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1. Introduction

Tungsten is one of the main candidate plasma-facing materials 
for future fusion reactors. Exposure of tungsten to plasma 
with a high ion flux of hydrogen isotopes under conditions 
comparable to those at the plasma-wall boundary in a fusion 
reactor leads to the formation of macroscopic sub-surface 
cavities, associated with surface blistering [1, 2]. An often-
reported feature of the blistering process is its non-unifor-
mity—micrographs of the plasma-exposed surfaces reveal 
regions of intense blistering directly neighbouring blister-free 
regions [3, 4]. Orientation imaging using electron backscatter 
diffraction (EBSD) indicates that these regions of different 
blistering characteristics correspond to different grains sepa-
rated by high-angle grain boundaries [5].

This orientation dependence of blistering has been viewed 
as an intrinsic property of tungsten and has led to the sug-
gestion of the possibility of tailoring the plasma-facing 

components in such a way as to avoid the grains with blister-
prone orientations (those with surface normals close to 
1 1 1 ) and increasing the size and number of grains with 

blister-free orientations (those with surface normals close to 
0 0 1 ) [5].

In this paper we present observations of blistering patterns 
on plasma-exposed tungsten where the distribution of blisters 
does not follow the commonly accepted view. Blisters appear 
over the entire surface, with no blister-free regions observed, 
even where the crystallographic orientation suggests that blis-
ters should be absent, or at least strongly suppressed.

2. Experiment

A tungsten sample was sliced out of a 99.95% purity, 20 mm 
diameter tungsten rod procured from Goodfellow Metals 
(UK). It was heat treated in vacuum (~10−5 mBar) at 1700 K 
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for 20 h. Figure 1 presents the EBSD misorientation map of 
the typical microstructure produced by such a treatment. In 
this mode, for each grain an average orientation is calculated, 
than at each location within this grain a value of misorienta-
tion between its orientation and the average value is calculated 
and assigned a colour code. It demonstrates that material is 
partially recrystallized (grains with low, below ~1.5°, internal 
misorientation are recrystallized, others are still deformed).
This is similar to the results reported in [6]. The sample’s sur-
face was electrochemically polished using 0.5 wt.% aqueous 
NaOH solution at a voltage of 10 V.

Plasma exposure was performed in the linear plasma gen-
erator Pilot-PSI (FOM Institute DIFFER, Netherlands [7]). 
In this device the plasma is generated by a cascaded arc 
discharge. Radial electron temperature and density profiles 
(and therefore also particle and heat flux profiles) within the 
plasma beam are approximately Gaussian with a FWHM of 
~10 mm. The ion flux arriving at the surface of the specimen 
is calculated from the electron temperature and density meas-
ured by Thomson scattering as in [8]. The surface temper ature 
of a specimen is monitored by an IR camera. The sample was 
exposed to a ~50 eV (energy determined by sample bias and 
ion temperature) deuterium ion fluence of 1027 m−2 at an ion 
flux of 1.1  ×  1024 m−2 s−1, and at a surface temperature of 
650 K; values of both flux and temperature given are max-
imum values, i.e. those in the center of the plasma beam.

Surface blistering was investigated after plasma exposure 
using scanning electron microscopy (SEM) and focussed 
ion beam (FIB) cross-sectioning, both performed using a 
dual beam FEG Zeiss Auriga FIB-SEM. The interconnec-
tion between observed surface and subsurface features and 
local crystallographic structure was established using elec-
tron backscatter diffraction (EBSD) carried out on a Zeiss 
EVO scanning electron microscope equipped with a Brucker 
Quantax EBSD detector.

3. Results and discussion

Figure 2(a) shows the typical appearance of the surface after 
the plasma exposure. A notable feature of the observed blis-
tering pattern is the absence of blister-free areas. In the light 

of the usual interpretation of blistering dynamics—that there 
are grain orientations promoting blistering and those sup-
pressing it—this could be explained by simply assuming that 
all the visible grains have blistering-promoting orientations. 
However, figure 2(b) presents an EBSD map of surface normal 
orientations overlaid over the same area, and it is evident that 
a range of orientations is present, and in particular a grain with 
0 0 1  surface normal. Such grains usually are reported to be 

blister-free; however, in this example—and similarly on other 
near- 0 0 1  oriented grains—this is not the case.

There is a different kind of local non-uniformity observed 
here, however. Two different types of blistering pattern are 
observed. Some areas (denoted as Type 1 in figure  2(a)) 
feature dense populations of small blisters (areal density 
~3.5  ×  105 mm−2, ~0.4–1.5 μm diameter), while other 
areas (denoted as Type 2) feature relatively sparse popula-
tions of large blisters (~8.8  ×  104 mm−2, ~1.5–6 μm diam-
eter). Figure  3 presents the close-ups of the corresponding 
areas, and figure  4 presents their FIB cross-sections. The 
small Type 1 blisters are associated with sub-surface cavi-
ties located very close to the surface, whereas Type 2 blisters 
correspond to large cavities located much deeper below the 
surface. However, the distribution of the two blister types is 
not related to the grain orientation. For example, the areas 
denoted as X and Y in figure 2 are two grains with close sur-
face normal orientations, but featuring different blistering 
patterns.

Figure 2(c) shows a misorientation map of the area under 
consideration. The areas of Type 1 and Type 2 blistering cor-
respond to regions within grains with high and low values of 
internal misorientation respectively. Thus it can be surmised 
that in this partially recrystallized material, grains retaining 
some work-hardening, with high internal misorientation, tend 
to form deuterium-filled gas bubbles close to the surface and 
with multiple nucleation centres, whereas fully recrystallized 
grains tend to form bubbles deeper beneath the surface and 
with a lower number of nucleation centres.

This difference can be rationalized if it is assumed that 
nucleation sites are associated with dislocations (as was sug-
gested in [9]). Thus, in the more deformed regions with higher 
dislocation density:

 (a) bubble nucleation will tend to occur closer to the surface 
as there are more potential sites available, increasing the 
probability of incoming deuterium being trapped;

 (b) since there are more bubbles formed while the amount 
of implanted and diffusing deuterium is the same (as it is 
determined by the exposure flux), each individual cavity 
will contain less deuterium and will be smaller in size.

A major difference between the experiments described here 
and those previously reported [3–5]) is in the surface treatment 
of the samples. Here electrochemically polished samples were 
used, leading to a deformation-free surface. The earlier studies 
of local non-uniformity of blistering did not use electropol-
ished surfaces, with surface preparation being by mechanical 
polishing only, producing some degree of near-surface defor-
mation. This then implies that the orientation-dependence of 
blistering appears only if sufficient near-surface deformation 

Figure 1. Typical microstructure of heat-treated tungsten: 
misorientation map.
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is present over all grains. Bubble distribution therefore is not 
purely an intrinsic crystallographically-dependent property of 
the material but rather depends on the surface preparation of 
samples used for the investigation of blistering.

In order to study this behaviour further, a set of samples 
with different surface conditions was prepared from the same 
material batch. Sample W1 was ground using 2500 grit SiC 
abrasive paper. Sample W2 was ground as W1, and addition-
ally polished with 3 μm diamond suspension. Sample W3 
was treated as W2, and additionally polished with 0.05 μm 
colloidal silica suspension. Finally, sample W4 was treated 
as W3, and then electrochemically polished as described ear-
lier. Following the surface preparation step, all samples were 
annealed in vacuum at 1300 K for 1 h.

All the samples from this set were exposed to iden-
tical plasma conditions, with a maximum deuterium ion 
flux of 8  ×  1023 m−2 s−1, time duration of 70 s, ion flu-
ence (calculated in the location of maximum ion flux) of 
~5  ×  1025 m−2, maximum surface temperature of ~450 K 
and ion energy of ~50 eV.

Figure 5 compares typical blistering patterns observed 
on the surfaces of samples W3 (mechanically polished with 
colloidal silica) and W4 (electropolished). A fundamental 
difference in the character of the distribution of blisters is 
evident—the mechanically polished sample features blister-
free areas whereas the electropolished sample is completely 
covered with blisters (although it can be seen that exact shapes 
and densities of blisters on different grains are somewhat dif-
ferent). In the mechanically polished sample the blister-free 
grains are the ones with surface normal close to 0 0 1 , as 
previously found.

Figure 2. (a) Surface SEM image of a typical appearance of the plasma-exposed surface (the black rectangles are sites of FIB cross-
sections); (b) same image superimposed with EBSD orientation map; (c) same image superimposed with misorientation map. Light grey 
lines denote high-angle grain boundaries. Orientation and misorientation colour codes are shown.
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Figure 3. High-magnification images of blisters: (a) Type 1,  
(b) Type 2. Magnification is the same in both images.
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It should be noted that on the rougher mechanically pol-
ished surfaces blisters might be more difficult to visually 
detect. Therefore, to ascertain the absence of blisters the 

images of FIB cross-sections were used as well. Figure  6 
compares such cross-sections normal to the surfaces of sam-
ples W3 and W4. In both cases the cross-section runs across 

Figure 5. Typical blistering patterns on samples (a) W3 and (b) W4.
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Figure 6. FIB cross-sections of the area near a boundary between grains with 0 0 1  and 1 1 1  surface normals; (a) sample W3,  
(b) sample W4. The grain boundary is denoted by white arrow, subsurface cavities by black arrows.
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a boundary between grains with 1 1 1  and 0 0 1  surface 
normals. In the mechanically polished sample W, only the 
grain with 1 1 1  surface normal features subsurface cavities, 
confirming the results of surface imaging, while in the elec-
tropolished sample W4, subsurface cavities can be observed 
in both grains.

Comparing the samples polished to different degrees, there 
is a trend for the blistering to be suppressed when quality of 
polishing decreases. Importantly, dynamics of this suppres-
sion as a function of the surface state is different for grains 
with different orientations. Blisters on the grains with 1 1 1  
surface normal are the most resilient—they appear on the sur-
faces of all the samples, with the exception of the W1 sample, 
where no blisters are observed at all. Blisters on the grains with 
0 0 1  surface normal are present on electropolished surfaces 

but not on any surfaces polished only mechanically, even one 
polished with colloidal silica (sample W3). For grains with 
intermediate orientations, such as 1 0 1 , as the number of 
polishing steps increases, the blisters gradually become more 
prominent, as illustrated in figure  7. This explains the dif-
ference in distribution of blisters on the surface of samples 
polished differently, as shown in figure 5—at electropolished 
surfaces all grains feature blisters, while at mechanically pol-
ished ones on certain grains blistering is suppressed while on 
others it’s not, giving rise to the observed grain dependence. 

Ultimately, when surface is sufficiently rough, blisters are 
absent everywhere.

Observations of this suppression also seem to offer a plau-
sible explanation of why blisters are normally not observed in 
the tokamak experiments, i.e. on actual plasma-facing comp-
onents (PFCs) exposed to relevant plasma conditions in fusion 
devices [10]: their surfaces are typically not polished, and as 
has been demonstrated here (as well as in the previous reports, 
such as [11]) surface roughness suppresses blistering.

It is not entirely clear what is the mechanism of the sup-
pression of near-surface blistering on the rough surfaces. It 
can be suggested that it is due to the presence of fast diffu-
sion channels connected to the surface, leading to the reduc-
tion of the near-surface deuterium concentration and thus the 
reduction of driving force for the formation of cavities. Such 
channels may be provided by a continuous dense dislocation 
network, or by the microcracks, both of which are more likely 
to be present on the surfaces deformed by the mechanical sur-
face treatment.

The observed dependence of blistering—or taken broadly, 
plasma-induced modification—on residual near-surface 
deformation (seen here as internal misorientation) in par-
tially recrystallized tungsten may be important from the point 
of view of possible local recrystallization during local tran-
sient heat loads and off-normal events [12–14]). These results 

Figure 7. Typical appearance of the surface structure of a grain with 1 0 1  surface normal; samples (a) W4, (b) W3, (c) W2, (d ) W1.
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indicate that the dynamics of plasma-induced modification 
and associated hydrogen isotope retention is more complex 
and more non-linear than previously assumed ([15, 16]). 
Deuterium accumulation and blistering might suppress near-
surface thermal transport [17] enhancing material modifica-
tion due to thermal transients [18]. Consequently, blistering 
behaviour is dynamically non-uniform—locally changing 
due to the thermal effects, and in turn leading to the changes 
of material’s response to the thermal effects. This should be 
taken into account when making predictions of hydrogen 
isotope accumulation in, and ultimately lifetime of, plasma-
facing components.

4. Conclusions

A study of the dependence of blistering on the surface of tung-
sten exposed to divertor-relevant high-flux (~1024 m−2 s−1) 
low-energy (~50 eV) deuterium plasma on state of the surface 
due to polishing, heat treatment and local crystallographic 
structure has been performed.

It is found that the non-uniformity of plasma-induced 
blistering due to crystallographic orientation, while pre-
sent to certain extent, is not sufficiently strong as to render 
certain orientations intrinsically impervious to blistering, 
manifesting itself only in the differences in blister shape and 
density. The occurrence of non-uniform blistering patterns 
where blistered areas neighbour the blister-free ones depends 
on the degree of mechanical polishing. It is not observed in 
the case of electrochemically polished samples, i.e. in the 
absence of a surface-damaged layer—such samples feature 
blisters on all grains. It is observed that when mechanical pol-
ishing is introduced, blistering in general is suppressed. For a 
given degree of polishing the level of suppression depends on 
the orientation, with grains with 1 1 1  surface normal being 
the most resilient and grains with 0 0 1  surface normal 
becoming blister-free even after small amounts of mechan-
ical polishing. Because of this, mechanically polished sam-
ples feature blistered areas alongside with blister-free ones, 
depending on orientation.

It is also found that size and density of blisters depends 
on the annealing state of the individual grains in heat-treated 
tungsten. Recrystallized grains tend to feature low densities 
of large blisters corresponding to the cavities located deep in 
the material, while deformed grains feature high densities of 
small blisters caused by the near-surface cavities.
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