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ARTICLE INFO ABSTRACT

Keywords: The time evolution of fuel retention in materials relevant for future fusion reactors is compared for two different
Tungsten tungsten microstructures: single-crystal versus recrystallized poly-crystals. The initial retention of both types of
Deuterium sample is similar. It decays exponentially with a time constant of ~18h at 300K (the so-called short-term
lon . retention). After 48 h at room temperature, a constant deuterium retention is measured (long-term retention)
gisi?; facing components with the single-crystal containing systematically less deuterium than poly-crystals. Macroscopic rate equations

models are built with density functional theory inputs to reproduce deuterium desorption observables with the
MHIMS-R code. We found that the native oxide layer could explain the desorption peak located at ~450K as
well as most of the short-term retention in the single-crystal. The native oxide together with, dislocations for
single-crystal and grain boundaries for poly-crystals, are responsible for the long-term retention. Dislocations
should explain the desorption peak located at ~815 K for mechanically polished samples. The dual role of most
of tungsten defects is related to their multi-trapping properties with filling-level-dependent detrapping energies.
Finally, the use of an effective diffusivity of deuterium through the native oxide layer, i.e. its diffusion barrier

Macroscopic rate equation

character, is evaluated.

1. Introduction

Thermal properties of tungsten (W) make it a suitable material for
plasma facing components (PFCs) in fusion devices such as ITER and
DEMO [1-3]. Nevertheless, the high particle fluxes (up to 10%* m~2
s~ 1) expected in the W-based PFC (e.g. in the divertor) could lead to a
significant fuel retention. Fuel particles (i.e. deuterium and tritium)
implanted in PFCs can diffuse and be trapped at tungsten defects. The
presence of tritium in defective PFCs causes nuclear safety issues due to
regulation-limited amount of tritium in the in-vessel components (700 g
in ITER [4,5]). Even though retention in beryllium is expected to be
dominant in ITER, current plans consider DEMO to have a complete
tungsten first-wall. Moreover, for economic issues, tritium needs to be
retrieved from walls in order to be recycled due to its low abundance on
Earth. For such reasons, diffusion, trapping and detrapping of deu-
terium in W have been extensively studied experimentally and theo-
retically in the last two decades [6-9] (and references therein).

Usually hydrogen retention is studied experimentally through tem-
perature-programmed desorption (TPD) and nuclear reaction analysis
(NRA). Retention in W is induced by different trapping mechanisms
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with activation energies for detrapping up to 2.1 eV as deduced from
experiments [6]. Experimental results are usually analyzed with mac-
roscopic rate equations (MRE) models [10-16] that allow to determine
(de)trapping parameters useful to predict the retention of hydrogen
isotopes in tungsten materials [17]. However, it is still a matter of de-
bate which quantitative role is played by each type of defects in realistic
W materials.

In recent years, density functional theory (DFT) studies have shown
that all tungsten defects (grain boundaries [18,19], dislocation loops
[19], vacancies [20-23], oxygen-vacancy clusters [24] ...) can con-
tribute to hydrogen isotopes retention. Leveraging this new knowledge
in an experimental-modeling joint study [25], we showed that two (de)
trapping mechanisms were necessary to reproduce various desorption
observables related to a single desorption peak in recrystallized poly-
crystalline tungsten. Using DFT inputs to feed various MRE models, we
found that these two (de)trapping mechanisms should be related to
grain boundaries and the tungsten surface native oxide. The purpose of
the present study is to characterize further the deuterium retention in
pristine tungsten assessing the importance of tungsten natural defects,
i.e. defects that are present in tungsten after manufacturing (grain
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boundaries, dislocations, vacancies, native oxide...) and before fusion
plasma induced-damage. Here, we compare the retention behavior of
deuterium in single-crystal tungsten (SCW hereafter) to previous mea-
surements [25,26] performed on recrystallized polycrystalline W sam-
ples (PCW). The initial purpose of the comparison of both types of
samples was the possibility of discriminating the effects of a single type
of trapping site, namely grain boundaries. The SCW sample consists in
first approximation in one big grain of tungsten, i.e. with no grain
boundaries. Therefore, the trapping of deuterium atoms in grain
boundaries can be neglected in SCW and retention should be rather
caused by the native oxide layer and, if present, dislocations and va-
cancies.

The paper is organized as follows. In Section 2, we present the ex-
perimental and modeling methods. Then, we describe experimental
results in Section 3. The experimental results are modeled with the
MHIMS-R MRE code [27] and discussed in Section 4. The summary and
perspective are presented in the last section.

2. Methods
2.1. Experimental

The experiments described in the present work have been per-
formed on two different types of tungsten samples, a single-crystal
(SCW) and several poly-crystals (PCW). PCW samples were provided by
A.L.M.T. Corp. (Japan) with a specified 99.99 wt% purity and with
dimensions of 10 x 10 x 0.4mm?>. Samples were delivered re-
crystallized and with a mirror-like mechanical polishing. They present a
typical grain size of ~10 um. The preparation process performed before
introducing the samples inside ultra-high vacuum (UHV) chambers
consisted in an electro-polishing procedure with a 2.5 wt% NaOH so-
lution followed by rinsing with distilled water. Dry nitrogen was blown
in order to remove eventual dust from the sample. The SCW sample was
provided by Surface Preparation Laboratory (The Netherlands) and it
has the dimensions of 14 X 12 x 2 mm?®. The sample was mechanically
polished such that the (11 1) surface plane is exposed to the ion beam.
No extra preparation procedure (i.e. electro-polishing) was applied in
order to keep the quality of the (11 1) orientation. Dry nitrogen was
used to remove dust.

All experiments were conducted in the CAMITER set-up located at
PIIM laboratory (Aix-Marseille University — CNRS). The experimental
apparatus consists in two interconnected UHV chambers: a load-lock
chamber (base pressure < 1 X 10~° mbar), also used for sample sto-
rage, and an implantation/thermo-desorption (TPD) chamber (base
pressure < 4 x 10~ '° mbar). To move samples between chambers, a
molybdenum transfer platen is used. The platen has a surface area of
16 x 14 mm?, which makes it slightly larger than the samples and it has
a circular aperture (9 mm diameter) located under the samples usual
position on the platen. All samples, once introduced in the UHV im-
plantation/TPD chamber, were subjected at least twice to a degassing
procedure consisting of a linear temperature ramp of 1Ks™ ' up to
1300K followed by a 10 min annealing at 1300 K. This procedure re-
moves most of hydrocarbons impurities and leaves the native oxide of
tungsten on the surface [25]. The sample is heated by a heater assembly
molybdenum box with the upper face that serves as a socket for the
transfer platen. Inside the box, a tungsten filament is used. The sample
is heated radiatively and the temperature is controlled via a K-type
thermocouple clipped on the upper face of the heater assembly at a
distance of 2mm from the platen‘s socket. The thermocouple signal is
used to regulate the temperature with a PID controller (EUROTHERM
2604).

The deuterium implantation is performed by using an OMICRON
ISE 10 ion source connected to a KREMER PS 10 control unit. An all-
metal leak valve whose gas outlet is connected directly to the ion source
controls the D, gas flow. The ions are accelerated to a kinetic energy of
500 eV and impinge the sample with an incidence angle of 45° on an
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elliptical projected area of 0.5 cm?. The majority deuterium ion species
composing the ion beam was D,* (> 95%), i.e. the incident energy per
deuteron is 250eV. To such deuterium impinging conditions should
corresponds a sputtering yield on the order of 1075 -107* [28,29],
thus a hundredth of a W monolayer is expected to be sputtered at most
in the present set of experiments i.e. ion-induced sputtering is negli-
gible. The ion flux is determined by measuring the current on the
sample with a picoammeter (Keithley 410A) and is sufficiently low to
avoid the creation of D ion-induced vacancy [30]. The total incident
fluence is calculated by converting the sample current into particle flux
and by multiplying the particle flux with the duration of the im-
plantation.

An implantation/TPD cycle consists in first bombarding the sample
with a constant flux of ~1.6 x 10'®* D* m~2 s~ ! for a certain duration
to obtain the desired fluence. The sample is then moved to the load-lock
chamber in order to degas the heater assembly on which the sample was
mounted during implantation. Indeed, during ion implantation a sig-
nificant neutral D, flux is also present, which does not adsorb on the
tungsten sample (consistent with the passivation effect of oxygen to-
wards molecular deuterium dissociation on tungsten [31]) but it does
dissociate on the heater assembly. Once the heater assembly is deu-
terium-free and cooled down to room temperature, the sample is finally
mounted back and after a given lapse of time (called the storage time
hereafter), the TPD is performed. During TPD, the sample temperature
is increased linearly with a ramp of 1Ks™! and its value is recorded
simultaneously with HD and D, molecules desorption rates probed by a
differentially pumped multiplexed quadrupole mass spectrometer
(Hiden 3F/PIC) located about 2 mm above the sample. Deuterium re-
tention is determined through a temporal integration of the rate of
desorption of deuterium during the TPD. The implantation temperature
for present measurements is 319 + 12K. Two sets of implantation/
TPD cycles were performed for all PCW and SCW samples. In the first
set of experiments, fluence was varied in the range between 6 x 107
and 3.2 x 10 D* m~2 and the storage time was fixed to 2.5h. In the
second set of experiments, the storage time was varied from 2.5 to
137 h after a fixed fluence of 2.81 x 10'° D* m™2 Note that NRA
measurements on the SCW sample were inconclusive because of the
important loss of deuterium retention in the duration necessary to
transport samples to the NRA setup [25].

2.2. Modeling

The one-dimensional MRE code MHIMS-R (Migration of Hydrogen
Isotopes in MetalS — Reservoir) was used in the present study. It consists
in a set of three differential equations that describes the concentration
of, respectively, mobile particles, trapped particles in dislocation de-
fects and trapped particles in oxygen-vacancy cluster defects. These
equations are solved for modeled samples of a thickness of 0.4 mm. The
number of grid points is 1000, which are spaced according to a doubly
exponential decay law. This way more than 50 grid points depict the
first 5nm below the surface and more than 200 grid points represent
the depth at which deuterium atoms diffuse in PCW samples at 300 K
[25]. The set of equations depicts all elementary steps encountered in
experiments: 1. implantation of deuterium below the surface; 2. deu-
terium diffusion into the bulk or toward the surface; 3. deuterium
trapping and detrapping on bulk defects during implantation, storage
time and TPD. The interested reader should refer to [27] for details
about the MHIMS-R code.

Diffusion, trapping and detrapping are thermally activated pro-
cesses, where the process barrier Epg.r is overcome thanks to an
Arrhenius formulation of kinetic rates:

0 (7Ebarrier)
Vprocess = Vprocess X € kpxT
and ngcesx is the rate constant of the process, kg is the Boltzmann

constant and T is the sample temperature.
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Table 1

List of detrapping energies from the DFT literature for different tungsten natural
defects as a function of the filling-level, i.e. the number of atoms trapped at the
defect.

filling- level  Egetrapping(eV)

grain dislocation oxygen- vacancy

boundary vacancy

Xiao & Xiao & Kong Heinola  Fernandez  You

Geng Geng et al. et al. etal. [23] etal

[19]* [197* [24] [21] [22]
1 1.50 2.06 1.40 1.60 1.43 1.57
2 1.30 1.96 1.12 1.57 1.42 1.57
3 1.10 1.00 1.10 1.39 1.25 1.24
4 - 0.90 1.09 1.28 1.17 1.24
5 - - - 1.17 1.11 1.16
6 - - - - - 0.95

* Egiffusion from [23] has been added to the binding energy from [19].

In the following, we set Eyqpping = Egiffusion WithEgiusion = 0.20 eV
from the DFT study by Fernandez et al. [23]. The values used for
Ederrapping for each type of defects are from the DFT literature and are
summarized in Table 1. One can notice that each type of defects in
tungsten has a series of detrapping energy, which is a function of the
number of deuterium atoms trapped at the defect, hereafter called the
filling-level. In order to save on computational time, we applied a
filling-level cutoff as soon as the detrapping energy is below 0.9 eV.
Indeed, all implantations are performed at room temperature and, as-
suming that the 18, 101%! for vacancies [23] is valid for other
types of tungsten bulk defects, Egerapping < 0.9¢V corresponds to negli-
gible trapping lifetime as compared to typical experiments duration.

3. Experimental results

Fig. 1 shows a comparison between TPD measurements obtained on
SCW and PCW samples after implantation of 3.2 x 10?° D* m ™2 The
TPD obtained on PCW presents a single broad peak of desorption, with
the maximum located at 450 *+ 50K (the uncertainty represents the
sample-to-sample variation from 3 PCW samples mounted on more than
6 different transfer platens). Similar measurements obtained on SCW
reveal the presence of two desorption peaks. The characteristic of the
first main peak is similar to the one observed for PCW, with a similar
position in temperature for the peak maximum and roughly the same
width. The second desorption peak in SCW occurs at 815 = 30K and
its intensity remains a small fraction (~15%) of the low temperature
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Fig. 1. TPD measurements of deuterium desorption from single-crystal (SCW)
and poly-crystals (PCW) tungsten samples after implantation of 3.2 x 10%°
D*m™2 and a 2.5h storage time at 300 K.
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peak in the investigated fluence range.

In Fig. 2 are summarized parts of the two sets of implantation/TPD
series performed on SCW, as well as modeling results discussed in the
next section. Fig. 2(a) shows the evolution of the TPD measurement as a
function of the incident deuterium fluence, while Fig. 2(b) displays the
effect of varying the storage time. When the incident deuterium fluence
is increased on SCW, the two desorption peaks position evolve differ-
ently. The low temperature peak remains at a constant position, while
the higher temperature peak shifts by ~25K to a higher temperature.
The fact that the temperature peak at ~450 K does not shift when the
fluence is increased is in contrast with the observation made on PCW
samples where a shift to lower temperature by ~30K was observed
[25,26]. These behaviors will be discussed in the next section. The ef-
fect of storage time on the low temperature desorption peak of SCW is
to shift it to higher temperatures by ~30K. This observation is con-
sistent with measurements on PCW where a shift of ~30K to higher
temperature was observed for the single desorption peak [25,26] and it
was attributed to the effect of bulk diffusion. The effect of storage time
on the high temperature peak in SCW is less clear: the falling edge
remains constant but the peak maximum seems to shift to higher tem-
perature. The latter could be a result of the superposition of the high
temperature peak with the falling tail of the low temperature peak that
drastically diminishes with increasing the storage time.

Fig. 3 presents a comparison of integrated TPD measurements (i.e.
of the deuterium retention) for SCW and PCW samples as a function of
storage time. Independently of the sample microstructure (PCW or
SCW), retention of deuterium appears to be dynamic at room tem-
perature, i.e. it can be divided in two different retention zones: the
short-term retention and the long-term retention zones. The short-term
retention zone extends in the first 2 days of storage in UHV and displays
an exponential decay of the deuterium retention. The exponential decay
of the retained number of deuterium atoms in tungsten has a time
constant of 22 = 6h for PCW and 15 = 5h for SCW. For storage times
longer than 48h, i.e. in the long-term retention zone, the number of
trapped deuterium atoms remains essentially constant for as long as
330h (not shown).

At a fluence of 2.81 x 10'° D™ m~2 and within their uncertainties,
the initial (after 2.5 h) amount of deuterium retained in PCW and SCW
samples are similar. However, the amount of deuterium retention found
in the long-term retention zone is different for PCW and SCW samples.
PCW samples retained constantly ~3.5 + 1% of implanted deuterium
at room temperature while the SCW sample only retained
~0.7 £ 0.2%.

4. Discussion and modeling

From Fig. 3, the first obvious difference between SCW and PCW
samples is their different long-term retention. On the one hand, the
PCW long-term retention level is 50 + 10% of the initial (2.5 h) short-
term retention, consistently for the 3 PCW samples. On the other, the
SCW long-term retention is 20 = 4% of the initial short-term retention
with ~1/3 of the long-term retention of SCW originating from the high
temperature desorption peak (Fig. 2(b)). This comparison suggests that
grain boundaries are in part responsible of the long-term retention of
deuterium in PCW tungsten, consistent with our previous DFT-MRE
modeling of PCW results [25]. The DFT energetics of 3 (11 1) grain
boundaries [19] are sufficiently high for deuterium to stay retained in
tungsten at 300 K indeed (see Table 1), with the first and second filling-
levels being 0.4 eV and 0.2 eV, respectively, more energetic that the
~1.06 eV detrapping energy characteristic of the short-term retention
decay at room temperature [26].

From Fig. 2(b), it appears that the long-term retention behavior of
SCW samples originates from two different mechanisms, as seen in the
two peaks structure of the TPD measurements after a storage time of
137 h. From all natural defects listed in Table 1, the long-term retention
due to the ~815K peak is consistent (thanks to a Redhead analysis
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Fig. 2. TPD measurements (symbols) on SCW performed (a) 2.5h after four different implantation fluences, and (b) for three different storage times after an
implantation of 2.81 x 10'° D*m™2 at room temperature. Lines are results of Model 3.
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Fig. 3. Evolution of trapped deuterium in tungsten as a function of the storage
time (so-called dynamic retention) at 300K in UHV after implantation of
2.81 x 10" D* m~2 in SCW and PCW samples. SCW uncertainties (error bars)
represent the standard deviation of the mean of repeated measurements while
the dashed black line shows the exponential decay fit. PCW uncertainties
(dotted red lines) represent the standard deviation of the mean (red full line) of
exponential decay fits performed on 3 different PCW samples. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

[32]) only with the (1 0 0) dislocation loop’s detrapping energies, in the
range 1.9-2.1 eV for the first and second filling-levels [19]. Considering
that the SCW sample was not electro-polished, the presence of dis-
locations remaining from the mechanical polishing step is well possible,
in particular because it is known that annealing of intra-grain disloca-
tions is incomplete at the temperature of our experiments [33]. We note
that a poor electro-polishing of mechanically polished PCW samples

Table 2

give also TPD measurements with a second high temperature peak (not
shown here).

The long-term retention due to the broad ~450 K peak could be
explained by the multi-trapping of natural defects such as vacancies and
oxygen-vacancy clusters, as seen in Table 1. These two types of defects
have some filling-levels with detrapping energies in the range 1.2 —
1.6 eV allowing a stable retention at room temperature. These two
defects have also some filling-levels in the 1.0 — 1.1 eV range that
should exhibit the exponential decay seen in Fig. 3. Thus, vacancies and
oxygen-vacancy clusters could describe both the short-term and (part
of) the long-term retention in SCW and PCW samples. Considering the
ratio of the long-term retention to the short-term retention in SCW
(~20%), it appears that DFT energetics point to the oxygen-vacancy
cluster to have the correct filling-levels distribution (~25% are > 1.2
eV) in contrary to the vacancy defect which should have a weaker
dynamic retention at room temperature (~80% are > 1.2 eV).

So far, we discussed qualitatively the experimental results in the
light of the DFT literature. In the following, a more quantitative ana-
lysis of SCW results is realized using MRE models that includes these
DFT inputs (see Section 2.2). Note that we will present DFT-MRE
models that include only dislocations and oxygen-vacancy clusters since
there are no grain boundaries in SCW and vacancy defects did not lead
to satisfactory results. The reader that would be interested in the details
of the DFT-MRE modeling of PCW samples should refer to Hodille et al.
[25].

We first considered the scenario where the only naturally defective
part of the sample is a 4nm thick layer containing oxygen-vacancy
clusters (Model 1, Table 2), since we have measured with Auger elec-
tron spectroscopy the presence of a native oxide layer in our experi-
mental conditions at the surface of both SCW and PCW samples [25].
This thin layer of oxygen-vacancy clusters should be seen as a surrogate
for modeling the tungsten native oxide layer because its amorphous

List of parameters used for each (DFT-) MRE model to simulate the experimental retention.

Model type of defect/trap

oxygen-vacancy cluster dislocation

filling-levels energy (eV) Pirap filling-levels energy (eV) Purap”
Model 1 4 1.40 1.12 1.10 1.09 1.35 0 - - - - -
Model 2 4 1.40 1.12 1.10 1.09 0.5 4 2.06 1.96 1.00 0.90 0.17
Model 3 1 1.08 - - - 4.5 4 2.06 1.96 1.00 0.90 0.03

* Pyqp is the density of trapping sites expressed in atomic fraction of 107 x py, where the tungsten density py, is 6.3 X 102 m~3,
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modeling results.

nature precludes the use of periodic-DFT to determine its energetics. In
order to minimize the deviation between SCW experimental results and
modeling (evaluated by the Pearson's chi-squared test, %2, shown in
Fig. 4(c)), we have varied only one free parameter: the trap density
Ooxide- This parameter was varied between 0.01 and 5.00 x 103 x p;,
by steps of 0.01 x 1073 X p,,. With a trap density p, ;=
1.35 x 1072 X py;, where py,is the tungsten density (6.3 x 10*®* m ™),
Model 1 is able to reproduce the retention behavior as a function of
fluence only up to 2.8 x 10" D* m~2 (Fig. 4(a)). For higher fluence,
the modeled retention appears to level-off, accentuating the experi-
mental retention kink at 2.8 x 10'° D* m ™2, This leveling-off indicates
that the oxide layer is saturated. When increasing the value of g, the
position of the kink to leveling-off shifts to higher fluences, indeed.
More importantly, Model 1 is able to predict only qualitatively the short
term retention behavior, with a longer time constant of the exponential
decay though it is consistent with the energetics of oxygen-vacancy
cluster filling-levels 2, 3 and 4. The long-term retention behavior, i.e.
the constant retention as a function of time is not obtained with Model
1 for the typical storage time probed in the experiments. The reason
could lie with the presence of a double trap system, as suggested by the
experimental TPD results of Fig. 2(b): a first trap with low detrapping
energies responsible of the initial exponential decay of the short-term
retention, and a second trap with high detrapping energies playing the
role of a deuterium reservoir for the long-term retention. As argued at
the beginning of this section, the presence of a high temperature des-
orption peak (~815K) could be related to the presence of dislocations.
Thus, in the second model (Model 2) we consider both oxygen-vacancy
clusters and dislocations traps using detrapping energies from the DFT
literature.

In Model 2, the trap density of the oxygen-vacancy clusters g, ;;, and
of the dislocations 0., are the only two free parameters. While the
oxide layer has the same 4 nm thickness than in Model 1, for disloca-
tions we set an uniform density throughout the material. As shown by
the green dashed curve in Fig. 4(a), Model 2 is able to model quanti-
tatively the fluence behavior of retention as well as the retention kink.
On the contrary, it is not able to reproduce quantitatively the retention
as function of storage time. Nevertheless, qualitatively, one can note
that the addition of dislocation traps induced the appearance of a long-
term constant retention behavior. These results have been obtained
USing traps denSity of Poxide™ 0.5 x 10_3 X Pw and Fistocation™=
0.17 x 1073 x p,,, i.e. the two traps density are quite similar. The
consequence is that the relative ratio of TPD peaks in Model 2 is close to
1:1 in peak height (not shown here) i.e. very dissimilar with experi-
mental observations where a ~6:1 ratio is found (Figs. 1 and 2). We
stress that we have varied, with a step of 0.01 X 1072 X pu, 0,4
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between 0.5 and 1.5 x 1073 X py,, and Pygocarion in the range 0.025 and
0.17 x 1073 X py,. Other couples of (00> Paisiocarion) Values can allow
to slightly improve the overall model results (< 10% for the total x?),
by reducing the y? for storage time experiments but by increasing the
%2 for fluence experiments.

Fig. 4(c) shows that for both Model 1 and Model 2, most of the
deviation between experiments and modeling is coming from the too
slow dynamic retention (i.e. Storage x?) of the oxygen-vacancy clusters
model of the native oxide. Using simple first-order Arrhenius kinetics
with  %apping = 107!, one can evaluate that detrapping en-
ergies = 1.10 eV (as in the case of DFT oxygen-vacancy traps) at room
temperature will not allow a “fast enough” releasing of deuterium
atoms, therefore preventing a good fit of the short-term retention be-
havior. Given the exponential dependence with detrapping energy of
first-order Arrhenius isothermal kinetics, just a few percent change in
detrapping energies for the oxide trap would induce a strong im-
provement of modeling results. Comparing vacancy trap energetics in
Table 1 between several authors, it is evident that DFT energetics ac-
curacy are within 10%. Thus, limitations of Model 1 and 2 could be due
in part to DFT accuracy in determining correct energetics of the oxygen-
vacancy clusters for modeling the native oxide. Or, Model 1 and 2
limitations could originate from the choice of oxygen-vacancy clusters
to model the amorphous native oxide layer.

The topic of modeling an impurity layer in tungsten has been re-
cently discussed by Wang et al. [34] in the case of implanted nitrogen
layers. Combining DFT calculations and a McNabb-Foster formulation
of hydrogen effective diffusivity, these authors found that both inter-
stitial nitrogen and nitrogen-vacancy clusters are able to reduce the
hydrogen effective diffusivity in tungsten, i.e. the nitrogen-enriched
layer of W acts as a diffusion barrier for hydrogen desorption. We
postulate that an oxygen-enriched layer could behave similarly to the
nitrogen impurities described by Wang et al. since the filling-levels —
detrapping energies structure is quite similar. Such consideration pu-
shes us to explore a third scenario (Model 3) putting aside DFT values
for the native oxide layer and using instead an ersatz of an effective
diffusion barrier layer. We have chosen to vary only one parameter, the
detrapping energy of a single filling-level defect representing the native
oxide layer, keeping fixed the diffusion energy to 0.2eV. This was a
practical choice aimed at simplifying the implementation of the diffu-
sion barrier in the current version of MHIMS-R. We varied p,,;;, and
Paisiocation 11 the same range than in model 2 with the same
0.01 x 1073 x p,, step. Regarding the single detrapping energy for the
oxide, we probed the range 0.95 - 1.20 eV with a step of 0.01eV. A
good agreement between experimental and modeling results has been
obtained by using (0,40 Puisiocation) = (4-5, 0.03) x 1073 X p,, and a
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single detrapping energy for the native oxide layer of 1.08 eV. The
dynamic retention is reproduced quantitatively (Fig. 4(b)) as expressed
in the storage 2 that is reduced by 75% with respect to results of Model
2 (Fig. 4(c)). In term of fluence experiments, modeling results are still in
fairly good agreement with experimental ones (Fig. 4(a)), i.e. within a
factor of 2, even if parameter choices worsen the fluence x? accent-
uating and bringing forward the kink at 5 x 10'® D m ™2 Thus, Model 3
validates our initial hypothesis of a double trap mechanism
(oxides + dislocations) in the case of SCW sample. In particular, we
have shown that the native oxide layer should be responsible for most
of the short-term (dynamic) retention while dislocations account sig-
nificantly for the long-term retention.

We stress that for all present models, the modeled TPD measure-
ments reproduce only qualitatively the experimental observation
(Fig. 2). First, the temperature position of TPD peaks is different be-
tween models and experiments by at most ~70K. We recall that our
experimental peak positions uncertainty spans a range of temperature
of 70-100 K because thermocouple measurements are not directly done
on SCW or PCW samples, but 2 mm away. We believe that the experi-
mental temperature measurement setup is the main reason for dis-
crepancy and we are planning to fix this issue in future studies. Second,
we discuss the effect of implantation fluence on the experimental po-
sition of peaks maximum. The low temperature desorption peak at
~450 K, common to SCW and PCW samples, appears to behave differ-
ently when varying fluence on both type of samples: while there is a
shift towards lower temperature on PCW samples, it stays constant in
position for the SCW sample. We previously attributed the temperature
shift in PCW to the filling-levels structure of grain boundaries traps
[25,26]. The absence of the shift for the single-crystal experimental
experiments is consistent with the absence of grain boundaries. How-
ever, the filling-levels structure of the oxygen-vacancy clusters we used
in Model 1 and Model 2 give also a shift of the ~450K TPD peak to
lower temperature by ~70 K with increasing fluence (not shown). This
discrepancy with the experimental observation suggests that the
oxygen-vacancy clusters is not a satisfactory surrogate for the native
oxide layer. In contrast, the description of the native oxide layer as a
diffusion barrier used in Model 3 allows reproducing the experimental
observation of an absence of shift of the ~450K peak in SCW
(Fig. 2(a)). This diffusion barrier model is obviously an effective model
that demeans the spirit of DFT-MRE models we recently developed.
However, it seems to be necessary for amorphous layered materials
considering the use of periodic conditions in current DFT studies. Fi-
nally, we note that the ~815K peak shift to high temperature with
increasing fluence is well reproduced by the DFT-MRE model of dis-
locations. This could seem surprising at first since the filling-levels
structure of dislocations would suggest the opposite behavior. However,
comparison of experimental and modeling results in Fig. 2(b) shows a
more complex situation. For fluence in the 10"-10'° D* m™2 range,
the ~815K peak does shift to lower temperature in the model, which
could explain the broad increase of desorption rate in the 650-750 K
range in the experiments. For higher fluence, i.e. for longer implanta-
tion duration, the effect of saturation of the local dislocations density
and the subsequent displacement of the deuterium front further in the
bulk seems to occur [27], thus explaining the observed ~815K TPD
peak shift to higher temperature. We note that the position of the
~450 K TPD peak within the native oxide diffusion barrier (Model 3) is
not affected by the increased fluence, which is a signature of its near-
surface localization with a 4 nm modeled thickness.

5. Summary and perspectives

We presented a comparative study of the dynamic retention of
deuterium in single-crystal (SCW) and poly-crystals (PCW) of tungsten
samples. We found that both SCW and PCW exhibit a similar initial
deuterium retention that decays exponentially with a time constant of
~18h, the so-called short-term retention. After ~48 h, the amount of
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deuterium in PCW and SCW samples remains constant (long-term re-
tention) for as long as 330 h. However, PCW long-term retention is
found to be systematically higher than SCW long-term retention, con-
firming the trapping effect of grain boundaries at room temperature
that we previously predicted [25]. Using the MHIMS-R code to model
the SCW results, we tested three different MRE models that use DFT
inputs of multi-detrapping energies for two defects: dislocations and
oxygen-vacancy clusters. The latter type of defect was used as a sur-
rogate for modeling the native oxide surface layer observed experi-
mentally in SCW (and PCW). The oxygen-vacancy clusters DFT-MRE
model (Model 1) was able to reproduce qualitatively the short-term
retention exponential behavior. It was argued that one would need to
change the DFT detrapping energies by only a few percent in order to
attain a quantitative agreement, which would be reasonable con-
sidering the current DFT accuracy achieved in the literature. The ad-
dition of oxygen-vacancy clusters and dislocations defects in the DFT-
MRE Model 2 allowed to reproduce qualitatively the short- and long-
term retention as well as to obtain the two desorption peaks structure
observed experimentally. Model 3 was able to achieve near-quantitative
agreement with all retention experiments but at the expense of using an
effective diffusivity of deuterium in the oxide layer, i.e. this model was
only partially a DFT-MRE model. We motivated this effective model of
the native oxide by taking into account its amorphous nature, which is
incompatible with periodic DFT methods.

In short, studying a single-crystal allowed demonstrating the uni-
versal nature of dynamic deuterium retention in tungsten. DFT-MRE
models of SCW and PCW results [25] permitted to show that this dy-
namic retention can originate for a variety of defects: oxides, grain
boundaries, vacancies..., that should all contributes also to the long-
term retention. In order to assess the relative weight of these defects in
deuterium retention in tungsten, it is necessary to make progress on
several fronts. First, additional DFT studies are needed to assess the
detrapping energies of various grain boundaries and dislocations geo-
metries. Second, a more systematic estimation of DFT uncertainties
would be valuable to estimate the energy range that DFT-MRE modeler
can explore around these input parameters. From the experimental side,
it is important to assess the confidence that one has with the sample
temperature measurement. In that prospect, we are currently designing
a new heater assembly that will allow the direct measurement of the
sample surface temperature on transferable samples. Furthermore,
surface preparation appears to be an important step in obtaining
tungsten samples that are simpler to analyze: electro-polishing may be
an important step to remove surface polishing induced-defects as we
have seen in SCW and PCW samples. Finally, the retention properties of
the native oxide layer need to be studied systematically, both experi-
mentally and theoretically. Measuring the deuterium retention in
crystalline tungsten oxide would be a path that joint experimental —
modeling effort could follow.
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