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Abstract

Tungsten targets were first irradiated with high energy W®" ions (20MeV) with different dose rates at
800 K and then loaded with deuterium at room temperature to decorate the displacement damage
created in the first step. Detailed microstructure investigations were performed and compared with
calculated damage profiles and deuterium depth profiles to link defect characteristics with the ability
to retain hydrogen isotopes. Results directly indicate that depending on the used dose rate dislocation
density and characteristics change. However, deuterium retention does not. Thus, we conclude that
overall dislocation density does not affect deuterium retention significantly. Changes in D retention
were observed as function of the depth of the damaged zone. Variations of dislocation density were
also depth dependent. Consequently, we link changes in D retention with the dislocation presence,
number of implanted tungsten ions and other point defects. The latter seem to affects D retention the

most.
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1. Introduction

Tungsten is selected as one of the most prominent candidates for plasma facing components in future
fusion devices. It combines satisfactory thermal stability with limited ability to store hydrogen
isotopes. Fast neutrons generate a variety of defects in materials exposed to the severe fusion
environment [1]. Since neutron sources are not widely available, those available do not offer the right
energy spectrum, and samples treated this way exhibit radioactivity, other approaches to simulate
displacement damage must be developed. One of them is to irradiate tungsten with high energy

tungsten ions to induce defects similar to the ones produced by neutron bombardment [2,3]. The



mechanism of defects generation in such conditions can be studied by indirect techniques such as
positron annihilation spectroscopy [4], which gives an insight into the type of generated defects. Some
of the conclusions from these experiments were confirmed with microstructural TEM imaging like in-

situ radiation experiments [5] or post-mortem observations performed on irradiated specimens [6].

Under real fusion conditions, multiple damage events may happen. They alter properties of pure
tungsten. From this point of view, irradiation induced defects are particularly unwanted since
hydrogen isotopes retention can significantly increase in damaged material [7]. Therefore,
understanding the mechanisms responsible for hydrogen isotopes retention (mostly deuterium in
laboratory conditions) is under investigation by various groups, for examples see [8-10]. Most of such
studies focus on simulations or experimental determination of deuterium retention. Studies which
combine microstructural observations with deuterium retention are lacking. Instead, conclusions are
drawn from independent experiments. However, understanding of the underlying phenomena is
hampered by the fact that a variety of irradiation procedures are utilized. This makes it often
impossible to compare their results. In this study, we characterize the radiation damage with STEM
and TEM on the very same samples were deuterium retention was studied previously, see [11]. Hence,
this investigation links microstructure characteristics of samples irradiated with various dose rates with

susceptibility of material to retain hydrogen isotopes.
2. Material and methods

Pure tungsten (99.97 weight %) was hot-rolled and recrystallized at 2000 K in vacuum for 2 minutes.
Samples were subjected to self-implantation with 20MeV W®" ions at 800 K to the level of 0.23dpa
with three different average dose rates of 5.0x10°, 9.3x10°, 4.1x10® dpa/s. The time required to
achieve the desired damage level varied depending on the rate used and equals 50, 3.36x10° and
61.2x10°% s, respectively. For the two samples with the lower damage rate a focused W beam was
scanned over the samples surface with scan frequencies of 1 kHz. For the fastest rate the focused beam

was applied without scanning. The peak damage does rates are shown in Table 1.

Table 1 Damage rates in investigated samples

Average damage rate (dpa/s) 4.1x10° 9.3x10™ 5.0x10°

Peak damage rate (dpa/s) 1.3x10° 5.8x10° 5.0x10°

The expected depth for the displacement damage is about 2 um for this energy. After self-implantation
samples were loaded with deuterium by a low-temperature deuterium plasma to decorate all the
existing defects. A loading temperature of 295 K was chosen to minimize thermal de-trapping. No bias

voltage was applied to the target to minimize the ion energy and hence avoid any additional damage
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creation. A deuterium fluence of 1.5x10%* D/m? was chosen as to fill the whole damaged zone. For
detailed description of the experiment see [11]. Concentration of implanted W ions as well as the

primary displacements were calculated with the ‘Quick Calculation of Damage’ option of SRIM-

€« »

2008.04 [12]. The primary damage was calculated by adding the “recoil” and “ion

displacements from the “vacancy.txt” output file and converting the sum with the ion fluence and
the tungsten density to get a depth profile of the number of displaced target atoms and the damage
dose in ‘displacements per atom’, in short *dpa’. A displacement energy of 90 eV as recommended by

the American Society for Testing and Materials [13] was used and a lattice binding energy of 0 eV.

Deuterium depth profiles were determined by the D(®He,p)a nuclear reaction with eight different *He
energies varying from 500 keV to 4.5 MeV to probe a sample depth of up to 7.4 um. SIMNRA [14,15]
and NRADC [16] was used for the deconvolution of all a and proton spectra measured at different *He

ion energies.

Samples for TEM observations were cut with the use of a standard focused ion beam (Hitachi NB
5500) procedure and then milled gently by low energy Ar* plasma. General STEM observations were
done with a Hitachi HD2700 operated at 200kV. TEM observations were performed with a JEOL JEM
1200EX Il microscope with an acceleration voltage of 120kV. A double tilt holder was used for
setting the desired diffraction conditions to assure comparability of results from different samples.
Firstly, an observed grain was tilted to the closest [011] zone axis and then to <200> and <110> type
two-beam conditions. The dislocation density was measured with use of the line intercept method,
which has been already utilized in our previous works [6]. The image of each zone has been covered
with the network of lines of known length (). Then, number of intersections (n) between dislocation

and experimental lines were counted. Dislocation density was calculated with the following formula:

| =

P =7

~

Where t is the specimen thickness estimated in focused ion beam system with use of electron column
when lamella was positioned edge-on to the viewing direction. The error of the calculated dislocation

density values are related mainly with uncertainties of thickness values estimated at 7%.

3. Results and discussion
3.1 Initial material

The material in the initial condition, before irradiation experiments, featured grain size of the order of
tens of micrometers (Fig.1 (a)), which is typical for recrystallized tungsten. Grains interior are mostly

free from dislocations, see Fig. 1 (b). STEM inspection has revealed some equilibrium dislocations,



nevertheless their amounts are too low to allow a meaningful calculation of the dislocation density

results from STEM measurements. For this reason, we consider initial material as dislocation-free.

Fig. 1 Representative images of material in initial condition (a) SEM image of coarse grains (b) STEM

image showing low density of dislocations in grain interiors.
3.2 Irradiation effects and deuterium retention

Fig. 2 shows images of dislocation structures within 1 um from the surface of the target (located at the
right side of the specimens, visible clearly in Fig. 2(b) and 2(c)). Differences in dislocations
arrangements in samples treated with different damage dose rates can be seen. The sample with the
lowest average dose rate (4.1x10° dpa/s), Fig.2(a), features short linear segments aligned
predominantly with an angle of 60° relatively to themselves. The presence of homogenously
distributed dots throughout the images is the result of FIB sample preparation, and should be treated as
an artifact typically observed in such samples, especially with low dislocation densities [6,17]. The
sample presented in Fig.2(b) experienced a higher average damage dose rate (9.3x10 dpa/s) as W ion
implantation time was shortened to 3.36x10° s. The dislocation appearance, similarly to the previous
sample, is in the form of short straight-line segments inclined to each other. Additionally, some
randomly distributed lines connect these regularly arranged ones. Moreover, the dislocation density is
visibly higher in this specimen. The last specimen (Fig. 2 (c)) was damaged even more rapidly, since
the irradiation process lasted only for 50 seconds, ending up with an average damage dose rate of
5.0x107 dpa/s. As a result, randomly distributed dislocation lines with no indication of any organized

spatial arrangement are observed.



Fig. 2 TEM images of tungsten targets self-damaged with increasing average ion flux and hence
damage rates (a) 4.1x107° dpa/s (b) 9.3x107 dpa/s (c) 5.0x10™ dpa/s

Irradiation induced dislocation structures are being established with the atomic displacement caused
by the interaction of the incident ion flux with the crystal lattice of the target. While the timescale for
the primary damage is of the order of picoseconds it takes much longer time for atoms and ion-
generated defects to rearrange themselves to create dislocations. It is postulated here that for this
reason, rather slow damaging leads to the creation of more organized structures like the ones seen in
Figs.2 (a) and (b). The former was irradiated with an average rate of 4.1x10° dpa/s and, in result
organized dislocation segments were formed. When the average damaging rate was increased to
9.3x107 dpa/s (irradiation time shortened), an increased number of randomly distributed dislocation
lines appeared due to more intense ion bombardment which inhibit complete arrangement of point
defects to more organized structures. When irradiation was even more rapid (5.0x10° dpals)
dislocation tangles were formed arbitrarily (Fig.2 (c)).

Fig.3 gathers three STEM images showing complete cross sections through the damaged zones of the
samples prepared with the different damage dose rates. One can see that the depth affected by the
20 MeV W ion beam is the same in all specimens and agrees well with the SRIM calculation, see left
graph in Fig.3. Three zones related with the differences in the amount of retained deuterium are placed
at different distances from the surface of the specimens (top of the images). White lines in discussed
microstructure images separate those zones in the images. Although less pronounced, the images show
the same trend as observed with the TEM for the three different damage rates: the smallest and the
medium damage rate samples show short straight-line segments of dislocations, the sample prepared

with the highest damage rate shows more randomly distributed dislocation.
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Fig. 3 Calculated primary displacement damage, concentration of implanted W, and measured
deuterium concentration as function of depth together with a set of STEM images of tungsten targets
damaged with different damage rates. The depth scale in the graph and the images are the same.

3.3 Dislocation structures

More detailed insight into dislocation structures from each zone is given in Figs. 4-6. The zone closest
to the surface is affected by the W ions of the highest energy that enter the bulk and collide with
crystalline lattice atoms. Concentration of implanted W ions (blue line in Fig. 3) is low in this zone as
the incoming ions do not lose all their energy in this shallow layer of the material. Nevertheless,
during collision they create Frenkel pairs. Due to the surface proximity many defects are believed to
escape to the specimen surface and annihilate there. Since interstitials are more mobile than vacancies
they are more subjected to this phenomena. As a result, the excess amount of vacancies remain within
the lattice. Therefore, we assume that generated dislocations are the most likely vacancy-type in this
zone because of the possibility of their rearrangement into other defects. This results in a relatively
low level of observed displacement damage, even though, noticeable amounts of dislocations are still
visible even in the sample damaged with the lowest rate, Fig. 4(a). Similarly to the observations from
the general overview of the defected areas (Fig. 2) it can be seen that the character of dislocations
appearance changes with the increasing damage rate and leads to formation of tangles for the highest
rate, Fig. 4(c).



Fig. 4 TEM images of tungsten targets self-damaged with increasing average ion flux and hence
damage rates — 0-300 nm zone (a) 4.1x10°® dpa/s (b) 9.3x10° dpa/s (c) 5.0x10 dpa/s. Scale bar is the

same for all images. Sample surface is on top.

In the middle (300-1100 nm) zone the most collisions events (primary ions, knock-out atoms as well
as cascade atoms) take place. Graph in the Fig. 3 shows that displacement damage level increases here
and reaches peak value closely to the area between this and the deepest one. Taking into account the
classic cascade structure of vacancy-rich core surrounded by interstitials clusters, we assume that only
a small fraction of implanted ions remain in this area. Multiple collisions with the lattice atoms led to
formation of the mixture of self-interstitial dislocation loops together with the vacancy-type.
According to modeling [18] and experimental [19] studies, the former are more likely to occur, but
considerable amount of vacancy-type dislocations can be formed at 500°C and higher temperature as
well. Since mobile interstitials cannot escape through the surface in this zone they are subjected to
create a dislocation loops. The appearance of dislocation structures is very similar to that present in the
near-surface zone for all samples with the same dose rate. In the low and intermediate damage rate
(Figs. 5 (a) and (b)) defects structures seem to be quite similar but more random dislocation lines were
generated with the high dose rate, Fig. 5 (c).



Fig. 5 TEM images of tungsten targets self-damaged with increasing average ion flux and hence
damage rates — 300-1100 nm zone (a) 4.1x10°® dpa/s (b) 9.3x107° dpa/s (c) 5.0x10 dpa/s. Scale bar is

the same for all images

In the deepest zone there is a decreasing local level of displacement damage (see Fig. 3). In this area,
incoming ions are losing their energy and remain in the lattice after the irradiation experiment.
Decreasing displacement damage can be interpreted as lowered possibility to remove lattice atoms
from their initial positions. For this two reasons, dislocations are the most likely formed by interstitials
made by primary ions or atoms displaced from the zones above which were stopped in the deepest
zone. Nevertheless, no special structures nor dislocation arrangements has been observed here. Images
gathered in Fig. 6 collect observed structures in this zone. They remain similar the two previously
discussed. Figs. 6 (a) and (b) show isolated dislocation lines without any characteristic arrangements,
while Fig. 6 (c) is a spontaneous dislocation tangle which differs from those created by lower dose

rates.



Fig. 6 TEM images of tungsten targets self-damaged with increasing average ion flux and hence
damage rates — 1100-2100 nm zone (a) 4.1x10° dpa/s (b) 9.3x107° dpa/s (c) 5.0x10 dpa/s. Scale bar

is the same for all images
3.4 Dislocations and deuterium retention

As a next step, dislocations densities have been calculated, see Table 2. A general trend can be seen
for each sample. The dislocation density is slightly higher in the near-surface zone down to 300 nm,

drops slightly down to 1100 nm and then raises again towards the end of range.

As can be noticed, in the three depth profiles in Fig.3, the D retention seems to be independent from
the applied dose rate and dislocations arrangement generated during 20 MeV W irradiation. The depth
profiles follow the same tendency for each sample. Slight increase in retained deuterium content
observed in the zone between 300 and 1100 nm is present for all samples regardless of dislocation
structures. Interestingly, the measured dislocation density and D retention exhibit opposite behavior —
the middle zone features the lowest value of dislocation density and the highest D retention. Therefore,
we can state that the morphology of the dislocations structure or apparent dislocation density does not

affect deuterium retention even at these low exposure temperatures.



Table 2 Dislocation densities (x10* 1/m? from the three zones located at different depths

(characterized by different deuterium retention).

Average damage rate (dpa/s) 4.1x10° 9.3x10” 5.0x10”
Distance from 0-300 nm 0.75 #0.061 0.83 +0.066 1.50...+0.079
the specimen’s 300-1100 nm 0.66 +0.035 0.78 +0.075 1.44...£0.096

surface 1100-2100 nm 0.92 +0.074 1.01 +0.053 154 £0.081

To support this statement an estimation of D atoms to be hold by a single dislocation was done. An

approximate value of 0.5 at.% retention (see graph in Fig. 3) were obtained from TDS experiments in

W at
m3

all zones. When multiplied by the tungsten density (6.32 x 1028 —-) a number of D atoms in the

volume unit can be calculated - 3.16 x 102¢ %. Number of dislocation lines can be obtained by

dividing calculated values (Table 2) by the sample thickness (for simplification rounded values of
density - 1 x 10%* % and thickness 100nm = 10~7m were used) gives 1x 102! % When D atoms

density is divided by the dislocation volume density number of D atoms hold by a single dislocation
line is estimated. In our experiments, this value is 316000 D atoms per dislocation. When compared to
the values used in computer simulations done by other authors — up to 15 D atoms per dislocation [20—
22] - it can be seen that our value is more than 20000 times higher. This result indicates that
dislocations in our samples gives rather negligible effect on the retention and other, more effective

mechanisms of D retention should be considered.

The only microstructural factor which links directly with changes in D retention is a slight drop of
dislocation density in the middle (300-1100 nm) zone. However, as shown before this effect itself is
rather meaningless in this terms. To find other microstructural reason of these results phenomena
occurring under irradiation must be carefully evaluated. According to the studies of mechanism behind
the formation of dislocation structures during irradiation and discussion from Section 3.3, the process
can be split into stages including: 1) generation of point defects — vacancies and interstitials during
collision between lattice atoms and incoming ions, 2) their rearrangement into agglomerates and 3)
finally into new dislocations [5,6]. It means that the drop of dislocation density in the middle zone can
be associated with increased amounts of point defects, particularly vacancies. As discussed in Section
3.3, due to limited ability of interstitials to annihilate on the surface, dislocations in this region are
believed to be interstitial type mostly. Then, vacancies created during incoming ions collisions with
the lattice are stored since they cannot interact with interstitials involved in dislocations. Thanks to
this, an increased amount of vacancies are believed to be present in this region when compared to the

other two zones.
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At this stage of our studies it remains unclear, why vacancies supposedly in abundance in that zone do
not rearrange into dislocations. However, it is known that diffusion of vacancies is rather limited in
tungsten [23]. Formation of a vacancy loop requires a particular number of vacancies, above 30
according to [18]. Availability of more vacancies within the short distance of the diffusion range from
an established dislocation loop, might be insufficient to “produce” new loops and thus, only vacancy
clusters form. In the 1100-2100 nm zone, one can notice locally an increased dislocation density.
Concurrently, this region features the highest concentration of implanted W ions (blue line in Fig. 3).
As shown in [23], the fraction of interstitial loops is increased, relatively to vacancy-type, in regions of
increased damage and excess of interstitials. In terms of D retention, it should be noted that vacancies
and their clusters feature a higher deuterium detrapping energy of 1.45 and 1.85 eV, respectively
compared to 0.85 eV reported for dislocations [24]. Then, no significant outgassing from dislocations
is expected during desorption experiments. As shown in our rough estimation on dislocation effect on
D atoms retention the dislocation density should be at least 20000 times higher to be able to store such
an amount of hydrogen. Our investigations confirm that point defects and their agglomerates are of
major importance when concerning deuterium trapping. Vacancies and clusters have been already

shown to have significant effect on deuterium retention in tungsten targets [25].
4. Summary

In summary, our work shows that dislocation networks in tungsten samples prepared by self-
implantation with different damage dose rate vary with the applied dose rate and depth of W ions
penetration. We observed different dislocations density for the different damage dose, increasing with
the damage dose. Slight differences in the dislocation types were observed in three damaging zones.
Higher dislocation density in the deepest zone is related with rearrangement of interstitials which does
not impact D storage. D retention drops here due to lowered vacancies concentration. The density of
dislocations is five orders of magnitude lower than the density of the defects that trap deuterium for all
damage rates and for this reason we conclude that the density of dislocation is too low to influence on
D retention. We conclude that vacancies and vacancy clusters are the most important defects in terms

of deuterium retention in tungsten.
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