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Abstract. Rolled tungsten (W) was sequentially exposed to nitrogen (N) and deuterium (D)
plasma at different surface temperatures to investigate the influence of N pre-irradiation on D
retention and surface blistering of W. Surface imaging revealed that significant amounts of
blisters are formed after D exposure at 230 and 370 K. However, no blisters were found in the
case of 520 K D exposure. In addition, N pre-irradiation increases the areal density of blisters,
in particular that of small blisters. This effect becomes more significant for 500 K N exposure
compared with 300 K N exposure. D depth profiles show that N pre-irradiation leads to an
increase of the D concentration in the near surface. Thermal desorption spectra show that only
one main desorption peak appears for the case of 230/520 K, while two peaks are found for
370 K D exposure. Though N pre-irradiation does not change the deuterium desorption peak
positions, it slightly changes the total D retention. These phenomena indicate a temperature
dependence of the effect of N pre-irradiation on the D behavior in W.
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1. Introduction

Tungsten (W) is a candidate plasma-facing material for future fusion devices [1]. It has
many advantages such as high melting point and thermal conductivity as well as low
sputtering yield and hydrogen inventory [1][2]. A full W divertor will be used in ITER from
the beginning of operations [3]. W divertor armor will be exposed to high heat fluxes, which
can result in severe surface damage, like surface roughening, melting or cracking [3].
Impurity seeding, such as nitrogen (N) or noble gases, for radiative power removal is
mandatory for high-power operations to mitigate the power loads and to reduce the damage of
W armor [4].

Nitrogen has favorable radiation properties and it can enhance plasma performance via
seeding into the divertor region [5]. However, the introduction of N leads to issues of N
legacy and the formation of volatile compounds [6]. W:N layers are found on the tiles of
TEXTOR after N seeding experiments [7]. The W:N layers have different phases, e.g., WN or
Wo>N [8], and it was found that the N/W ratio decreases with increasing temperature [9][10]. It
has been shown that W:N layers are thermally stable up to about 800 K and decomposition
starts at around 830 K [11].

As a plasma-facing material, W will be subjected to intense fluxes of low-energy
deuterium (D) and tritium particles as well. The W:N layers are supposed to affect the
interaction of D plasma and W surfaces. An experimental study indicated that N-enriched
layers at the W surface can act as a diffusion barrier for the re-emission of implanted
hydrogen [12]. A theoretical study also shows N atoms trapped in a vacancy significantly
reduce the hydrogen effective diffusivity [13].

D retention in W depends in a complicated manner on a variety of exposure and material
parameters such as, e.g., ion energy, ion flux, and ion fluence, as well as sample temperature,
microstructure, impurity concentration, and intrinsic defect concentration to name the most
important ones. For details the reader is referred to recent reviews by Skinner et al. [14], Roth
and Schmid [15], and Tanabe [16]. In particular the behavior of W exposed to low-energy and
high-flux D plasma has been widely investigated with respect to surface blistering and D
retention. At low temperatures small low-dome blisters are sparsely formed on the W surface,
and both large blisters and small blisters appear if the temperature increases to 500 K. With
increasing temperature, the blisters become much sparser and finally disappear at above
1000 K [17][18]. In general, D retention increases with exposure temperature, reaching a
maximum value at about 500 K, and then decreases at higher temperatures [18][19]. As
mentioned, the incident plasma flux also affects surface blistering and D retention. It was
reported that smaller blisters are more likely to be formed under high-flux D plasma exposure
[20]. A detailed comparison of high- and low-flux exposures for otherwise comparable
conditions was recently published by Balden et al. [21].

In this context, it is important to study the effect of N irradiation on the D behavior in W
and taking the influence of exposure temperature into account. Therefore, in this work we
expose W consecutively to N and D plasma and investigate the surface blistering and D
retention at different temperatures.



2. Experiments

W samples used in the present work were cut from a hot-rolled sheet (0.8 mm thick,
PLANSEE, 99.97% purity). The dimensions of the samples were 12x15x0.8 mm’. They were
mechanically polished to a mirror-finish and subsequently ultrasonically cleaned in
isopropanol. Then they were annealed in vacuum (<10 Pa) for 1 h at 1200 K for hydrogen
degassing, surface stress release, and oxide layer removal.

A characteristic surface of a W sample after preparation is shown in Fig. 1. The grains
are visible in the scanning electron microscopy (SEM) image. The average grain size is
~6 um. According to producer specifications this material is nominally identical to the W
material used in many prior investigations in IPP Garching [22][23]. Similar microstructure
has been shown in [23]. However, the average grain size of the hot-rolled W sheet in the
present work is a little bit larger than that used in [23].

Fig. 1 Characteristic SEM image of an as-prepared W sample.

N and D plasma implantation were performed in a low-pressure steady-state electron
cyclotron resonance (ECR) plasma chamber named ‘PlaQ’ [24]. To allow for a burn-in time
of the plasma without exposing the sample to the beam a shutter between the aperture
separating the plasma region from the sample was closed for about 10 min. To stabilize the
sample holder temperature between 230 K and 520 K, two open circuit thermostats one with
silicon oil and the other with ethanol were used.

Six samples divided into two groups were irradiated by N plasma at 300 and 500 K,
respectively. The working pressure of N plasma was 0.25 Pa and a gas flow of 50 sccm N,
gas was applied. Under these conditions N** was the dominant ion specie (=80-90%) in the
ion flux with minor contributions from N** and N* ions (=5-10% each) [25]. The ion flux of
the main species was about 4x10" N** m 2 s™' [25]. The N plasma exposure lasted for 30 min
and the total N fluence was about 1.5x10 N'm >, For D plasma exposure, nine samples
including the six N-irradiated samples and another three blank W samples were prepared.
These nine samples were divided into three groups and each group included one sample with

N irradiation at 300 K, one sample with N irradiation at 500 K and a blank sample without N
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irradiation. The three groups were each exposed to D plasma for 167 min with a fluence of
1.0x10** D m ™ at 230 K, 370 K and 520 K respectively. A pressure of 1.0 Pa was used for the
D exposures. For these plasma parameters the D ion flux consists predominantly of D** ions
(94%) with minor contributions of D** (3%) and D" (3%) [24]. For N and D plasma exposures
a DC target bias of =200 V was applied. With a plasma potential of 15 eV the maximum ion
energy was 215 eV and the dominant energy per atom was 72 eV per D and 108 eV per N for
the respective dominant ion species.

Surface modifications were analyzed by an optical differential interference contrast (DIC)
microscope (Olympus LEXT OLS4000). The centers of the exposed regions were observed.
For determining the blister-size distributions, the blisters identified in the optical DIC images
were manually marked and their size was estimated by assuming a circular shape with an
equivalent area to each blister.

The sub-surface morphology was observed by SEM after cross-sectioning with a focused
ion beam (TESCAN LYRA3 FEG-SEM/FIB). To reduce artefacts due to the FIB cutting
process, a Pt-C film was deposited onto the investigated surface in situ prior to the FIB
cross-sectioning. The observation of FIB cross-sections was made at a tilt angle of 55°.

The D depth profiles in the W samples were measured by nuclear reaction analysis using
D (*He, p) *He reaction. An analyzing beam of *He ions with energies varying from 0.5 to
4.5 MeV was used, which allowed us to determine the retained D concentration up to a depth
of 8 um. The D depth profiles were determined by deconvolving the acquired proton spectra
from the *He NRA measurements using the NRADC data evaluation program [26]. The
sensitivity limit of the used NRA set-up is about 10 D/W.

D desorption behavior was examined by thermal desorption spectroscopy (TDS) in
Beihang University. The base pressure of the TDS chamber was better than 5x10” Pa. The
sample was located ~5 mm above a W rod heater and was heated up to 1423 K with a
ramping rate of 1 K/s. The sample temperature was measured and monitored by a W-25 Re
thermocouple, connected to the bottom of the target sample. Signals of mass 3 (HD), mass 4
(D), mass 19 (HDO) and mass 20 (D,0) were recorded by a quadruple mass spectrometer
(MKS Microvision Plus). The signal of mass 4 was calibrated by a D, calibration leak and the
signal of mass 2 was calibrated by a H, calibration leak. Mass 3 was calibrated by averaging
the calibration of mass 2 and mass 4 signals. The contribution of deuterated water to D release
was estimated from the measured mass 19 and 20 signals applying the published sensitivity
factor for water. The partial pressure of HDO, as well as that of D,0, has the same order of
magnitude for all investigated targets before and during the temperature ramping process.
Therefore, the desorbed D in form of deuterated water was not taken into account. The
released D amount from the samples was calculated from the HD and D, signals and the
contribution of HD to the D release was below 10%. The uncertainty of the TDS-determined
D amounts is dominated by the stability of the detector in the mass spectrometer and by
contributions to the D release in form of HDO and D,O. The overall uncertainty is estimated
to be about 7 %.



3. Results
3.1. Surface blistering

Optical DIC micrographs of the W targets after being sequentially exposed to N plasma
and D plasma at different temperatures are shown in Fig. 2. The sub-figures are arranged in
three rows for different D plasma exposure temperature, and the columns correspond to
without or with N pre-irradiation at different temperatures. Blistering is noticeable for 370 K
D exposure and mitigated in the case of 230 K, while it is completely suppressed at 520 K.
For the case of 520 K D exposure, it should be noted that we have scanned the whole sample
surface and confirmed that no blisters can be found. Similar results have been reported in [27].
It is not easy to determine the reason since besides the sample temperature a lot of factors
including the material grades and the plasma parameters could also affect the blistering
features [20][28]. However, it seems that for the here used material and exposure conditions,
there is a critical temperature for blister formation. To clarify this issue, further investigations

arc necessary.
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Fig. 2. Optical DIC micrographs of W samples after D exposure without or with N pre-implantation. A
number of small blisters are marked by red arrows.



For 230/370 K D exposure, N pre-irradiation changes the D-induced blistering to some
extent. In order to further study the N pre-irradiation effect on blistering, histograms of the
determined blister-size distributions for the samples with D exposures at 230 and 370 K are
shown in Fig. 3. Log-normal distributions were used to fit the blister size distributions. These
fits are shown as solid lines in Figs. 3(a) and 3(b). The statistical data of the blister-size
distributions are summarized in Table 1.
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Fig. 3. Blister-size distributions for rolled W exposed to D plasma at 230 K (a) and 370 K (b). N300K
and N500K represent the samples with different N pre-irradiation temperature at 300 and 500 K. Nfree

stands for the sample without N pre-irradiation. The solid lines indicate log-normal distributions.

Table 1 The statistical data of the blister-size distributions for samples exposed to D plasma at
230 K and 370 K.

D loading at 230 K D loading at 370 K
Samples
Nfree  N300K N500K Nfree N300K N500K

Average blister size [um] 0.9 0.8 0.5 7.0 6.2 3.7

Most probable blister size
0.4 0.4 0.2 2.4 2.0 1.8

[pm]
Areal density
3 5 16.5 18.0 42.5 11.6 16.0 31.0
[10° blister/mm~]
Evaluated area [pmz] 131 X131 260X 260

In the Nfree case of 230 K D exposure, the surface is covered by a large number of small
blisters with a diameter < 3.2 um (see Fig. 3(a)). The average blister size is 0.9 pm (Tab. 1).
We selected a typical blister on its top for FIB cutting as shown in Fig. 4(a). We can see a
narrow cavity along a grain boundary below the blister in a depth of about 150 nm. For the
samples with N pre-irradiation, the surface is densely covered by nanometer-sized blisters and
the average sizes are 0.8 um and 0.5 um for N300K and N500K, respectively (Tab. 1). The
blister size distributions (Figs. 3(a) and (b)) show that smaller-size blisters contribute to a
higher fraction for samples with N pre-irradiation, especially for N500K. However, the areal
density of blister is slightly increased by 300 K N pre-irradiation and significantly increased
by a factor of up to 3 in the case of N500K.



|

Fig. 4. SEM images of cross-sections of W samples. The position of the cut is labeled by the red dash line. (a) a
small blister on the Nfree D230 K sample, (b) a large blister on the N300 K D370 K sample.

For the three groups of exposures corresponding to 370 K D exposure, the blisters are
much larger, but the areal density is lower compared with 230 K D exposure. In the case of
Nfree, the maximum size is >30 um and the average size is about 7 um. It is worth
mentioning that this average blister size is larger than the mean grain size of the rolled W (see
Fig. 1). We selected a typical large blister with some small blisters on its top for FIB cutting
as shown in Fig. 4(b). The big cavity shown in Fig. 4(b) which locates at 3.5 pm depth is well
visible and extends over several grains. From Fig. 3(b) we can see that most blister sizes are
in the range of 1-10 pm. The difference of the blister-size distributions for the N300K and
Nfree samples is not very significant, while the N300K sample has a higher ratio of small
blisters (< 5 um) than the Nfree sample. In addition, the average blister size of N500K is
3.7 um which is much smaller than for the other two samples, mainly because the ratio of the
small blisters (< 5 pm) is much higher than the other two samples.

From the above, it is indicated that the features of surface blistering strongly depend on
the exposure temperature and N pre-irradiation. With N pre-irradiation, the formation of
smaller-size blisters is enhanced, which results in a higher ratio of small blister and a lower
average blister size, and this effect is more significant for 500 K N pre-irradiation than for
300 K.

3.2. Deuterium depth profiles

Fig. 5 shows the deuterium depth distributions determined by using NRADC for the
deconvolution of the acquired proton spectra. For these samples, the D/W ratio reaches a
maximum of about 1x102 D/W at the top surface (<30 nm). It should be noted that, this ratio
in this D-oversaturated layer in the top surface is actually the averaged value by NRADC for
the best depth resolution with the present NRA setup. More details can be found in Ref. [29].

As shown in Figs. 5(a) and (b) after D exposure at 230 K, the D/W ratio in the case of
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Nfree is 1.5x102 D/W in the top surface (<30 nm) and then decreases to 3x10° D/W. In the
depth of 125 nm, it drops to 5.3x10* D/W and further decreases to 1.9x10” D/W in depths
larger than 610 nm. The D/W ratio with N pre-irradiation is similar to the Nfree case. For
N300K, it is 7x10~ D/W in the top surface and then decreases to 5.3x10™ D/W in the depth up
to 125 nm. It drops to 1.9x10” D/W in for depths larger than 610 nm. In the case of N5S00K, it
is also 7x10° D/W in the top surface and then decreases to 2x10° D/W in the depth of 125 nm.
It drops to 2.4x10° D/W for depths larger than 410 nm. Most of the trapped D atoms
concentrate in the near surface region (< 400 nm), and the FIB cross-section (Fig. 4) shows
that the cavities corresponding to small blisters are also within this depth. We have calculated
the total retained D amount within 400 nm from the depth profiles. The D amount for NS00K
is about 1.4x10" D m™ which is the highest in these three samples. N300K and Nfree are
almost the same which are about 1.0x10" D m™.

In Fig. 5(c) and (d) after D exposure at 370 K the D/W ratio in the case of Nfree is
9x10”° D/W in the top surface and then drops to 1.4x10° D/W at the depth of 30 nm. For
depths larger than 1.2 pm, it increases to 2x10~ D/W and then to 3x10° D/W at the depth of
2.5 um. For depths larger than 3.5 pum, it decreases to 1x10° D/W and drops to 2.7x10™ D/W
in depth of 5.2 uym. For the cases of N pre-irradiation, within the depth of 820 nm, the D/W
ratio is close to that of Nfree but still a little bit higher. In the depth between 8§20 nm and 2.5
um, it is about 2x10” D/W which is higher than for the Nfree case.

According to the results present above, the blister size is closely related to the depth
where the cavity is located which is in agreement with findings reported by Bauer et al. [30].
This region also corresponds to a high local D concentration. By comparing Figs. 5(b) and (d),
we can find that the D concentration in the depth of several micrometers is significant higher
in the case of D370K than D230K. That probably explains the resulting larger average blister
size for D370K.

For D520K (Figs. 5(e) and (f)), in the case of Nfree most of the D atoms concentrate
within ~30 nm (>1x10? D/W). Then it drops sharply to 3x10° D/W. The two samples with N
pre-irradiation at 300 and 500 K show similar D depth profiles. Within 130 nm the D/W ratio
is higher than about 1x10”° D/W. After this depth it drops to about 4x10° D/W. It indicates
that the D atoms just concentrate within the depth of about 100 nm after D exposure at 520 K.
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Fig. 5. Deuterium depth profiles in W with or without N pre-irradiation followed by D plasma exposure at
different temperatures. (a)(b) D exposure at 230 K, (c)(d) D exposure at 370 K, (e)(f) D exposure at 520 K.

3.3. Deuterium desorption

The D, desorption spectra for the samples are shown in Fig. 6. The samples exposed to D
plasma at 230 K have only one desorption peak at 460 K as shown in Fig. 6(a). The peak
widths for the 3 different cases are comparable, with varying peak intensity by up to 25%.
The samples exposed to D plasma at 370 K (Fig. 6(b)) show a dominant desorption peak at
590 K and a shoulder peak at a lower temperature of about 470 K. Similarly, as for D230K
(Fig. 6(a)), the shapes of the peaks for the three samples are almost identical. For the samples
exposed to D plasma at 520 K the TDS spectra show only one peak located at 590-610 K (Fig.
6(c)) and the intensities of the peaks with N pre-irradiation are two times that of the Nfree
case. In contrast to the other two cases, for Nfree case the peak shape differs slightly, and
there seems to be a variation of the peak position of up to about 20 K. It is worth to mention
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that the reproducibility of the temperature in our TDS set-up has an uncertainty of about
10-20 K. Taking this into consideration, we can classify all TDS spectra shown in Fig. 6 into
two peaks: one at 470 K and the other at about 600 K. It is indicated that N pre-irradiation
does not change the positions of D desorption peak but the intensities.
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Fig. 6. D, desorption profiles for W samples exposed to D at different temperatures with or without N

pre-implantation.

The total released D amounts considering contributions from both D, and HD are shown
in Fig. 7. The samples exposed to D at 370 K show the largest released D amounts which is
about 10 times that of D230K and D520K. After D exposure at 370 K, the D releases of the
samples with N pre-irradiation are about 10% higher than the Nfree case. After D plasma
implantation at 520 K, N pre-irradiation also enhances the accumulation of D in W by a factor

of up to 2 compared with the N-free case.
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Fig. 7. Total amount of D released from W samples exposed to D at different temperatures with or without N

pre-implantation as determined by TDS.

4. Discussion

Based on a comparison of the surface morphology and D retention of rolled W
sequentially exposed to N and D plasma at different temperatures, we can see that the D
exposure temperature plays an important role, and N pre-irradiation also changes the D
behavior in W which exhibits a temperature dependence as well.

Blistering and D retention are most noticeable at D370K, and they change with N
pre-irradiation at different temperatures. With N pre-irradiation, the D concentration within
the depth of 2.5 pm is increased (Fig. 5 (d)). It is concluded that N pre-irradiation plays an
important role on D diffusion and transport in the near surface of W.

It has been reported that a N-containing surface layer [25][27][31] could act as a barrier
for D diffusion in W [11][12]. According to [32], with the experimental conditions used in
our work, the mean implantation range of N ions in W is about 1.2 nm. Gao et al. [33] used
TRIDYN [34] to calculate the D penetration depths in the W-N layer for D atom with
different energy. The results showed that the penetration depths of D atoms with the energy of
215 eV, 108 eV and 72 eV are 17.2, 9.9, and 9.5 nm, respectively. This means that a large
fraction of the incident D ions can penetrate the N-containing surface layer. Thereafter, the
thermalized D atoms can either diffuse inward into the W bulk or back to the surface where
they recombine and get desorbed. In the case of a N-containing layer formed on the top
surface, D diffusion outward would be reduced and, therefore, D diffusion inward would be
enhanced. Consequently, N pre-irradiation increases the D concentration in the near surface
as shown in Fig. 5.

In addition, the areal density of the small blisters is significantly increased due to N
pre-irradiation, especially for N500K. It has been reported that the formation of cavities and
the following plastic deformation are responsible for the blister formation and growth
[35][36], which are triggered by D supersaturation [37]. Since N pre-irradiation enhances the
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D concentration in the near surface (Fig.5 (d)), the areal density of small blisters is increased.

It is worth to note that the N-containing surface layer can be removed by the following D
implantation [11]. A typical D implantation lasts 3 h and we find that this N-containing
surface layer can be completely removed by D implantation within 1 h. That is to say, the
aforementioned enhanced D inward diffusion due to the N-containing surface layer mainly
plays a role at the early stage of the D exposure. After the N-containing surface layer has been
removed, the behavior of the incoming D atoms is similar to the case of Nfree. However, the
existing small blisters can significantly reduce the D diffusion into the bulk [30]. As a result,
the areal density of the large blisters on the sample with N pre-irradiation is lower than that
for Nfree (Fig. 2). At the same time, we can find a difference of blistering features between
the two N pre-irradiated samples (Fig. 3), which could be attributed to different phases of
W:N layers formed at different N-implantation temperatures [25]. These different W:N layers
may have different barrier properties for the D outward diffusion.

For D230K and D520K, the blistering and D retention is not as significant as that of
D370K, while the N pre-irradiation still plays a role. Diffusion and trapping/detrapping are
key factors for D behaviors in W, which are strongly dependent on temperature [38][39][40].
At D520K, D atoms mainly (~70%) concentrate within the depth of 130 nm (Fig. 5) and the
total retention is only ~10% of that at D370K. This is supposed to be due to the more
significant thermal detrapping and enhanced diffusion at 520 K [41]. As shown in the TDS
results (Fig. 6), there are two desorption peaks, 470 K and 600 K for D370K, while the 470 K
desorption peak disappears for D520K, indicating a strong detrapping at D520K. As for
D230K, the D diffusion and detrapping are both reduced compared to D370K [42]. Therefore,
most of the D atoms (~90%) concentrate in the near surface (within the depth of 400 nm), and
the total D retention is much lower than D370K. However, it can be found that the N
pre-irradiation affects the D depth profiles and D retention for D230K and D520K, and this
effect changes a little with N plasma exposure temperature (Figs. 5 and 8).

5. Conclusion

In the present work, we have investigated the effect of exposure temperature on surface
blistering and D retention of W sequentially exposed to N and D plasma.

The D plasma exposure temperature plays an important role on blistering and D retention.
The average blister size is the largest for 370 K D exposure as compared to 230 K and 520 K.
When the exposure temperature of D plasma is reduced to 230 K, the average blister size is
decreased but the areal density is increased. However, the blistering is suppressed at 520 K.
The D depth profiles and TDS spectra show that, the D retention for 370 K is ~10 times of
those for 230 K and 520 K.

Moreover, N pre-irradiation influences the D behavior in W, which exhibits temperature
dependence as well. With N pre-irradiation, the areal density of blisters is increased,
especially for the smaller blisters, which should be ascribed to the increased D retention in the
near surface. This effect is more significant for 500 K N pre-irradiation than 300 K. These
phenomena are supposed to be related to the barrier effect of the N-containing surface layer,
which reduces the D outward diffusion and increases the D inward diffusion accordingly. The
temperature dependence can possibly be explained by a change of the phase of W:N layers,
which might result in the different barrier effect.
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With a view to ITER and future fusion experiments, the modifications especially the
properties and erosion rates of the near-surface layer of W which is caused by simultaneous N
and D implantation should be investigated. In addition, the effect of surface temperature has
to be taken into account. In the future, we plan to perform experiments at increased plasma
flux (10*~10" m>s™") to better simulate conditions in a fusion environment.
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