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ARTICLE INFO ABSTRACT

Keywords: The influence of grain boundaries (GBs) on the deuterium (D) transport and the creation of defects in nano-
Grain t')oundaries crystalline tungsten (W) films deposited on a W substrate was studied. Samples with three different grain sizes
Deuterium were produced for this purpose: a sample with a film having nanometer-size grains, a sample with hundred
;:ris;zr:t nanometer-grained film and a sample with micrometer-grained film. Samples were irradiated by 20 MeV W ions

at 300 K to create displacement damage and exposed to 300 eV D ions at 450 K to populate the created and any
pre-existing defects. The D transport and retention was assessed by measuring D depth profiles after certain
exposure times by nuclear reaction analysis (NRA) using a >He ion beam. From the final D concentration in the
damaged area we could determine the concentration of defects that trap hydrogen, showing that the sample with
the smallest grain size had the highest D concentration and it decreases with the increase of the grain size.
Therefore, in nanocrystalline tungsten irradiated at 300 K, GBs do not improve radiation resistance, which would
lead to fewer defects. For the first time, we show experimentally, that D transport is faster inside the nanometer-
grained sample as compared to the micrometer-grained sample, meaning that D atoms have enhanced bulk
diffusion along GBs. Accidentally, the film thickness was so thin that the W irradiation reached the interface
between the W film and substrate, where NRA showed enhanced retention of oxygen. At that depth, two times
higher D concentration was observed compared to D concentration in the damaged area in the middle of the film
indicating on defect stabilization due to the presence of oxygen.

Displacement damage

1. Introduction 1.85eVin W [5], only high temperature activates the vacancy motion to

annihilate at the GBs. Fuel (deuterium and tritium) retention in future

In a future fusion reactor 14 MeV neutron irradiation will create
displacement damage in tungsten (W) that is planned to be used as
plasma-facing material. This will influence material properties, such as
material ductility and strength. There is a discussion in the literature on
how grain boundaries (GBs) can improve or impact displacement dam-
age and hydrogen isotope transport. There are opposite opinions on
what GBs can do. Some experiments show enhanced radiation tolerance
in W by annihilation of defects at the GBs [1,2]. However, some ex-
periments show an increased number of vacancies in nanostructured
materials as compared to monocrystalline W [3,4]. In [4] the authors
show that the number of vacancies is only reduced after annealing the
samples to 573 K. Namely, due to the high vacancy mobility energy of
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fusion devices is an important topic due to the safety and tritium self-
sufficiency. When one discusses the interaction of hydrogen isotopes
with GBs, density functional theory (DFT) calculations showed that GBs
can be trapping sites for hydrogen isotopes [6,7]. Moreover, it was
shown by theory and experiment that there is enhanced and fast diffu-
sion of H atoms along certain grain boundaries with a diffusion barrier
lower than in the bulk [6-9].

Our main interest in this subject is how GBs can affect hydrogen
isotope transport and retention. The effect of microstructure on the
transport was studied previously by our group, first in samples with the
smallest grain size of 1-2 um [10] and recently we extended the study
down to nanometer grain size [11]. To create displacement damage, we
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used 20 MeV W ions which are a good proxy for neutron irradiation
[12,13]. Deuterium (D) retention and transport were studied in [10,11]
by exposing the samples to 0.3 eV deuterium atoms at 600 K. Regarding
deuterium total retention no significant difference was observed be-
tween W single crystal, recrystallized polycrystalline W with 10-50 pm
grain size and polycrystalline W with micrometer grain size [10]. All
samples showed similar final D concentrations in the damage zone.
Additionally, by decreasing the grain size to nanometer size [11] we
observed a 20 % higher D concentration when comparing the
nanometer-grained sample and micrometer-grained sample. Regarding
the D transport, we have observed faster D uptake when decreasing the
grain size, obtaining three times faster saturation of damaged layer with
D in nanometer-grained samples compared to micrometer-grained
sample [11]. With further increase of the grain size from micrometer
to single crystal [10] the difference in D uptake time became smaller. In
our first publication [10] we have explained this difference by increased
uptake of D atoms at the surface due to larger grain boundary density at
the surface. However, there is still a question of whether and how much
the bulk diffusion along GBs also adds to this enhanced diffusion.

Now we have extended the study by exposing the different
nanometer-grained samples, produced in the same way as in [11] to
300 eV D ions. In this case, the 300 eV D ions are directly implanted into
the bulk of W and D can directly proceed to diffuse as mobile atoms.
Oppositely, in the case of the 0.3 eV D atom exposure, surface processes
first take place, where D atoms are adsorbed and chemisorbed at the
surface. To penetrate into the bulk they need to overcome a large surface
barrier of the order of 2 eV[14]. Only once in the bulk, they can diffuse
as mobile atoms and populate the irradiation-induced defects. In both
cases, the D energy (0.3 eV and 300 eV) and fluxes (few 10'® D/m?s) are
so low that no additional defects are induced [15] but only the existing
defects are decorated. In our case these are the intrinsic defects and
defects induced by 20 MeV W irradiation.

2. Sample production and experiment

Three W films were deposited on flat polycrystalline W substrates
with dimensions of 10x20 mmz, by pulsed laser deposition (PLD) at the
energy department of Politecnico di Milano [16]. A laser pulse with a
fluence of 15 J/cm? hits a W target. Due to the laser-matter interaction
W is ablated at high energy (100 eV/atom) and expands in the vacuum
chamber (base pressure 10> Pa). The W species deposit on a W substrate
placed 7 cm away in front of the target at room temperature (no
intentional heating is applied). The W film grows with a deposition rate
of about 15 nm/min. W films with 3 pm thickness were planned to be
deposited. The deposited W film is very compact and exhibits the same
density of bulk W (19 g/cm®). The crystalline W phase is a-bcc with
(110) preferential orientation [16]. Part of the samples were vacuum-
annealed (base pressure 5 x 10 Pa) at 1023 and 1223 K (rate of
20 °C/min for heating/cooling ramps), using an internal heater, for 2 h
of dwell time in order to tailor the grain size in the 100s nm range. One
sample was left as deposited which resulted in nanometer-size grains. In
this way, samples with three different grain sizes were produced. It is
important to note that grain coarsening occurs at approximately 800 K;
hence, the grain size should not change during D ion exposures at 450 K.

Samples were irradiated by 20.3 MeV W ions to a fluence of
7.8 x 10" ions/m? at 300 K in the TOF beamline at Max-Planck-Institut
fiir Plasmaphysik (IPP), Garching [17]. For the chosen energy of
20.3 MeV SRIM 2008.04 [18] predicts displacement damage down to a
depth of 2.3 um with a peak at 1.35 pm for bulk tungsten as depicted in
Fig. 2. With the film thickness of 3 pm, the plan was to create damage
only in the deposited film. Evaluating the ’vacancy.txt’ output of the
’Quick Calculation of Damage Option’ of SRIM 2008.04 with a
displacement threshold energy Ep of 90 eV this converts to a primary
damage dose in the damage peak of 0.23 dpa. In order to have a refer-
ence of an undamaged sample only halves of the samples were irradiated
by the W beam. The damage dose was chosen such that we are in defect
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saturation for hydrogen-free tungsten. Namely, preceding studies with
bulk W material and the same damaging procedure showed that D
retention saturates at a damage level of around 0.1 dpa [12]. This was
confirmed recently also by parameter-free modelling [19]. As a conse-
quence, a flat distribution of defects and a constant D concentration
through the damaged zone down to about 2 ym is expected.

The damaged W samples were exposed to deuterium ions with an
energy of 300 eV/D at a temperature of 450 K. According to SRIM [18]
the average implantation depth/maximum range is about 5 nm. The
deuterium ion beam was created by a commercial ion gun Gen-II from
TECTRA [20]. Compared with the D atom exposure experiments [10,11]
a lower exposure temperature of 450 K was chosen in the present study
to populate not only the high energy traps (most probably vacancy
clusters) but also the ones with lower de-trapping energies (single va-
cancies, above approximately 1.35 eV) as was shown in [20]. The
average D ion flux was j = 3.5 x 10'® D/m?s. The exposure conditions
were chosen such that no additional defects are created [15] but only the
existing defects are populated.

The D depth profiles were measured by >He NRA after different D ion
exposure times and at the end of the exposure. The D ion beam size is such
that it covers the whole W sample. Samples were exposed until the damaged
area was fully saturated, meaning that the D concentration was homogeneous
over the damaged area. The maximum exposure time for 300 eV D ions was
40 h, corresponding to a D fluence of 1.4 x 10%D/m? The D(3He,p)4He
nuclear reaction was used [21] to analyze the retained deuterium with six
different *He energies ranging from 700 keV to 4.3 MeV. The NRA detector
was positioned at an angle of 160° with respect to the probing beam. *He
beam size was 2 mm in diameter. Absolute quantitative, local information on
the D concentration down to 7.2 um was obtained by deconvoluting a
measured proton energy spectra simultaneously with the software NRADC
[22] and SIMNRA 6.02 [23]. From the NRA spectra measured with the 3He
beam we could also determine the oxygen concentration in the films by uti-
lizing the differential cross section for the 16O(3He,p0)18F nuclear reaction
[24]. For this purpose, we fitted spectra measured at energies of 2.5 MeV,
3.3MeV and 4.3 MeV using the SIMNRA program [23]. The information
depth for oxygen is about 3 um by using a 4.2 MeV >He beam.

The grain size analysis of the thin films was conducted after D ion
exposures on the undamaged halves of the samples using a dual-beam
focused ion beam / scanning electron microscope (FIB-SEM, Helios
Nanolab 650i, FEI) operating at 15 kV.

The D desorption spectra from the samples were measured 6 months after
the D ion exposures and NRA analysis using thermal desorption spectroscopy
(TDS), keeping the samples in a desiccator in the meantime. The TDS mea-
surement was performed in the TESS set-up at IPP [25,26] using a linear
heating ramp of 3 K/min up to 1010 K and a > 30 min hold at the highest
temperature. The desorbed gases were measured with a Pfeiffer/ Inficon
DMM 422 quadrupole mass spectrometer (QMS). The following 15 mass
channels were recorded: m/z =1, 2, 3,4, 12,14, 16,17, 18, 19, 20, 28, 32, 40,
and 44. For the quantitative analysis, the QMS signal for Dy was calibrated
after each temperature ramp with a leak bottle from Laco Technologies with a
flow of 1.22 x 10 Dy/s and a stated accuracy of 4.6%. The calibration factor
for HD was determined by flowing HD through an orifice of known size from a
calibrated volume of known absolute pressure (measured with a capacitance
manometer and spinning rotor gauge) into the mass spectroscopy vessel.
Based on the pressure recording of a calibrated spinning rotor gauge the
calibration factor for HD molecules per measured QMS count was 62% of the
one derived for Dy. To determine the amount of D desorbed during the
measurement, masses 3 amu/q and 4 amu/q, corresponding to HD and D,
molecules, respectively, were summed up. There was also some signal in-
crease at masses 19 amu/q and 20 amu/q, corresponding to HDO and D,0.
The water calibration method is explained in [27]. The D signal coming from
the water was added to the total D desorbed signal. The dominat D-water
contribution was from HDO which contributed 10-15 % to the major D signal
coming from D,. The sample temperature during the TDS measurement was
monitored directly using a sheathed thermocouple in direct contact with the
sample. Since samples were only half irradiated by W ions, samples were cut
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beforehand and TDS was performed on damaged halves of the samples.

3. Microstructural investigation

The thickness and the grain size of the deposited W films were
analysed by SEM on film cross sections made by FIB. SEM images of the
surfaces and sample cross sections are shown in Fig. 1 for all samples. In
Fig. 1a,b and c surface and film cross section are shown for the “as
deposited” film, respectively. This sample will be throughout the paper
referred to as a nanometer-grained (nG) sample. The grain size analysis
of the nG film showed a mean grain size distribution of 30 +13 nm. The
second sample, referred in continuation as a hundred-nanometer-
grained sample (HnG), was annealed at 1023 K for 2 h. According to
SEM analysis of sample FIB cross-section, shown in Fig. 1le and f, this
resulted in grains up to 240 nm in size, with a mean grain size of 70
=+ 39 nm. The third sample, the micrometer-grained (mG) sample, was
annealed at 1223 K for 2 h which resulted in pm grain size. The analysis
of the sample cross-section, shown in Fig. 1h and i, gave a mean grain
size of 1026 + 402 nm. From SEM images the estimated film thickness is
2 um (Fig. 1b, e, h), which is shallower than the expected 3 um.

Oxygen concentration in the films was determined by fitting the
oxygen peak observed in the NRA spectra at different *He energies.
Oxygen concentration down to about 1.5 um is 1 at. % and it increases to
3 at. % from 1.5 pm to 2 um and then it decreases back to 1 at. % deeper
in. The measured oxygen concentration was similar in all samples: in the
as-deposited (nG sample) and annealed samples (HnG and mG).

A more detailed analysis of the films using transmission electron
analysis and X-ray diffraction analysis was performed on samples used
for the D atom exposures [11], that were prepared in the same way as
the samples for the present study.

4. Deuterium retention results

The D depth profiles measured on the samples exposed to 300 eV/D ions at
450 K are shown in Fig. 2. The D depth profiles were measured after different
exposure times to follow the transport of D into the samples. The measurements
times were determined upon the beam time availability. At the end of exposure,
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we also measured the D depth profiles on the undamaged halves of the samples,
shown in Fig. 2 as gray lines. In Fig. 2a we show the measured D depth profiles
for the nG sample. The penetration of D ions was very fast and already after 4 h
of exposure D reached the end of the damaged zone. The sample was exposed in
total for 26 hours. In this case, the undamaged half was analysed after 22 h. The
final maximum D concentration down to a depth of 1.5 um of the nanometer-
grained sample is 1.55 =+ 0.01 at.%. The D concentration in the undamaged half
of the sample in depth is 0.71 & 0.03 at.%. In the case of the sample with the
hundred-nanometer grains, Fig. 2b, the transport into the bulk was slower, and
we observe that after 36 h D populated all the traps in the damaged zone. For
the hundred-nanometer-grained sample the final maximum D concentration
down to 1.5 um depth on the damaged half is 1.51 + 0.04 at.% and, therefore,
very close to the nG sample. On the undamaged half of the sample the measured
D concentration in depth is 0.06 & 0.02 at.% and hence one order of magnitude
less than for the nG sample. This indicates that the density of open-volume
defects that trap deuterium decreased by one order of magnitude due to the
annealing at 1023 K, since this was the temperature applied to increase the grain
size. The observed trend of reduced uptake with increased grain size continues
for the sample with micrometer grain size, Fig. 2c. In that case after 22 h D
penetrated through the damaged zone and populated the defects there. After the
additional 18 h of exposure (total 40 h) the D concentration increased only
slighly around 2 pm. For this sample the final maximum D concentration
measured within the damaged zone is 1.15 + 0.03 at.% and hence slightly
smaller than for the other two grain-sized samples. The concentration of D in the
depth of the undamaged half is 0.04 & 0.02 at.%, which is 30 % less than for the
HnG sample.

A comparison of the D depth profiles between the damaged (full lines) and
undamaged (dashed lines) halves of the samples after stop of the D ion
exposure, are shown in Fig. 3 for all different-grained samples. Again, the
SRIM-calculated damage depth profile is plotted to show how deep the
damage zone reaches. These are the same D depth profiles as shown in Fig. 2
measured at the end of the exposure. The D depth profiles obtained on the
undamaged half are also shown as dashed lines. We observe that the highest D
concentration (1.55 at.%) is obtained for the nG sample. A slightly lower D
concentration (1.51 at.%) was obtained on the HnG sample and the lowest
was obtained on the mG sample (1.15 at.%). The D concentration on the
undamaged half is also the highest for the nG sample (0.7at.%). The HnG and

Fig. 1. SEM micrographs of the surfaces and
cross-sections for the thin film samples with
different grain sizes: a), b) and c¢) as-
deposited film - “nanometer-grained” (nG)
sample; d), e) and f) sample annealed at
1023 K for 2 h - “hundred-nanometer-
grained” (HnG) sample; g), h) and i) sample
annealed at 1223 K for 2 h — “micrometer-
grained” (mG) sample with the correspond-
ing marked deposited W layer (violet dash
lines) on W substrate, topped by protective
Pt deposit for FIB cutting.
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Fig. 2. D depth profiles as measured after certain time intervals and after stop of 300 eV D ion exposure at 450 K, a) for nanometer-grained (nG) sample, b) for
hundred-nanometer-grained (HnG) sample and c) for the micrometer-grained (mG) sample. The D depth profiles obtained on the undamaged halves of the samples
are also shown, grey lines. A SRIM calculated damage depth profile is also shown (dashed black line) with right Y scale.
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Fig. 3. D depth profiles measured at the end of the exposure to D ions at 450 K
for all three types of samples. The D depth profiles obtained on the undamaged
half of the sample are also shown as dashed lines. A SRIM calculated damage
depth profile is shown as dashed black line with the right Y scale.

mG samples have very similar D concentration of 0.05 at.% down to about
1.6 um in depth. One can also notice a large D concentration between 1.5 um
and 2.5 ym for all damaged samples, even larger than at 1.3 um where,

according to SRIM calculation, the maximum damage dose is induced. The D
concentration there is almost two times higher (between 2.3 and 3 at. %) than
in the mean damaged zone (from surface to 1.5 um). Increase of D concen-
tration between 1.5 um and 2 um is observed also for undamaged sample
halves. D concentration beyond 3.5 um drops by three orders of magnitude
deeper inside where we have the polycrystalline W substrate. We believe that
this increased D trapping has something to do with the interface between the
film and the substrate, where increased oxygen concentration was detected by
NRA. Namely, the layer thickness is only 2 ym and not 3 um as initially
planned. Due to the smaller layer thickness, W ion irradiation took place at the
interface.

In Fig. 4, the D amounts from the surface down to 1.6 um and within
the whole analysed NRA depth, as a function of exposure time, are
shown for the different-grained samples. We show both since the D
amount beyond 1.6 pm is affected by the interface. The D total amount
down to 1.6 um for the nG sample reached 87 % of the maximum D
amount (152 x 10" D/cm?) after 4 h whereas for the other two cases at
this exposure time, the samples reached only approximately half of the
maximum D amount (HnG — 52 % and mG — 49 %). The maximum D
amounts down to 1.6 ym for HnG and mG samples are 148 x 10'°> D/cm?
and 105 x 10'® D/em?, respectively. The maximum was reached after
about 12 h for the HnG sample. Unfortunately, for the mG sample the
analysis was made only after 22 h and D reached its maximum probably
somewhere between 4 and 22 h. In the case of the D amount within the
whole analysed depth, the maximum was reached after about 35 h for
HnG and mG samples but was reached already after 4 h for the nG
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sample. Interestingly, the D total amount within the NRA analyzed
depth is the same for the HnG and mG samples, being (258.6 + 1.4)x
10" D/ecm? and (258.5 & 1.4)x 10'° D/cm?, respectively, whereas for
nG sample it is (273.1 + 1.4) x 10'° D/cm?

The D desorption spectra as obtained by TDS are shown in Fig. 5 for the
damaged halves of the studied samples. The desorption spectrum for nG is the
highest and has three peaks: the highest first peak at 600 K, the second one at
750 K, and a small peak at 900 K with a tail. The spectrum for the HnG sample
has the lowest D desorption compared to the other two samples and the first
peak is somehow inclined with a maximum at 670 K and the small peak is at
820 K. The D desorption spectrum for mG sample attains the low-temperature
peak at 620 K with similar intensity as the first peak of the nG sample and a
shoulder at 820 K. For comparison, we also show the D desorption spectrum
from a recrystallized polycrystalline tungsten (WR) also exposed to 300 eV D
ions at 450 K [20]. The total D amount is not to be compared but only the
shape, since the damage was performed by 10.8 MeV W ions, creating damage
down to 1.3 pm. The peak shape in the nG sample is similar to the WR sample
except that the first peak is higher and has a shoulder at 900 K continuing
further with a tail. The HnG and mG samples do not have a peak at 750 K but
only a shoulder at 820 K, meaning that there is fewer defects with a de-
trapping energy of about 1.86 eV and more defects with de-trapping energy
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Fig. 5. D desorption spectra obtained on the damaged halves of the nanometer-
grained, hundred-nanometer-grained, and micromete-grained samples. We
show also the D desorption spectrum obtained on recrystallized polycrystalline
W exposed to 300 eV D ions at 450 K, taken from [29]. The linear heating ramp
was 3 K/min.
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of 2.1 eV (see Fig. 4 in [28]). The total D desorption amounts as obtained by
TDS are 154 x 10*° D/em?, 119 x 10" D/cm?and 140 x 10" D/cm? for nG,
HnG and mG samples, respectively. Comparing the TDS D total amounts, we
obtain only 56 %, 46 % and 54 % of the NRA D total amounts for nG, HnG and
mG samples, respectively. The fact that we detect only half of the D amount by
TDS as compared to NRA indicates that D outgassing is larger for the studied
films as compared to damaged and recrystalized polycrystalline W, where at
most 6-9 % outgassing was observed after 1.5 years [13].

5. Discussion

Concerning the influence of GBs on the D transport there is a drastic
change, obtaining about 3 times faster uptake, when comparing the nG
sample with the other two samples. This clearly indicates that we have
preferential D diffusion along the GBs which is the fastest for the sample
that has the highest density of grain boundaries, confirming the theo-
retical calculations [3,6,8]. Also concerning the evolution of the depth
profile, one can observe that in the case of the nG sample, D reached the
end of the damaged region very quickly and with further exposure only
the D concentration increased. In the case of HnG and mG samples there
is a moving front of D penetrating into the bulk

From the obtained D desorption peaks for the studied samples when
compared with the polycrystalline W exposed to D ions at 450 K [28,29]
(having the same linear heating ramp of 3 K/min) we see that the
desorption peaks are in the same temperature range. This means that the
D de-trapping energies range from 1.35 to 2.05 eV, where the individual
de-trapping energies were attributed to three different trap types,
recognized in the literature as single vacancies and different sizes of
vacancy clusters [28]. Considering the fact that the D concentration and
D amount is not vastly different between the different grained sample
and that D desorption peaks are similar, this means that GBs do not
influence significantly D trapping at an exposure temperature of 450 K.
This cleraly shows that D populates the formed vacancies and vacancy
clusters inside the grains or at the GBs after it diffused along the GBs.
DFT calculations [6] gave H migration energy Eqir of 0.13 eV which is
0.07 eV lower than the migration barrier for H in the bulk [3,31,31].
Since the difference in migration energy is not very large, there is a
probability (exp(-Egir/kgT)) that for 1 out of 7 jumps, D atom will jump
back into the bulk. Considering the fact that by TDS we have obtained
only about 50 % of the NRA total D amount, indicates that GBs offer also
path for room temperature D de-trapping from the defects, during the
storage time. This is not observed to such an extent in polycrystalline W
[13].

In the introduction, when discussing the faster transport in nano-
grained material in the D atom case [10,11], we gave two possible ex-
planations for the faster D uptake with a higher density of GBs or smaller
grain size. Namely, either the surface plays the major role where higher
GB density on the surface increases D uptake from the surface into the
bulk (surface effect), or there is a bulk effect, where a larger density of
GBs increases diffusion along the grain boundaries in the bulk itself. In
the case of D ion exposure with an energy of 300 eV/D, ions are directly
implanted into the bulk. Therefore, the surface cannot play a big role.
Hence, we can exclude here the influence of the surface and we can
conclude that the observed faster uptake is due to faster D diffusion
along the grain boundaries inside the nanocrystalline sample. We show a
schematic picture comparing a polycrystalline W and a nano-grained W
[32]. The faster diffusion along the GBs increases D uptake and popu-
lation of defects in the grains. This is additionally confirmed by the
observed effect of the different evolution of the D depth profiles in the
nG sample compared to the mG sample, where D quickly reached the
end of the damaged zone and then D concentration increased homoge-
neously. This was even more pronounced for the D atom exposures [11].

Regarding the effect of GB on defect creation we have observed that
the D concentration in the damaged zone is the highest for the nG sample
but the D concentration in the HnG sample is only slightly lower. The
lowest D concentartion was obtained for the mG sample. This is
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Fig. 6. Schematic figure of polycrystalline and nanocrystalline W sample and how the D diffusion proceeds in both cases together with the self-interstitial diffusion
and D population of vacancies and vacancy cluster that were created within the grain due to W irradiation.

summarized in Fig. 7, where we show the maximum D concentrations as
a function of grain size for irradiated and undamaged W samples.
Comparing nG and mG samples, the difference in D concentration is
35 %. In the case of D atom exposure, we observed a 20 % difference
[11]. The larger difference in D concentration for the 300 eV D ion case
could be due to the lower exposure temperature for the D ion case.
Therefore, one could conclude that no substantial defect annihilation at
grain boundaries was observed for W irradiation at 300 K. However, the
as-deposited layer of the nG sample showed a high D concentration
indicating on a lot of defects due to the manufacturing process that are
present in the sample before the W ion irradiation. A similar effect was
observed in [33]. With the annealing procedure to tailor the grain size,
the defects were substantially reduced in the undamaged samples. For
comparison, we show D concentration for WR, data taken from [20].
Also, in other studies higher hydrogen retention was observed for
nanograined samples as compared with samples with micrometer grains
[3]. Therefore, GBs do influence Frenkel pair annihilation but in an
opposite manner. According to [34-36] GBs affect self-interstitial (SIA)
and vacancy annihilation in three different temperature regimes: i) At
low temperatures where there is a high mobility of SIAs, SIAs can
migrate and get trapped at GBs, which leads to higher vacancy density in
nanostructured as compared to monocrystalline materials. ii) At inter-
mediate temperatures, the SIAs retained at the GBs are emitted, migrate
inside grains and annihilate with vacancies. iii) At high temperatures,
vacancies become mobile and migrate, finding GBs at which they
annihilate. In the case of W, there is a vastly different mobility energy
between SIAs, being 0.13 eV [37,38], and vacancies, being 1.85 eV
[5,37]. Therefore, for our W irradiation at a temperature of 300 K, SIAs
can migrate and due to the large density of GBs in the nanocrystalline
sample, they are annihilated at the GBs, whereas vacancies are immobile
and stay where they were created. This results in a higher vacancy
concentration in the vicinity of the grain boundaries within the diffusion
length of SIAs and consequently results in a higher D concentration for
samples with a larger density of GBs. In polycrystalline W SIAs have to
travel a long way to reach either the surface or grain boundaries and

there is therefore a higher chance that they annihilate with a vacancy on
its way, leading to the lower amount of vacancies (schematically shown
in Fig. 6). From the experiment, we can conclude that the difference is
not drastic, of a few ten percent.

When comparing the maximum D concentration for the atom
(0.3-0.35 at. %) [10,11] or ion exposed samples (1.1-1.5 at %), we
obtain more than a factor of four higher D concentration for the D ion
exposure. This is not because a different species was used but because
different temperature was applied during D loading, 450 K for ions and
600 K for atoms. Namely, at lower exposure temperature one can
populate defects that have lower trapping energies. The trend for D
concentration is the same in both cases, the highest is for the nG sample
and the other two follow [11]. Interestingly the difference in the D
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Fig. 7. Maximum D concentration obtained on the damaged (W irradiated) and
undamaged halves of the samples as a function of grain size. The last point is
shown for recrystallized polycrystalline W (WR) from [20].
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uptake is also three times faster in the case of atoms in the nG sample
compared to the HnG sample even though the temperature was higher in
the atom case and the D concentration was lower. This clearly indicates
that the transport is along the GBs and that the GB diffusion is not the
rate-limiting process.

The last point to be discussed is the phenomenon observed at the interface.
There is a clear increase in the D concentration at the interface, where D
concentration is almost two times higher than the D concentration measured
at the SRIM-calculated damage peak. The reason for this is not clear since if
there are additional traps, then the increase should be similar to what was
measured on the undamaged half. The difference between undamaged and
damaged halves is the W ion irradiation, which in the damaged samples
reached the interface, consequently increasing the concentration of defects by
a factor of two. By NRA we have observed an increased oxygen amount at the
interface as compare to the bulk. TEM analysis of the samples prepared for D
atoms exposures [11] showed also crystalline tungsten oxide at the interface.
Therefore, in both cases we have oxygen at the interface, however, for D atom
exposure, such an increase in D concentration was not observed. The only
difference is that here the film is thinner (2 um) and the W irradiation took
place also at the interface. One could speculate that oxygen presence at the
interface stabilized the defects during the W irradiation, increasing the defect
concentration that traps D, as was observed for deuterium [20,28] and pre-
dicted by DFT calculations [39]. If there would be only the effect of oxygen on
the D retention then the D increase should be similar as is observed on the
undamaged half, where the D concentration increased by about 0.5 at. % and
not by 1.5 at. % as is the case for damaged halves.

6. Conclusions

We have studied D retention and transport in samples with different
grain sizes. The study was performed with 300 eV/D ions at 450 K. We
have shown that the D transport is the fastest in the sample with the
smallest grain size. This clearly proves that GBs increase transport in the
bulk and that there is preferential D diffusion along the GBs being the
fastest for the sample with the highest GB density, confirming the
theoretical calculations. Regarding the damage creation we have
observed that the D concentration in the damaged zone is highest for the
nG sample. D concentration on the HnG sample is slightly lower and for
the micrometer-grained sample is the lowest. Therefore, when
displacement damage takes place at 300 K, the fast diffusing SIAs get
annihilated at GB leaving excess of vacancies in nanograined W, as
compared to W with lower GB density. Finally, W irradiation of the
interface leads to two fold increase of the D concentration as compared
to the D concentration within the irradiated film, indicating on defect
stabilization due to the presence of oxygen.
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