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Abstract

Blisters formed at tungsten surfaces due to deuterium ion bombardment have been studied systematically in the
energy range 100 eV to 1 keV. The bombardment with 1 keV D" at room temperature (RT) shows that the blister size
increases and the number decreases with the deuterium fluence from 1 x 10! to 1 x 10?! D* /cm?. No blisters are found
at elevated temperatures between 600 and 800 °C. For bombardment with an energy as low as 100 eV, blisters are
observed at the high fluence of 1 x 10?! D*/cm?. The blister size increases and the number decreases with the bom-
bardment energy. Combined with scanning electron microscopy (SEM) ion beam depth profiling measurements have
been used to investigate the effect of blister formation on the trapping behavior of deuterium in tungsten. Double
implantations, where 4 keV He" and 100 eV D", respectively, were injected in W prior to the bombardment of 1 keV
D" show a pronounced increase of deuterium retention and blister disappearance. Possible mechanisms are proposed to
describe the observed phenomena. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

As early as 1970, the blister formation at the surface
of various metals, such as Nb, Cu, Ni, stainless steel, due
to light ion bombardment (H, D, He) was studied in
detail theoretically and experimentally [1,2]. Recently,
tungsten became one of the candidate plasma facing
materials for fusion devices due to its low sputtering
yield and good thermal properties. On the other hand,
disadvantages have been pointed out, such as its high
commercial price and ion-induced blister formation at
the surface resulting in surface flaking. The reduced
thermal contact of the flaked surface layers to the bulk
may result in melting and evaporation due to high
transient heat loads. The blister formation and hydrogen
recycling through fissures in the blisters may affect the
hydrogen transport and trapping properties, especially
the tritium inventory in the future fusion machine. Some
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studies on hydrogen retention in W have been associated
with the observation of blisters formed due to various
conditions of hydrogen bombardment [3-5]. Haasz et al.
[3] observed that the blisters formed at the tungsten
surface due to 500 eV D* bombardment with a cumu-
lative fluence of >1 x 10*! D" /cm? result in a drastically
reduced level of D retention for subsequent D fluences.
Venhaus et al. [4] investigated the effects of pre-anneal-
ing temperature on the blister formation due to low
energy bombardment of D and T. They also found that
blister formation and rupture influence the retention of
D and T.

Many studies on the trapping behavior of hydrogen
isotopes in W have shown that the implanted H or D
diffuses into the W bulk far beyond the ion projected
ranges [3,6,7,17]. The investigation of the D trapping
depth after blister formation could clarify the role of gas
accumulation in cavities for blistering.

In the present work the formation of blisters at the W
surface due to D bombardment has been systematically
studied with different fluences, temperatures and ener-
gies by means of SEM and D depth profiling in order to
have a good understanding of the blister formation
mechanics and D trapping behavior.
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2. Experimental

All the tungsten samples, 1 mm thick, 12 x 14 mm?
with 99.99% purity, were mirror polished for the ex-
periments. In order to study the surface damage in the
materials as used in real plasma machines, two unpol-
ished tungsten samples were bombarded with 300 eV
and 3 keV D5 up to the fluence of 1 x 10?' D" /em?.
The ion bombardment was carried out in a vacuum
chamber connected to a high-current ion source [8]. The
pressure was better than 1 x 1077 Pa in the chamber,
and increased to (7-10) x 107 Pa during bombard-
ment. Prior to bombardment each sample was out-
gassed at 850 °C for 15 min. The ion exposure was
performed at normal ion incidence for ion energies of 3
keV D; (1 keV/D™), 600 eV D; (200 eV/D™), and 300
eV Df (100 eV/D"), with flux densities of 11, 5 and
6.25 x 10'° D* /em?s, respectively. For a better ion
source performance, 6, 3.6 and 3.3 keV ion beams were
extracted from the ion source and decelerated in front
of the samples by a positive target bias of 3 kV to
achieve the 3 keV, 600 eV and 300 eV Dy, respectively.
Different bombardment fluences of 1 x 10" D" /cm?,
1 x 10®° D*/em? and 1 x 10*! D" /cm? were used to
investigate the process of blister formation at target
temperatures of room temperature (RT), 600 and 800
°C, respectively. The erosion yields were determined
from the total weight loss of the target measured in situ
by a vacuum microbalance with a sensitivity of £1 pg.
The bombardments with 3 keV D3 were also performed
at RT subsequent to the implantation of 4 keV He™"
and 300 eV D, respectively. The fluences of the prior
implanting were (1-3) x 107 He*/cm? and 6.3 x
10 D*/cm?. For comparison, two polished Mo
samples were bombarded with 3 keV Dj up to the
same fluence of 1 x 10 D*/cm? at RT and 800 °C,
respectively.

The sputtering yields were determined by the total
weight loss of the target. After ion beam bombardment,
SEM was used to observe the surface structure, espe-
cially the blister formation. The observation was done at
an angle of 55° towards the electron detector to increase
the contrast of surface structures.

The depth profile of retained deuterium in tungsten
was determined by elastic recoil detection (ERD) with
2.6 MeV He" on a tandem accelerator. Helium ions were
injected at an angle of 75° to the surface normal. The
recoiling deuterium was detected in a Si surface barrier
mounted at a forward angle of 30° in the laboratory
coordinate frame. All the scattered helium particles were
stopped by a 5.1 pm thick Ni foil mounted in front of
the detector. A thin a-C:D film (30 nm) on Si with
naturally absorbed hydrogen was used for energy cali-
bration. The calculations of depth profiles of deuterium
in tungsten are based on the procedures described in
[9,10].

3. Results
3.1. Fluence dependence

Three samples were bombarded with 1 keV D™ at RT
up to the fluences of 1x10%, 1x10* and
1 x 10?' D*/cm?, respectively. SEM images show the
ion-induced surface changes in Fig. 1. Compared with
the unbombarded surface, the effect of ion fluence on the
blister formation at the surface can be clearly seen in
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Fig. 1. SEM images of samples bombarded by 1 keV D" at
RT with different fluences: (a) 1 x 102 D*/em?; (b) 1 x
10%® D* /em?; (c) 1 x 10Y D" /cm?. The scale bar is 100 pm for
(a) and (b) and 2 pm for (c).
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Fig. 1(a)—(c). The magnification of Fig. 1(c) is a factor of
50 higher than that of Fig. 1(a) and (b). With the in-
crease of ion fluence, the blister size increases and the
blister number decreases. Fig. 2 shows the blister size
distributions as obtained from Fig. 1 for bombardment
with 1 x 10¥, 1 x 10%* and 1 x 10*! D" /cm?, respec-
tively. Considering the much smaller counting area for
the exposure of 1 x 10! D™ /cm?, we took two SEM
images from different points in the exposed area of one
sample, and counted the blisters to check the homoge-
neity of the blister formation. The two curves (solid and
open squares) shown in Fig. 2 correspond to the two
countings of different areas. They agree well in the range
of blister diameters larger than 0.2 pm. The high un-
certainty for counting small blisters of ~0.06 pum is
mainly induced by the resolution of the SEM system and
the inhomogeneity of the small blister distribution at the
surface. Fig. 2 shows that the number of blisters induced
by 1 x 10" D" /cm? bombardment is four orders of
magnitude higher than that induced by the exposure of
1 x 10® and 1 x 10* D*/cm?. They are mainly con-
centrated on the size of ~0.2 pm and scattered from 0.06
to 1.5 pm. The blister size is much larger for a high
fluence bombardment. The blisters, as large as 55 and 75
pum, are found for the exposure of 1 x 10% and 1 x
10%! D* /cm?, respectively.

The three bombarded samples are measured by ERD
to get the information about deuterium retention and
depth profile in the near surface layer of W. Fig. 3
shows the results. The projected range of 1 keV D' in
tungsten is about 10 nm and the surface erosion by
sputtering as measured from the weight loss of the
samples is calculated to be 4.5 nm for 10" D/cm? (see
Table 1). However, the implanted D diffuses into the
depth far beyond from the ion range. The diffusion of D
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Fig. 2. Blister size (diameter) distribution for the bombardment
of 1 keV D' at RT with different fluences. Symbols: (@®):
1 x 10! D*/em?;,  (A): 1 x10® D¥/em? and (O, W):
1 x 10 D*/cm? (solid and open squares represent two inde-
pendent measurements at different positions of the same
sample).
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Fig. 3. Depth profile of D in the near surface of W for the
bombardment of 1 keV D" at RT with different fluences.
(—): 1x10¥ D¥/em?; (--): 1x10® D"/em? and (---):
1 x 10 D* /cm?. The inserted SEM image shows the blister
‘Deckeldicke’ after a fluence of 1 x 10*! D" /cm?.

into W becomes more pronounced with the implanted D
fluence. On the other hand, the D atom density retained
within the depth of 50 nm decreases with implanted
fluences above 10" D/cm? as seen in Fig. 3. The in-
serted SEM image is taken from a tungsten sample after
1 keV D' implantation at RT with the fluence of
1 x 10?' D*/cm?. From the rupture on the top of the
blister, one can deduce a thickness of the cover of the
blister — or ‘Deckeldicke’ — of 0.5 pm, about a factor
of 100 larger than the ion projected range. The integral
retention of D in the near surface layer of 350 nm is
1.5 x 10'¢, 8 x 10'* and 7 x 10" D" /cm? for the bom-
bardment of 1x 10", 1 x 10®* and 1 x 10*' D" /cm?,
respectively. The mechanism of the decrease of D
retention with the increase of implantation fluence will
be discussed later.

The appearance and development of blisters on the
surface does not seem to have a drastic influence on the
erosion yields by sputtering. Sputtering yields obtained
from weight loss measurements are given in Table 1 for
different energies and fluences. Although the lowest
fluences yield weight losses not much above the repro-
ducibility of the micro-balance, there is no concernible
fluence dependence of the erosion yield for 200 eV and
1 keV bombardment.

3.2. Energy dependence

Fig. 4 shows the SEM image taken from W samples
after D bombardment at RT up to the fluence of
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Table 1
Erosion yields of W for D ion bombardment as obtained from weight loss measurements
Energy (eV) Fluence (D /cm?) Yield at
20 °C 600 °C 800 °C
1000 1 x10% 2.87 x 1073 4.1 %1073 3.65% 1073
2.85x 1073
1 x 10% 247 x 1073
After He prebomb. 2.5x 1073
1 x 10" (1.14£1) x 1073
200 1 x 10% 1.9 x 107
1 x 10% <l x 107
100 1 x 10% <7 x 1073 8.4 x 107
<53 x107°

1 x 10?! D*/cm? with different energies of 100 eV, 200
eV and 1 keV, respectively. The magnification of Fig.
4(a) and (b) is a factor of 5 higher than Fig. 4(c). Clearly,
the blister size increases with the bombardment energy.
The blister size distribution is shown in Fig. 5. The
blisters are counted in an area as large as that for Fig. 2.
The small blisters formed due to the exposure at low
energy of 100 eV are counted for two different areas
(solid and open squares in the figure) to demonstrate the
degree of reproducibility as described for Fig. 2. The
blister number for the exposure at 100 eV is 2 and 3
orders of magnitude higher than that for the exposure at
200 eV and 1 keV, respectively. The blisters are mainly
concentrated on the size of 0.4 pm with a variation of
0.13-1.9 um for 100 eV exposure. The blister size in-
creases to 0.6-9 pm and 3-75 um for the bombardment
at 200 eV and 1 keV, respectively.

Two unpolished W samples are bombarded by D* at
RT with energies of 100 eV and 1 keV, respectively, up
to the same fluence of 1 x 10?! D" /cm?. No blisters are
found for 100 eV D" bombardment. For the sample
bombarded with 1 keV D", we only find five large
blisters with the size of 200, 150, 100, 70 and 8 pum after
careful observation in the whole bombarded area. No
small blisters are formed due to the surface roughness.

3.3. Temperature dependence

Two tungsten samples are bombarded with 1 keV D"
up to the fluence of 1 x 10?! D¥/cm? at different tem-
peratures of RT and 800 °C, respectively. Fig. 6 shows
the SEM images. From the low magnification in Fig.
6(a) in comparison with Fig. 4(c), we can see clearly that
there are no large blisters formed at the W surface due to
the bombardment at 800 °C. The sputtering yields, de-
termined from the total in situ weight loss, are
2.86 x 1073 atoms/ion (average value from three sam-
ples) at RT, and increases to 3.65 x 1073 atoms/ion at
800 °C (Table 1). The surface erosion can been observed
clearly from the high magnifications of Fig. 6(b) and (c).
The small blisters that are formed during the bom-

bardment at low fluence at RT shown in Fig. 1(c) are
sputtered away during further bombardment. We can
see many sharp erosion cones in Fig. 6(c). The largest
cones are ~0.6 um high. This suggests that a W surface
layer of >0.6 pm has been eroded. This is similar to the
value of ~0.66 um calculated from the sputtering yield.
No cones have been observed in Fig. 6(b) at enhanced
temperature of 800 °C. The surface structure shown in
Fig. 6(b) is similar to the surface of Mo after D* bom-
bardment with a high fluence of 1 x 10! D*/em? [11]. It
shows clearly the grain structure of W due to the dif-
ferent erosion yields on different grain orientations. The
bombardment of W with 1 keV D" at 600 °C is also
performed up to the fluence of 1 x 10*° D* /ecm?. No
blisters are observed.

Although no change in surface structure is observed
in the SEM the erosion yields given in Table 1 indicate a
slight increase with the target temperature. Especially at
the lowest energy of 100 eV D*, an energy below the
threshold of physical sputtering, where no erosion could
be observed at RT within the sensitivity of the mea-
surements, an increase to a small, but clearly measurable
weight loss occurs at 800 °C. This may be due to the
desorption of surface oxides formed in the residual gas
of our experiment (<1077 mbar oxygen partial pressure).
This influence of oxygen is only measurable at ion en-
ergies close or below the threshold energy for sputtering
[12,13].

3.4. Double bombardment

In order to simulate conditions where different ion
species at different energies bombard the surface, two
double bombardment experiments were performed at
RT: (1) 4 keV He™ with the fluence of 1-3 x 10'7 /cm?
prior to the bombardment of 1 keV D up to the
fluence of 1 x 10%/cm? (Fig. 7(a) and (b)); (2) 100 eV
D" with the fluence of 6.3 x 10%°/cm? prior to the
bombardment of 1 keV D' up to the fluence of
1 x 10* D*/cm? (Fig. 4(a), Fig. 1(a), Fig. 7(c)). The
SEM images in Fig. 7 show the He pre-implantation
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Fig. 4. SEM images of samples bombarded by D' at room
temperature with a fluence of 1 x 10?! D* /cm? at the energy of
(a) 100 eV; (b) 200 eV and (c) 1 keV. The scale bar is 4 pm for
(a) and (b) and 20 pm for (c).

(a) and the double implantations (b) and (c), respec-
tively. Fig. 8 shows the depth profiles of the deuterium
atom density in the near surface layer of W due to
double bombardment (dashed lines in Fig. 8(a) for
He" + D" and in Fig. 8(b) for D* + D). The profiles
of D due to single 1 keV D" bombardment with a
fluence of 1 x 10%/cm? (solid line in Fig. 8(a)) and
1 x 10? /em? (solid line in Fig. 8(b)) are added for
comparison.
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Fig. 5. Blister size (diameter) distribution for the bombardment
of D™ at RT with a fluence of 1 x 10*' D¥/ecm? at different
energies. Symbols: (@): 1 keV; (A): 200 eV; and (I, H): 100 eV
(solid and open squares represent two independent measure-
ments at different positions of the same sample).

For the first double bombardment experiment
(He™ +D%), we found small blisters, 0.1-0.45 pm in
diameter, induced by the pre-bombardment of 4 keV
He" with the fluence of 3 x 10'7 /cm? in Fig. 7(a) as re-
ported earlier for Nb [1]. The large blisters induced by
the 1 keV D' bombardment with a fluence of
1 x 10*° /cm? shown in Fig. 1(b) have been described in
Section 3.1. However, no such blisters were observed for
the double bombardment shown in Fig. 7(b). An ob-
servation at higher magnification (not given here) shows
that small blisters are not formed either, and the surface
modification is similar to that induced only by D*
bombardment. The depth profile of D shows remarkable
changes due to the double bombardment. At the depth
of ~25 nm from the surface the D atom density increases
by a factor of 8 (Fig. 8(a)). The D retention within the
depth range of 350 nm in the near surface layer of W
increases up to the value of 5.62 x 10'® D* /ecm? for the
double bombardment of 1 keV D* with 1 x 10*°/cm?
after the bombardment of 4 keV He™ with 1 x 107 /cm?.
Compared with the single bombardment of 1 keV D"
with 1 x 102 /cm?, the integral D retention is enhanced
by a factor of 7.2.

For the second double bombardment experiment
(D" + DY), the small blister induced by 100 eV D*
bombardment (Fig. 4(a)) and the large blisters induced
by 1 keV D" bombardment (Fig. 1(a)) have been de-
scribed in Sections 3.1 and 3.2. No blisters are found
after the double bombardment shown in Fig. 7(c).
Similarly, no small blisters are found in a high magni-
fication SEM image (not submitted here) either, and the
surface erosion is similar to that induced by only 1 keV
D" bombardment with a high fluence of 1 x 10*' /cm?.
At the depth of 25 nm from the surface the D atomic
density increases a factor of 7 (Fig. 8(b)) due to the
double bombardment. The D retention within the depth
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Fig. 6. SEM images of tungsten samples bombarded by 1 keV
D" up to the fluence of 1 x 10! D" /cm? at different tempera-
tures and with different magnifications. (a) and (b): at 800 °C
with scale bars of 20 and 1 pm, respectively, and (c) at RT with
a scale bar of 1 um.

of 350 nm in the near surface layer increases to
3.01 x 10'® D* /ecm?. This is an increase of a factor of
4.2 compared to a bombardment with 1 keV D" with
1 x 10%/cm? only.

3.5. Comparison with Mo

No blistering was observed on the surface of
Mo after 1 keV D" bombardment with the fluence

(a) -

4 keV He*, 3x10"7 cm™

Pl i T}
SE 10.2° Okt-10-2000

(b) i
4 keV- He*;3x 10
1 keV D¥, 102%¢cm

Fig. 7. SEM images of W samples subjected to two different
double bombardments at RT. The first group: (a) single bom-
bardment of 4 keV He™ with the fluence of 3 x 10'7 /cm?; (b)
double bombardment of (a) prior to 1 keV D* at 10* D/cm?
(compare to Fig. 1b). The second group: (c) double bombard-
ment of 100 eV D" with the fluence of 6.3 x 10% /cm? (see Fig.
4(a)) prior to 1 keV D* at 10>’ D/cm? (compare to Fig. 1(a)).

of 1x10* D*/cm? at both RT and 800 °C. The
surface structure exhibits large differences in the
erosion yield for different grain orientations as re-
ported already in [11]. The average sputtering yields
are 8.38 x 1073 for RT and 1.10 x 10~2 for 800 °C.
These are abound a factor of three higher than
the values for W (2.86 x 1073 for RT and 3.65 x 1073
for 800 °C).
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Fig. 8. Depth distribution of the D atomic density in the near
surface layer of W due to double bombardment at RT. (a) (--):
4 keV He" with the fluence of 1 x 107 /cm? prior to the bom-
bardment of 1 keV DT up to the fluence of 1 x 10*°/cm?; (—):
single bombardment of 1 keV D' up to the fluence of
1 x 10*°/em? for comparison. (b) (--): 100 eV D* with the
fluence of 6.3 x 10 /cm? prior to the bombardment of 1 keV
D™ up to the fluence of 1 x 10*' /cm?; (—): single bombardment
of 1 keV D" up to the fluence of 1 x 10! /cm?.

4. Discussion

The mechanism for blister formation was under ac-
tive discussion for the case of He implantation into
metals [2]. He forms gas bubbles in metals, such as Nb,
where the gas pressure is not in equilibrium but much
higher than the surface tension. Upon further implan-
tation the bubbles grow by mechanisms such as loop
punching [14] until they interconnect and separate from
the bulk at a depth equivalent to the projected ion range.
Deviations of the blister lid thickness — Deckeldicke — as
well as the observation of large compressive stresses in
the implanted layer, which are released upon blistering,
lead alternatively to the model of stress driven blistering.
The relation of the diameter of the blisters to the Dec-
keldicke could perfectly be explained by a theory de-
scribing the buckling of plates under compressive
stresses [15,16]. It can be concluded that in the case of
He the Deckeldicke is given roughly by the ion range
while the final blister size is determined by the accu-
mulated compressive stresses in the layer.

For the case of D in W the observed Deckeldicke is
much larger, by about a factor of 100, than the pro-

jected ion range. D is known to diffuse far beyond the
range [17] and get trapped at defects and dislocations
induced by the ion irradiation. A layer much thicker
than the ion range contains defects and trapped D and
must be assumed to experience large stresses. In this
case there is no evidence from the depth profiles for gas
accumulation in cavities at the large depths where the
blisters are formed. Therefore, stress must be assumed
as driving force for blistering. The large blister diameter
is also in agreement with large Deckeldicke within the
plate theory [15,16,18]. The increase of the blister size
with the implantation fluence reflects the increase in the
stressed layer thickness with inward diffusion of the
deuterium.

In addition at 1 keV, tungsten is increasingly sput-
tered with increasing fluence. It is concluded from the
weight loss of the samples that a surface layer larger
than the ion range is sputtered at a fluence of
1 x 10 D* /cm?, thus erasing the high D concentration
close to the surface as seen from Fig. 3. Further im-
plantation does not lead to a similar accumulation of D.
It must be concluded that sputter erosion, combined
with the disappearance of the smaller blisters, changes
the material structure such as to provide microchannels
for the release of near-surface implanted deuterium.
Within the analyzed surface layer, which is restricted to
about 350 nm for ion beam analysis, the retained
amount of deuterium effectively decreases although re-
sults from thermal desorption spectroscopy [3] shows a
gradual increase of the total retained amount.

Double implantation changes the trapping conditions
for the subsequently injected deuterium. The surface
layer containing He bubbles and blisters provides ample
surface near trapping sites for deuterium as can be seen
from Fig. 8(a). Low energy D pre-implantation behaves
similarly, thus preventing the formation of large blisters
typical for 1 keV D". This surface-near layer will be
sputtered away at high fluences: 10! D* /cm? at 1 keV is
equivalent to the erosion of 1 um of material. The ab-
sence of blisters at the higher fluence shows that no
second generation of blisters is formed after sputtering
of a blistered surface layer. The measured sputtering
yields at fluences above 10" D*/cm? do not depend on
fluence.

5. Conclusions

In the present study, an experimental investigation
on the blister formation of W and Mo is performed as
a function of ion energy, ion fluence and target tem-
perature, and the following conclusions can be made.
1. Systematic fluence dependent experiments show that

blister formation on W at RT occurs at fluences as

low as 10" cm~2 for 1 keV D™ The size of the blisters
increases with increasing fluence.
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2. Systematic ion energy dependent experiments show
that the blister formation is observed at ion energies
as low as 100 eV at RT and a fluence of 10?! cm~—2.
The size of the blisters increases with increasing ion
energy.

3. It is found, that there is no blister formation on W at
a target temperature > 600 °C (1 keV D™, fluence of
10*" em™2 s7!).

4. A preliminary result shows, that the damage of He
ions may increase the D-retention via implantation
at the W surface.

5. No blister formation has been observed on Mo at RT
and 800 °C, D* energy of 1 keV and a fluence of
10! ecm™2 s~

6. It is interesting to note that there are several condi-
tions where blistering on W can be avoided. This
study showed, that there is no blister formation at
target temperatures of W = 600 °C and after after
dual-energy irradiation. Also, on unpolished techni-
cal surfaces blisters do not form or are too small to
be visible in the SEM.

However, these experiments have been performed at
relatively low flux densities < 10'© cm~2 s~!, which are
certainly relevant for first wall conditions but not for
divertor conditions = (10" cm~2 s7!). Therefore, fur-
ther detailed experimental investigations at high flux
density are urgently required for more accurate assess-
ments.
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