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Abstract

The surface morphology and deuterium retention were investigated of
polycrystalline tungsten targets that were exposed to deuterium plasmas at
widely varying conditions. By changing only one parameter at a time, the
isolated effects of flux, time and pre-damaging on surface modifications and
deuterium retention were studied. The sample exposed to low-flux plasma
(1020 m−2s−1) is mostly smooth with only a few areas containing very large
blisters (50 – 500 µm). The samples exposed to high-flux (1024 m−2s−1)
plasmas show large numbers of smaller blisters (1 – 10 µm) and in addition
even smaller protrusions (<750 nm). The size of the blisters and their density
strongly increase with fluence. Pre-damaging tungsten with MeV ions leads
to less blisters but to more protrusions. In addition to these (sub-)micrometer-
sized structures, all samples show formation of nanostructures. It is shown
that the blisters and protrusions originate in inter- and intra-granular cavities,
respectively. The depth of the cavities underneath the surface correlates well
with the depth distributions of the retained deuterium. Trapping of signifi-
cant amounts of deuterium therefore seems to take place in and/or close to
these cavities and gives rise to an additional peak in the thermal desorption
spectrum at 700 K.
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7 Surface morphology and deuterium retention at high-flux deuterium plasmas

7.1 Introduction
It has recently been decided that tungsten will be used in the divertor of the experimental
fusion reactor ITER from the beginning of operation [13]. The divertor serves as the ex-
haust of the tokamak where the helium ash is removed. It is particular in this region where
strong interaction of plasma with plasma facing components takes place. The partially de-
tached plasma in the divertor region will experience a high electron density (∼1020 m−3)
and electron temperatures of 1 – 10 eV [34, 147]. This leads to extremely intense par-
ticle and heat flux densities on the divertor of ∼1024 ions m−2s−1 and ∼10 MW m−2,
respectively. Its high thermal conductivity and melting point as well as its low erosion
rate make tungsten favourable over many other materials. It is in addition well known
that the uptake of hydrogen by tungsten is low, which is important since, for safety and
efficiency reasons, the total tritium inventory in ITER should be kept below 700 g [14].

Even though the physical properties of tungsten seem to be quite good, it has been
shown in several experiments that the extreme conditions as expected in part of the ITER
divertor may lead to severe modifications of tungsten [17, 79, 80, 84, 148]. This also oc-
curs when the incident energy is far below the threshold for displacement damage and is
strongly dependent on the specific tungsten material structure. Blister formation origina-
ting from growth of inter-granular voids is one example that has been studied extensively
[87, 88]. Although this type of material (rolled tungsten) will not be be used for the
ITER divertor, investigation of such materials are necessary to improve understanding
of the blister formation mechanism. Surface morphology changes may lead to degra-
dation of material properties as well as to enhanced erosion and formation of dust. It
has also been shown that surface modifications can lead to enhanced hydrogen retention
[61, 149]. In several experiments it has furthermore been shown that the retention will
be significantly enhanced by radiation damage due to the bombardment with neutrons or
with MeV particles [15, 16, 19, 127].

In this paper we study the effect of flux, fluence and pre-irradiation damage on surface
modifications and deuterium retention. We will show that the sizes of the surface modi-
fications range from the nm to the µm scale and that the depth distributions of trapped
deuterium correlate with damage in the material. It will also be shown that experiments
carried out at similar fluence but at different flux show large differences in surface modi-
fications as well as in deuterium retention.

7.2 Experiment
Four polycrystalline tungsten targets were cut from a rolled sheet (PLANSEE, 0.9 mm
thick, 99.96% purity) [150]. They were mechanically polished until the surface was
mirror-like, so that changes in surface morphology could easily be studied. Subsequently,
the samples were ultrasonically cleaned in isopropanol and heated for 1 h at 1200 K in
vacuum (<10−6 Pa) to relieve material stresses, for hydrogen degassing and oxide layer
removal. One of the samples was pre-irradiated with 12.3 MeV W4+ ions to a damage
level of 0.45 dpa (displacements per atom, Edisplacement = 90 eV [68]) to simulate the neu-
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tron damage that is expected in ITER. The 3 MV tandem ion accelerator at IPP-Garching
irradiated an area of 18 mm in diameter.

7.2.1 Deuterium plasma exposure
The tungsten targets were exposed in two devices, PlaQ [138] and Pilot-PSI [10]. PlaQ,
located at IPP-Garching, produces plasma fluxes of about 1020 m−2s−1. The plasma ions
mainly consist of D+

3 with an ion energy of 38 eV per atom. The exposure is homo-
geneous across the rectangular specimen (12× 15 mm). The target was heated with a
boralectric heater to a surface temperature of 500 K. After plasma exposure and simulta-
neously switching off the heater, cooling is relatively slow: the first 50 K typically takes
about 5 minutes, 30 minutes are needed to reach 320 K.

Pilot-PSI, which is located at FOM-DIFFER, produces D+ particle fluxes of typi-
cally 1024 m−2s−1 in a magnetic field of 0.4 T. A bias voltage of –40 V was applied to
the targets (Ø 20 mm). The plasma potential is not precisely known [32, 33] but is only a
few eV. The ion energy is therefore dominated by the target bias and close to 40 eV. The
electron density and temperature of the Pilot-plasma were measured with Thomson scat-
tering [96]. This measurement was used to estimate the ion flux on the target by applying
the Bohm criterion [31]. In figure 7.1 the radial distribution of the flux is shown. The
Gaussian flux profile is the result from the measured Gaussian electron density profile
and the plasma temperature profile. The plasma beam heats the target, therefore the tem-
perature profile resembles the flux distribution (figure 7.1). At the start of each plasma
shot, it typically takes 1 – 2 seconds before the sample reaches its steady-state tempera-
ture. The temperature profile of the tungsten surface during exposure was measured with
a fast infrared camera (FLIR SC7500-MB) and ranges between 545 K in the centre of the

Figure 7.1: Radial dependence of the plasma flux (solid triangles) and surface temperature (open
diamonds) at the target during plasma exposure of sample D.
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7 Surface morphology and deuterium retention at high-flux deuterium plasmas

sample A sample B sample C sample D
low-flux low-fluence high-fluence pre-damaged

pre-irradiation − − − 0.45 dpa
12.3 MeV W4+

flux (Γ) 1020 m−2s−1 1.1×1024 m−2s−1 1.0×1024 m−2s−1 1.1×1024 m−2s−1

fluence (F) 1026 m−2 0.8×1026 m−2 0.8×1027 m−2 0.8×1027 m−2

temperature 500 K 515 K 530 K 530 K
ion energy 38 eV/D ∼40 eV/D ∼40 eV/D ∼40 eV/D

Table 7.1: Overview of the exposure conditions of the four investigated samples. The plasma
conditions and surface temperature of sample A are constant over the whole sample.
Plasma exposure at Pilot-PSI (samples B – D) results in an inhomogeneous surface
temperature profile (figure 7.1). The temperature mentioned for samples B – D is given
at 2 mm from the centre, where the SEM investigations and NRA measurements were
performed.

target to 460 K at the edges (the emissivity of the tungsten targets used was 0.06, a value
verified ex situ with a thermocouple measurement). During plasma exposure, the targets
were water-cooled via a copper block. The cooling of these targets is very effective, after
plasma exposure the sample cooled down to room temperature typically within a few
seconds.

The four samples were exposed to plasma under very different conditions. From one
sample to the next, however, only one parameter was varied whereas all the others were
kept as close as possible. In this way we are able to study the isolated effects of plasma
flux, plasma fluence (time) and pre-irradiation damage on surface modifications and deu-
terium retention.

An overview of the main parameters as used in the experiments is given in table 7.1.
Sample A, which we call the low-flux sample, was exposed in PlaQ [151]. The other
samples (B – D) were exposed to high-flux deuterium plasmas in Pilot-PSI. The surface
temperatures mentioned for samples B – D are the values at 2 mm from the centre of
the spot on the round sample, where the surface morphology and the deuterium retention
were studied. The main difference between the exposure conditions of samples A and B
was the flux that varied by four orders of magnitude. Also the deuterium plasma fluence
was kept close, i.e. the samples were exposed to similar amounts of particles. In order
to reach the particle fluence of 1026 m−2 in PlaQ, the sample was exposed for about
12 days. Sample B, which we will call the low-fluence sample, reached a similar particle
fluence already after seven shots of 10 s in Pilot-PSI. Sample C, which we will call the
high-fluence sample, was exposed to ten plasma shots of 75 s, so that a fluence of 0.8×
1027 m−2 was reached. The major difference between the exposures of the low-fluence
and high-fluence samples is the exposure time. In this way, the effect of exposure time
during high-flux plasma exposure was studied. Sample D is the sample that was pre-
irradiated to a damage level of 0.45 dpa prior to plasma exposure and is called the pre-
damaged sample. All plasma exposure conditions of sample D were very close to those
of sample C.

80



7.2 Experiment

7.2.2 Target analysis

After deuterium implantation, all four samples were investigated in detail to study sur-
face morphology and deuterium retention. Surface modifications were studied with opti-
cal and scanning electron microscopy (SEM). As will be discussed, blisters of different
sizes were observed. Several blisters were cut with a focussed ion beam (FIB) to deter-
mine the bulk structure beneath them. Subsequently, the samples were investigated by
nuclear reaction analysis (NRA) to study the deuterium depth distributions. Thermal de-
sorption spectroscopy (TDS) was used to get information about the binding energies of
the deuterium retained in tungsten.

Scanning electron microscopy images were acquired with a Helios NanoLab600
(FEI) at IPP-Garching. Images were typically taken using a 5 keV electron beam. The
magnification was varied in order to study the sub-µm range, the µm range and the
100-µm range. For the largest magnification an emersion lens was switched on in ad-
dition to the tube-lens-detector that was used to detect secondary electrons. The µm and
100-µm range were studied by using a segmented annular solid state detector to measure
the back-scattered electrons. Subtracting the signals of the segments from each other,
allows to eliminate the contrast dependence on the material mass and to accentuate the
topography (custom mode). This accentuation of the height differences makes blisters
easier to observe. The surface of the low-flux target (A) was also analysed with a confo-
cal laser scanning microscope (CLSM).

Information about the region underneath the blisters was obtained by combining SEM
imaging with focused ion beam cutting. The Ga-ion beam of the Helios NanoLab600 with
an energy of 30 keV and current between 2 and 20 nA was used to create cross-sections.
To reduce artefacts due to the cutting process, the area of interest was coated with a Pt-C
film prior to the cutting. The surface normal was aligned with the ion beam. The angle
between Ga-ion and electron beam was 52◦. Therefore, the cross-sections are imaged
under 38◦, causing a difference between the horizontal and vertical scale. The length of
the vertical scale bars in the images are therefore 0.79 of the horizontal scale bars.

Nuclear reaction analysis of the targets exposed in Pilot-PSI was performed two
weeks after plasma exposure at IPP-Garching. The nuclear reaction D(3He, p)4He [99,
116] was used to obtain a local measurement of the deuterium concentration as function
of depth. The 3He beam spot of 1 mm2 size was positioned for the samples B – D 2 mm
off-centre of the Pilot-PSI exposure spot. The energy was varied in 6 steps from 690 keV
to 4.0 MeV to determine the deuterium concentration down to a depth of 6 µm. The low-
flux sample (A) was analysed using slightly different energies [151]. The depth profiles
of retained deuterium were calculated from the measured proton energy distributions by
use of the NRA-DC program [100].

The targets were analysed with thermal desorption spectroscopy at FOM-DIFFER
5 months after Pilot-PSI plasma exposure. The tungsten targets were clamped to a ce-
ramic heater and heated with a linear temperature ramp of 1 K/s to 1273 K and held
for 10 min at 1273 K. A Balzers QMA125 quadrupole mass spectrometer monitored the
mass 4 (D2) signals in the residual gas in the chamber. To determine the total amount of
deuterium released from the target during the temperature ramp, the absolute sensitivity
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7 Surface morphology and deuterium retention at high-flux deuterium plasmas

was determined using a calibrated D2 leak. The mass 3 (HD) signal was in all cases less
than 20% of the mass 4 signal.

7.3 Results

7.3.1 Surface morphology

CLSM and SEM images of the four investigated samples are shown in figure 7.2. The
four images taken at the lowest magnification show the 100-µm range with large blisters
covering several grains. At higher magnification, individual grains become visible that

A) low-flux B) low-fluence C) high-fluence D) pre-damaged

Figure 7.2: CLSM and SEM images of the four samples. From left to right the (A) low-flux, (B)
low-fluence, (C) high-fluence and (D) pre-damaged sample. The SEM images were
taken at three magnifications to show the 100-µm range, the µm range and the sub-µm
range. The lowest magnification of the low-flux sample (A) is the only one taken with
a confocal laser scanning microscope, its scale differs from the other images.
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contain smaller blisters for three of the targets. At the largest magnification, it is clear
that all four targets contain structures on the nanometer scale.

On the low-flux sample (A), only few (about 60) but very large blisters (50 – 500 µm)
and some smaller micrometer-sized blisters were observed. The blisters are irregularly
distributed over the sample surface and seem to appear in groups. One such region with
three of these blisters is shown in figure 7.2A. Note that this image is taken with a confo-
cal laser scanning microscope and that the scale differs from the other images. The sur-
face of the area shown is smooth except for the blisters. In addition, a few micrometer-
sized blisters (1 – 10 µm) are observed. These smaller blisters are predominantly found
in the neighbourhood and on top of the large blisters. The high-resolution SEM images
mostly show a smooth surface on the micrometer scale and a nanostructured surface on
the sub-micrometer scale. The type of nanostructure changes at the grain boundaries, in-
dicating that the structure depends on the grain orientation. Stripe-like surface structures
are observed as well as more randomly shaped structures.

The (high-flux) low-fluence sample is shown in figure 7.2B. It is covered by large
amounts of blisters of only a few micrometer in diameter. These micrometer-sized blisters
often extend over more than one grain. Zooming in at larger magnification reveals, in
addition to the blisters, irregularly shaped features in the sub-µm range. We will call
these 100 – 750 nm large features protrusions. Most of the protrusions appear within
grains whereas their density strongly varies from one grain to the other. Zooming in even
further reveals a nanostructured surface. Densely packed, randomly shaped structures
with a size of 10 – 20 nm cover the surface. It should be noted that at locations not shown
in figure 7.2B also weak stripe-like structures appear. The appearance varies again from
grain to grain.

The surface morphology of the high-fluence sample is shown in figure 7.2C. Both the
amount of blisters as their size has increased as compared to the low-fluence sample. Zoo-
ming in reveals similar protrusions as observed on the low-fluence sample. It is not pos-
sible to determine whether their amount has increased or decreased, because of their irre-
gular distribution and because they are only visible at a large magnification. Pronounced
nanostructures are observed for the largest magnification, their detailed appearance being
clearly correlated to the specific grains and therefore probably to grain orientation.

Figure 7.3: a) Large blister on the low-flux sample is cut by FIB. b) The associated cavity is found
about 5 µm below the surface (the cavity is partly filled during the FIB cutting by
redeposited material). c) FIB cross-section of another cavity, where the cracks follow
the grain boundaries.

83



7 Surface morphology and deuterium retention at high-flux deuterium plasmas

In figure 7.2D the SEM images for the pre-damaged sample are shown. Comparing
to figure 7.2C shows that the amount of micrometer-sized blisters has decreased. This is
the case also for other areas on the surface. Zooming in reveals a lot of small protrusions
(<250 nm) formed within specific grains. The highest magnification shows again the
appearance of nanostructures.

Figure 7.4: SEM images of the FIB cuts of the a) low-fluence (B) and b) high-fluence (C) sample.
The cavities that appear within a grain are indicated with a white box.
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7.3.2 Sub-surface morphology
A focussed ion beam in combination with a SEM was used to create cross-sectional
images of the blisters. A typical cross-section of one of the large blisters on the low-
flux sample (A) is shown in figure 7.3. A large cavity is visible below the blister. As
discussed in [69, 70, 87, 88], the solubility of hydrogen in tungsten is very low. This
promotes the accumulation of deuterium gas in cavities. The pressure that builds up is a
driving force for cavity growth. Material can be pushed upwards and deform the surface:
a blister is formed. The cavity associated with the blister in figure 7.3a appears at a depth
of about 5 µm. Cutting other blisters revealed cavities at even larger depths up to 30 µm.
The cracks follow the grain boundaries (figure 7.3c). Furthermore, the blisters did not
collapse during the FIB cutting, which means that they are stable and were formed in a
plastic deformation process [87].

The smaller micrometer-sized blisters that predominantly show up in the high-flux
samples were also studied with the FIB in combination with SEM (figure 7.4). These
blisters originate in cavities at grain boundaries as well and can extend over several
grains. The cavities of the low-fluence sample (B) are typically observed up to about
1 µm below the surface (figure 7.4a). Cavities for the high-fluence sample (C) typically
extend deeper in the material and are observed up to 2 µm depth. It is also clear that the
cavities are significantly larger in volume than the ones in the low-fluence sample. In
figure 7.4 also a few cavities are shown that appear within a grain. These cavities are a
few hundred nanometer in size and occur close to the sample surface. As result of this
cavity formation, the before mentioned protrusions appear at the surface.

In figure 7.5 a cross-sectional view of the pre-damaged sample (D) is shown. The
image clearly shows the difference between a micrometer-sized blister and the smaller
protrusions. The blister is associated with a cavity that arises along grain boundaries
about parallel to the surface (indicated by the dotted box). It is difficult to recognize

Figure 7.5: SEM images of cross-sections of the pre-damaged sample showing both an inter-
granular cavity (black dotted rectangle) as well as intra-granular cracks (white rec-
tangles).
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this blister at the surface since its width is large compared to its height. The protrusions
(indicated by the solid boxes) are associated with cracks within a grain. These cracks
are located much closer to the surface at less than 100 nm depth. Deeper in the grain no
cracks have been observed. In conclusion, the blisters originate in inter-granular cavities,
protrusions arise from intra-granular cavities.

7.3.3 Deuterium depth profiling

In figure 7.6, the NRA depth profiles of the retained deuterium are shown. Whereas the
deuterium concentration for all four targets is similar and relatively high at the surface,
in the bulk significant differences are observed. For the low-flux sample (A) a constant
deuterium concentration of about 10−4 atomic fraction (at.fr.) was measured over at least
the first 10 µm. This result follows from fitting the measured proton energy distributions

Figure 7.6: Deuterium depth profiles of the four samples (results from NRA-DC). The squares
indicate the samples exposed to low-fluence (1026 m−2) plasmas, the triangles the
ones to a higher fluence of 1027 m−2. The low-flux sample (A, 1020 m−2s−1, PlaQ)
is plotted with the thick red solid line, the low-fluence sample (B, 1024 m−2s−1, Pilot-
PSI) with the orange dashed line. The dotted blue line with open triangles represents
the high-fluence sample (C), the green dash-dotted line with solid triangles the pre-
damaged sample (D).
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with the NRA-DC program [100]. This constant concentration is in the same range as
reported values for deuterium trapped in pre-existing defects [55], which depends on
the tungsten grade. Note that this concentration is below the other three curves up to
depths of 2 – 3 µm. Beyond this depth, the concentrations of the other samples are still
decreasing and probably decrease below the fraction of the low-flux sample. Obviously,
the exposure time of 12 days for the low-flux sample allowed the deuterium to diffuse
deeper into the material as compared to the high-flux samples.

For the low-fluence sample (B), the deuterium concentration is highest at the sur-
face, followed by a dip at ∼200 nm. A local maximum in the deuterium concentration is
observed at 0.5 µm, after which the concentration slowly decreases. Investigation of the
high-fluence sample (C) shows similar behaviour as the low-fluence sample. A small dip
in the concentration just below the surface is followed by a local maximum at 0.7 µm and
then the concentration decreases slowly. The difference to the low-fluence sample is that
the deuterium has penetrated deeper in the material. This corresponds well with the FIB
results, where the cavities were found deeper in the material (figure 7.4).

The pre-damaged sample (D), finally, contains the largest concentration of retained
deuterium, i.e. 1.2 – 1.4× 10−2 at.fr. in the first micrometer. This is consistent with our
previous findings where it was shown that the deuterium is trapped predominantly in
single vacancies, small vacancy clusters and dislocations [127].

Integration of the deuterium concentration over the depth yields the total deuterium
retained in the first 6 µm (for the low-flux sample this is the first 12 µm for as result of
the difference in chosen NRA energies). For the low-flux, low-fluence, high-fluence and
pre-damaged samples, the total deuterium retention at the investigated positions is 0.7,
2.5, 4.5 and 12.8×1020 m−2, respectively.

7.3.4 Deuterium desorption
The TDS results for the three experiments carried out at high-flux are shown in fig-
ure 7.7. For comparison, also the TDS spectrum of a pre-damaged unpolished target is
shown that was exposed for 100 s to high-flux plasma at self-biased conditions [127], at
a surface temperature of 550 K in the centre of the exposure spot. The latter target did
not show any surface blistering, although it should be mentioned that blisters are difficult
to observe on a rough surface. Similar observations were made by Nishijima et al [152].
The desorption spectrum was rescaled by matching the peak at 900 K to the correspon-
ding peak of the present pre-damaged target, so that the ratio of the desorption peaks can
easily be compared.

In figure 7.7, three clear desorption peaks can be distinguished located at about 550 K,
700 K and 900 K. The low-fluence sample (B), with the least plasma damage of the high-
flux samples, shows a desorption peak at 550 K and a small shoulder at higher energies. In
the desorption spectrum of the high-fluence sample (C), with significantly more plasma
damage, two peaks are present: at 550 K and at 700 K. The pre-damaged sample (D), fi-
nally, shows strongly increased retention and three desorption peaks: at 550, at 700 and at
900 K. The rescaled pre-damaged sample from [127] shows two pronounced desorption
peaks at 550 K and at 900 K, and a small shoulder at 700 K.
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Figure 7.7: Thermal desorption spectra of the experiments carried out at high-flux (Pilot-PSI). The
heating rate was 1 K/s. The low-fluence sample (B) is shown by the orange-dashed line,
the high-fluence sample (C) by the blue dotted line, and the pre-damaged sample (D)
by the green dash-dotted line. The TDS spectrum of a previous pre-damaged sample
(from [127]) is shown by the solid grey line. The latter spectrum was rescaled by
matching the peak at 900 K to the corresponding peak of the present pre-damaged
sample. At the top of the image, the ranges of trapping energies that correspond to the
position of the peaks are shown, in the case that the deuterium is retained as block
profile in the first 1 – 2 µm.

TMAP7 simulations [107] were used to estimate the peak positions in the TDS spec-
tra as function of deuterium trap energy. In the simulations, block profiles of deuterium
traps up to a depth of 1, 1.5 and 2 µm were used to take into account the range of depths
at which deuterium is trapped. The ranges of the deuterium trap energies are indicated
above the curves.

The desorption peak at 550 K is observed in all spectra. Based on the trapping energy
of 0.8 – 1.2 eV, its presence can be ascribed to trapping of deuterium at dislocations, grain
boundaries and/or mono-vacancies [127]. The peak is larger for the high-fluence sample
as compared to the low-fluence sample. For the pre-damaged sample the peak seems to
have increased even further.

The desorption peak at 700 K appears as a small shoulder in the low-fluence sample.
In the high-fluence as well as in the pre-damaged sample this desorption peak is clearly
distinguishable. These are the two targets where plasma induced blisters and small pro-
trusions are most pronounced. The rescaled pre-damaged sample from [127], where no
blistering is observed, does not show a pronounced desorption peak at 700 K. This cor-
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relation suggests that the desorption peak at 700 K is related to the plasma-induced mo-
difications and that these modifications trap deuterium at energies of 1.4 – 1.6 eV.

The 900 K desorption peak appears only for the pre-damaged targets and corresponds
to trapping of deuterium at 1.8 – 2.0 eV. This peak was attributed to trapping of deuterium
in small vacancy clusters that are caused by the irradiation with MeV heavy ions [127,
137].

7.4 Discussion
In the present experimental results, three different types of surface modifications have
been distinguished (table 7.2): blisters, protrusions and nanostructures. Blisters are hem-
ispherical structures in the 1 – 500 µm range that appear on the surface and that are caused
by cavities below the surface. These cavities are formed at grain boundaries and are thus
inter-granular. The second feature, the protrusions, have sizes of tens to hundreds of na-
nometers. Protrusions have an irregular shape and much sharper edges than the blisters.
Cross-sections with the FIB show that the associated cavities are intra-granular (figure
7.5). Protrusions appear with a large number density on certain grains whereas on others
they are completely absent. This is probably related to the grain orientation [146]. The na-
nostructures, finally, typically have sizes of 10 – 40 nm. These structures have been well
characterized by Xu et al for high-flux plasma conditions: they correlated the spongy, la-
mellae and triangular structures to 〈001〉, 〈011〉 and 〈111〉 grain orientations, respectively
[146].

Formation of blisters has been studied extensively in the past [69, 70, 87]. Tung-
sten has a very low solubility for hydrogen. In case the interstitial deuterium concentra-
tion exceeds the solubility, i.e. in case of supersaturation, deuterium starts to precipitate.
Accumulation of deuterium is expected to happen at nucleation points, which can be
defects like dislocations, grain boundaries and vacancies. Subsequently, cavity growth
can take place. Condon [70] distinguished three mechanisms for cavity growth: plastic
deformation, dislocation loop punching and growth by vacancy clustering. For the last
mechanism, temperatures above the temperature where vacancies get mobile are needed
(∼550 K). The surface temperatures during plasma exposure were below this tempera-
ture. Although there is a possibility that the presence of deuterium enhances the vacancy

type of surface morphology size depth shape location

blisters huge 50 – 500 µm 5 – 30 µm circular/ oval inter-
micrometer-sized 1 – 10 µm <2 µm smooth granular

protrusions normal <750 nm
<100 nm irregular intra-

small <250 nm sharp edges granular

nanostructures 10 – 40 nm various (sub)surface

Table 7.2: Classification of the surface modifications.
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mobility [153, 154], it is not likely that cavity growth by vacancy clustering played a
role. Plastic deformation as well as dislocation loop punching start with pressure build
up inside a cavity. To cause plastic deformation of grains, pressures in the range of a
few hundred MPa have been reported [151], for plastic deformation caused by disloca-
tion loop punching a few GPa is needed [64, 84]. From our results we are not able to
distinguish between these two mechanisms.

The low-flux sample (A) does only show blisters on a few locations on the surface.
Most striking are the very large ones with the underlying cavities being present at large
depths of 5 – 30 µm. The fact that most of the surface is free of blisters and that where
the blisters appear they do so in groups, indicates that the material contains weak grain
boundaries in specific areas at large depths. These very large blisters only appear on the
low-flux sample, because the long exposure time (four orders of magnitude higher than
the high-flux exposures) allows the deuterium to accumulate at these large depths (see
figure 7.6).

The high-flux samples are covered with micrometer-sized blisters. They originate
in cavities at grain boundaries. The blisters do not collapse during cutting with the
FIB, which means that they are plastically deformed. The increase of the size of the
micrometer-sized blisters with exposure time (high-fluence (C) versus low-fluence (B)
target) is probably related to the pressure build up over time. The increased amount of
blisters and corresponding cavities can be explained by deuterium diffusing to larger
depths and thereby reaching more nucleation points. Less micrometer-sized blisters are
formed on the pre-damaged sample (D). This was observed before in other experiments
carried out at lower flux and fluence [155]. The reason may be the presence of large
amounts of nucleation points inside the grains that are decorated with deuterium. Possi-
bly, these decorated traps can adapt better to stresses accumulated at the grain boundaries
because of hydrogen enhanced local plasticity [153, 154].

On the high-flux samples, we also observed the formation of protrusions with sizes up
to 750 nm. We have shown that they originate in cavities within grains. On the low-flux
sample such protrusions were not observed. Obviously, the hydrogen interstitial concen-
tration needs to be high enough to promote cavity formation within a grain. The formation
probably starts at a nucleation point that is already present in the material before plasma
exposure. This is consistent with the fact that in the pre-damaged target, with many va-
cancies and small vacancy clusters present, the number of protrusions is significantly
larger than in the undamaged targets. The protrusions do not collapse during the cutting
process with the FIB, which means that they are plastically deformed.

The NRA results for the low- and high-fluence samples show significant retention at
0.5 – 2 µm depth. This depth range correlates well with the locations at which the cavities
associated with the blisters were observed. It therefore seems that a significant part of the
deuterium is trapped in and/or close to the cavities. In our TDS studies we have related
the peak at 700 K to the plasma induced modifications (figure 7.7). Using TMAP7 and
applying single traps, this peak was assigned to trapping energies of 1.4 – 1.6 eV. This
energy is too high for the release of deuterium from dislocations (∼0.85 eV [51, 54])
and too low for deuterium chemisorbed at the inner surfaces of the cavities to penetrate
the grains (∼2.1 eV [20, 55, 156]). After excluding the before mentioned possibilities,
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we can only speculate about the origin of the 700 K desorption peak. Obviously, this
desorption does not take place via dissociation and chemisorption at the cavity surface
(trapping energy of∼2.1 eV). One possibility would be that gaseous molecular deuterium
desorbs via migration along the grain boundaries, i.e. deuterium is released from the
cavities via grain boundaries connecting the cavities with the surface area. After all,
the growth of the cavities results from pressure build up by accumulation of molecular
deuterium. Molecular dynamics simulations by Von Toussaint et al [157] have indeed
shown that grain boundaries in polycrystalline tungsten can provide important transport
channels. Another option is that during TDS blister bursting occurs [158].

The pre-damaged sample shows in addition a desorption peak at 900 K. This peak has
been related to deuterium escaping from vacancy clusters created by the pre-irradiation
with the MeV ions [64, 137, 159]. These small vacancy clusters are located inside the
grains.

The deuterium depth profiles of all samples show a large surface concentration of
deuterium (0 – 100 nm depth). This is much than can be explained by a monolayer of
chemisorbed deuterium at the surface (2×1019 m−2). In addition, it is likely that molecu-
lar deuterium will form. Deuterium molecules have a very low binding to the surface and
are likely to desorb. Therefore, we think that the surface peak is a result of the deuterium
trapped slightly deeper in the material. Nanostructures and protrusions are both likely
candidates, although the NRA resolution is not good enough to distinguish between the
two. In addition, we cannot exclude the contribution of plasma impurities, even though
the target bias is only –40 V.

7.5 Conclusions
In the present experiments, three types of surface modifications were distinguished: inter-
granular blisters, intra-granular protrusions and nanostructured surface morphologies.
The surface modifications are present well beyond the implantation region. Since the im-
plantation energy is far below the displacement damage threshold, the driving mechanism
is most probably super-saturation of the tungsten lattice and subsequent pressure build up
at nucleation points. Blisters have been assigned to inter-granular cavities that plastically
deform full grains and protrusions to intra-granular cavities that lead to plastic deforma-
tion of parts of grains. The detailed mechanisms for the formation of the nanostructures
are not clear.

Based on the correlation between depth distributions of cavities and retained deute-
rium, it seems that a significant part of the deuterium is trapped in and/or close to the
cavities. The release of deuterium related to this is observed in the TDS spectrum by
means of a desorption peak at 700 K. This may be related to transport of deuterium via
grain boundaries or to the bursting of blisters during TDS. Further research is needed to
study these results in more detail.

Between the experiments carried out at different plasma flux, large differences were
observed. In the low-flux case, i.e. large exposure time, the deuterium penetrated much
deeper in the material. This resulted in very large blisters in specific areas on the surface,
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probably related to weak grain boundaries in the material. High-flux exposure leads to
many more but significantly smaller blisters as well as to protrusion formation.

The present results clearly show that experiments carried out at different flux but with
the same fluence yield very different results. This is important to consider in cases where
extrapolations are made from low-flux experiments to conditions as present in the ITER
divertor.
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