB, especially in the longest simulation boxes.

These results, attained by a combination of experimental
and computational simulations, indicate that the GBs play
an essential role in H transport in tungsten, especially at low
temperatures, acting as preferential migration paths (E,, 53
=0.12 eV vs. E,, 5rin = 0.20 eV) as well as traps for H
atoms, although parameters such as the nature of the sample,
the size of the grain, the arrangement of the GBs and the
tortuosity of the GB network might play an important role
on the transport process. This has interesting implications
to reduce the retention of hydrogen in several applications,
in particular, fusion materials exposed to plasma discharges.

Further work should consider the most common types of
grain boundaries properly characterised with experiments,
such as, electron backscatter diffraction studies. Additional
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permeation experiments along with DFT calculations (as
in this paper) for well characterised grain boundary types
will help understand the hydrogen behaviour on the most
common types of grain boundaries and will provide a uni-
fied understanding on the hydrogen transport mechanisms
in tungsten samples fabricated and processed by means of
different methods.
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