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1. Introduction

Tungsten will be used as the the plasma-facing material in the 
ITER divertor, withstanding heat fluxes of  ∼10 MW m−2 and 
a surface temperature up to 1573 K during steady state opera-
tion [1]. Slow transient events, such as during divertor reat-
tachment, could double the heat flux on the tungsten surface 
over timescales of seconds and increase the surface temper-
ature above the recrystallisation temperature of tungsten [2].

Recrystallisation is a phenomenon which occurs in poly-
crystalline materials annealed at high temperatures, where 
the initial deformed microstructure of the material is replaced 
by new defect-free, and typically larger, grains. This pre-
sents problems for the ITER operation as recrystallisation 
leads to a modification of material properties including a 

reduction in hardness, strength and thermal shock resistance 
[3]. Recrystallisation in tungsten has also been observed to 
lead to the pre-mature formation of macro-cracks on the sur-
face [4, 5], accelerating material damage by grain ejection 
or melting. However, a more detailed understanding of the 
recrystallisation kinetics of tungsten exposed to conditions 
expected in the reactor divertor is essential to predict the 
material lifetime and potential impact on the ITER operation.

In the divertor, the tungsten material will be facing not only 
extreme heat fluxes but also high fluxes of low-energy parti-
cles, such as deuterium, tritium and helium, originating from 
the reactor core. It has been observed on many occasions that 
exposure to helium plasma can cause the production of nano-
bubbles underneath the tungsten surface [6–8]. Their forma-
tion is due to the diffusion and clustering of helium atoms in 
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Recrystallisation has been identified as a critical issue for the ITER divertor but currently 
the synergistic effects of heat and particle bombardment on tungsten recrystallisation are 
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bubble mobility and coalescence. The retardation of recrystallisation showed the opposite 
trend, with less recrystallisation occurring in samples exposed at lower temperatures and 
with smaller nano-bubbles. This result is attributed to the Zener drag force from the helium 
nano-bubbles opposing grain boundary movements during annealing with the effect of the 
force being inversely proportional to bubble size. Ion fluence is not found to affect the extent 
of recrystallisation at any temperature. The presence of the sub-surface helium nano-bubbles 
increased the microstrain in the tungsten which was eliminated during subsequent annealing as 
a clear sign of the recovery stage proceeding.
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the tungsten matrix [9] and the subsequent nano-bubble size 
increases with the temperature of the tungsten during expo-
sure [10, 11].

It has also been found that tungsten samples heated with 
hydrogen plasma up to 1773 K exhibited no signs of recrys-
tallisation while heating with neutral and electron beams 
caused significant recrystallisation down to millimetres below 
the surface [12]. A recent study has found that prior expo-
sure to helium plasma led to a 50% reduction in percentage 
of recrystallised surface area when the tungsten samples were 
subsequently annealed for one hour at 1473 K [13]. The study 
also found nano-bubbles below the tungsten surface following 
plasma exposure.

Even though helium plasma exposure has been identified 
as a cause of retarded recrystallisation of tungsten, the neces-
sary conditions for this effect to occur remain unclear. The 
mechanisms responsible for this effect and how the changes 
in helium nano-bubbles can affect tungsten recrystallisation 
have also not been quantified.

In this work, helium plasma exposure of tungsten at dif-
ferent sample temperature and total ion fluence is studied, and 
the effect on tungsten recrystallisation examined. The pres-
ence of helium nano-bubbles and changes to the tungsten 
microstructure, including grain size and microstrain, during 
both recovery and recrystallisation are characterised and 
discussed.

2. Experimental details

Tungsten samples measuring 10 × 10 × 2 mm were cut from a 
large polycrystalline block of 99.7% purity manufactured by 
PLANSEE according to ITER specifications. The surface of 
the tungsten samples were mechanically polished to a mirror 
finish with silicon carbide grinding paper followed by poly-
crystalline diamond suspension.

Helium plasma exposures were performed in the linear 
plasma device MAGPIE at the ANU. Details of the device can 
be found in [14]. The base pressure of the device was 10−6 
Torr. The plasma operated in pulse mode with 40%–60% duty 
cycle and an ion flux of 9 × 1020 m−2 s−1. The samples were 
held at a floating potential during exposure which led to an ion 
energy of approximately 25 eV, measured from the electron 
temperature using a Langmuir probe. Sample temper ature 
was controlled both by the duty cycle of the pulsed plasma 
and heating elements in the sample holder behind the tung-
sten samples. A thermocouple in contact with the back of 

the tungsten samples continuously monitored temperatures 
during exposure.

Three different sample temperatures (Tsample) of 573 K, 
773 K and 1073 K were implemented during the plasma 
exposures. These temperatures were chosen to reflect a wide 
variety of conditions expected in the ITER divertor during 
operations. Previous work has also shown that at temperatures 
above 900 K, the nano-bubbles formed from helium plasma 
exposure are significantly larger [11]. This temperature range 
allows a practical study of different helium nano-bubble sizes 
and their possible effects on recrystallisation.

The samples were exposed to three different total 
helium ion fluences of 3.2 × 1024 m−2, 6.4 × 1024 m−2 and  
1.3 × 1025 m−2. Helium reflection from tungsten has been 
found to depend on ion energy at below 100 eV and vary 
between plasma devices [15]. This may affect the ion fluence 
threshold for saturating nano-bubble formation from helium 
plasma exposure on tungsten, which is previous undetermined 
in the MAGPIE device. Therefore, the plasma exposure times 
in this experiment was chosen to cover a range of high flu-
ences which are practically achievable in the device.

For each combination of ion fluence and sample temper ature 
during exposure, five identical samples were exposed, each 
later annealed at a different temperature. Isothermal annealing 
for one hour was carried out at temperatures (Tanneal) of 1373 
K, 1473 K, 1573 K and 1673 K. The annealing temperature 
range was chosen to study tungsten recrystallisation kinetics 
close to the recrystallisation temperature. The recrystallisation 
temperature of tungsten has been found to be approximately 
1600 K [16, 17]. The previous study by Guo et al [13] found 
changes in tungsten recrystallisation behaviour following 
plasma exposure when annealed at temperatures between 
1200 K to 1700 K, with recrystallisation occurring at approxi-
mately 1573 K.

A heating and cooling rate of 2 K min−1 was used for all 
the annealing procedures to prevent damage to the ceramic 
annealing tube. Annealing was carried out in a 95% N2/5% 
H2 environment with gas flow maintained at 0.8–1 l min−1 
to prevent oxidation. Unexposed reference samples were also 
annealed and one of each of the exposed samples were kept 
unannealed for comparison. The total parameter space inves-
tigated is shown in figure 1.

Scanning electron microscopy (Zeiss UltraPlus Analytical 
FESEM) was used to examine changes to the surface topog-
raphy after plasma exposure. Electron backscatter diffrac-
tion measurements (EBSD, Oxford Instruments HKL EBSD) 

Figure 1. The total combination of all the plasma exposure and annealing conditions to produce all the samples.
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analysed with the Channel 5 Tango software package were 
used to determine grain size distributions.

Grazing-incidence small-angle x-ray scattering (GISAXS) 
was performed at the Australian Synchrotron with 10 keV 
x-rays and a camera length of 961 mm. These conditions 
were chosen to best measure sub-surface helium nano-bubble 
sizes between 1–10 nm. GISAXS data was analysed by fit-
ting to the model described in [18]. The nano-bubbles were 
modelled as spheroids, with the axis of rotation normal to the 
sample surface, and with a log-normal distribution of radii. 
Grazing-incidence x-ray diffraction (GIXRD, Hi-resolution 
PANalytical X’Pert PRO MRD) was used to measure mat-
erial microstrain near the surface of the tungsten through 
Williamson–Hall plot analysis [19]. The grazing-incidence 
angle of 1° ensures that the measurements are more weighted 
toward the top sub-surface region which contains the helium 
nano-bubbles.

3. Results

3.1. Surface morphology after plasma exposure

Changes to tungsten surface morphology after plasma expo-
sure is used to deduce sub-surface information. Figure  2 
shows that after plasma exposure, there are small pinholes on 
the surface, which increase in size with Tsample, and similar 
features have been observed in another study [20]. They are 
likely caused by helium nano-bubbles formed close to the 
surface which grow and push away surface tungsten material, 
leaving behind holes [21].

At Tsample = 573 K, there appears to be some tungsten 
nanostructural growth, verified using energy-dispersive x-ray 
spectroscopy, occurring on the grain boundaries and some 
grain-dependent roughening which change the apparent size 
of the surface pinholes. Increasing Tsample appears to enlarge 
the pinholes on the surface (figures 2(c) and (d)) and this 
can be explained by considering the increased mobility of 
the helium atoms and clusters with temperature, resulting in 
larger helium nano-bubbles.

At the highest temperature, large surface pits, greater than 
20 nm in diameter, can be observed, suggesting the presence 
of large sub-surface nano-bubbles. Sharafat et  al [22] have 
presented evidence that the helium nano-bubbles themselves 
become mobile at above 1073 K and contribute significantly 
to nano-bubble growth by merging and coalescence. This 
mechanism likely explains the large surface pits formed at 
this temperature. At Tsample = 1073 K, the surface appears to 
exhibit a wavy morphology, which have also been observed in 
a previous study [23].

3.2. Quantitative GISAXS analysis of Nano-bubbles

GISAXS measurements were able to probe the distribution 
of sub-surface helium nano-bubble radii. The raw scattering 
images obtained are shown in figure 3. The scattering pattern 
from the unexposed sample consist of only a central streak 
due to scattering from surface roughness. In contrast, the pres-
ence of sub-surface nano-bubbles cause a semi-circular to tri-
angular scattering pattern, and this pattern is fitted according 
to the methods described in a previous GISAXS study [18] 

Figure 2. SEM micrographs of tungsten surfaces that are (a) not exposed or (b)–(d) have been exposed to an ion fluence of 1.3 × 1025 m−2 
at different Tsample. All exposed samples show pinholes on the surface which increase in size with Tsample.
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in order to extract the normalised size distribution of the 
nano-bubbles.

Figure 4 shows the fitted distributions of the nano-bubble 
sizes for tungsten exposed to a helium ion fluence of 1.3 × 1025 
m−2 at Tsample = 573 K and 773 K. The mean nano-bubble size 
for Tsample = 573 K is 1.4 ± 0.1 nm while for Tsample = 773 K, 
it is 1.6 ± 0.2 nm. The errors are calculated as the standard 
deviations of the mean values from ten independent fits. For 
the Tsample = 773 K, the plotted distribution also clearly shows 
a higher population of larger nano-bubbles, which is in agree-
ment with the SEM observations of the surface pinhole sizes 
in figure 2. These results also agree with transmission elec-
tron microscopy observations from previous studies of nano-
bubble diameters around 1–2 nm [6, 7, 24].

For the highest Tsample of 1073 K, the scattering pattern 
contains more complex features that are not compatible with 
the current spheroid model used for the lower temperatures. 
The greater extent of surface reorganisation also significantly 

compromises the accuracy of fitting with the current model. 
Figure 5 shows a transmission electron micrograph of the sub-
surface bubbles at Tsample = 1073 K and nano-bubbles up to 
20 nm in diameter can be observed below the tungsten surface. 
The limited resolution of this measurement imposes a lower 
bound on the size of the nano-bubbles observed and the larger 
nano-bubbles are likely to be over-represented. Nevertheless, 
it can be concluded from the surface pinholes, the GISAXS 
and TEM data that sub-surface helium nano-bubble sizes 
increase with temperature during exposure. Further TEM 
studies with better sample preparation to increase resolution 
are already under way to improve the nano-bubble size meas-
urements and contribute to a more comprehensive model for 
GISAXS fitting.

3.3. Recrystallisation behaviour

The extent of recrystallisation was characterised by com-
paring the surface coverage of deformed and recrystallised 

Figure 3. The scattering patterns collected from unannealed samples. The plasma-exposed samples received a helium fluence of  
1.3 × 1025 m−2.

Figure 4. The distribution of bubble radii fitted to a log-normal 
distribution in the samples exposed at Tsample = 573 K and 773 K 
to an ion fluence of 1.3 × 1025 m−2. Higher Tsample leads to a larger 
distribution of bigger nano-bubbles. The grey box covers the region 
of the radius range which cannot be directly probed during the 
measurements.

Figure 5. Cross-section transmission electron micrograph of 
the sub-surface helium nano-bubbles formed after exposure at 
Tsample = 1073 K to an ion fluence of 1.3 × 1025 m−2. Nano-bubbles 
up to 20 nm in diameter can be observed. The TEM lamina was 
prepared using focused-ion beam with a protective platinum layer 
on the surface of the tungsten. Due to the limitations in sample 
preparation, bubbles smaller than 5 nm could not be imaged clearly.

Nucl. Fusion 59 (2019) 096031
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grains, which are much larger than deformed grains and also 
do not have any internal dislocations or subgrains. EBSD has 
been used to measure surface grain changes in tungsten as a 
function of sample temperature during plasma exposure, ion 
fluence and annealing temperature.

3.3.1. Without prior plasma exposure. Figure 6 shows the 
inverse polar figure  (IPF) maps of the tungsten surfaces 
before and after annealing for the samples without exposure to 
helium plasma. For the unannealed sample in figure 6(a), the 
sampled area is mainly covered by one large deformed grain 
consisting of many small subgrains separated by low angle 
grain boundaries (2°–15°), indicated by the thin black lines.

Figures 6(b)–(d) show increasing grain size with Tanneal. 
The different stages of material changes during annealing can 
be identified as recovery (figure 6(b)), partial recrystallisa-
tion (figure 6(c)) and complete recrystallisation (figure 6(d)). 
These measurements indicate that for a 1-hour annealing, the 
temper ature threshold for recrystallisation occurs between 
1473 K to 1573 K. It also appears that after annealing at 1673 
K, no observable progression of the grain growth stage has 
occurred as the recrystallised grains appear elongated along 
the original rolling direction. It is expected with further 
annealing the grains will become more equiaxed to further 

lower the stored energy by reducing the curvature of the grain 
boundaries.

3.3.2. Recrystallisation after plasma exposure. The effect 
of plasma exposure on recrystallisation is most prominent 
for an annealing temperature of 1673 K. Figure  7 shows 
the comparison of the EBSD results and it is clear that all 
samples exposed to plasma are less recrystallised compared 
to the unexposed sample. Figure  7(b) shows that the stron-
gest retardation of recrystallisation occurred for plasma expo-
sure at Tsample = 573 K as there are many more deformed 
grains present on the surface than the other plasma-exposed 
samples. In figures 7(c) and (d), the surfaces of samples with 
Tsample = 773 K and 1073 K also show some small deformed 
grains but their total coverage of the sample is much smaller 
in comparison to Tsample = 573 K.

Figure 8(a) shows a quantitative comparison of the 
percent age of the sampled area covered by deformed grains, 
which are defined as areas with average internal subgrain miso-
rientation greater than 2°. The results agree with the qualita-
tive observations of the IPF maps in figure 7. The unexposed 
sample has almost no deformed grains as it is fully recrystal-
lised. For Tsample = 573 K, over 8% of the surface was covered 

Figure 6. Surface normal direction IPF map of unexposed tungsten after various annealing temperatures. Note the factor of ten scale 
difference between (a)/(b) and (c)/(d). The distinct change in grain sizes and internal dislocations after annealing at 1573 K and 1673 K 
respectively show the onset and completion of recrystallisation.
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Figure 7. Surface normal direction IPF maps of (a) the unexposed sample, and (b)–(d) samples exposed to an ion fluence of 1.3 × 1025 m−2 
with different Tsample. All samples were subsequently annealed at 1673 K for one hour. The unexposed sample has completely recrystallised. 
Plasma exposure with sample temperature at 573 K clearly shows the most retarded recrystallisation as it has the largest area of deformed 
grains.

Figure 8. (a) The area covered by deformed grains on unexposed and plasma-exposed samples all annealed for one hour at 1673 K. The 
error bars are estimated based on estimating the size distribution of the grains as Poissonian. (b) The distribution of grain sizes in the 
samples, with grains defined as regions with a misorientation of at least 15° at the boundaries. The grey region indicates the range of sizes 
unable to be measured due to the step size of the EBSD measurements. Both figures support the results of the orientation maps in figure 7 
that tungsten exposed to plasma at 573 K has the least amount of recrystallisation.

Nucl. Fusion 59 (2019) 096031
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by deformed grains. This is over five times higher than those 
exposed with Tsample = 773 K and 1073 K.

In order to estimate the errors of the coverage percentage 
values, the number of small subgrains counted within deformed 
grains in the sampled areas, n, is approximated as following a 

Poisson distribution. Therefore the relative uncertainty of the 

number of subgrains is given by 1√
n. A better uncertainty estima-

tion can be made if more areas of the surface are measured. The 
distribution of deformed grains in maps in figure 7 appear fairly 
homogeneous and likely representative of each sample surface.

Figure 8(b) shows the normalised distribution of grain sizes 
in the IPF maps shown in figure  7. The plot highlights the 
progression of the recrystallisation extent through changes in 
the grain sizes for the samples exposed with different Tsample. 
There is a significant difference in the mode diameter of the 
grains between Tsample = 573 K and Tsample = 773 K–1073 
K. This again highlights the major difference in the extent of 
recrystallisation as the deformed grains are typically much 
smaller than the recrystallised grains. The unexposed sample 
is the most recrystallised in comparison, as it has the greatest 
number of grains (area under the curve) greater than 20 µm 
in diameter.

To explain these results, we consider that the presence of 
second-phase particles, such as oxides, in materials can oppose 

Figure 9. The IPF maps of samples exposed to different ion fluences while held at Tsample = 573 K and then subsequently annealed at 
Tanneal = 1673 K. There is no statistical difference in the extent of recrystallisation between the samples.

Figure 10. The measured microstrain in the samples subjected to 
various plasma and annealing treatments obtained by the Williamson–
Hall plot method. The plasma-exposed samples all received an 
ion fluence of 1.3 × 1025 m−2. The error bars for each data point 
represent one standard deviation in the linear fit of the peak widths 
for the Williamson–Hall plot. There is an increase of microstrain with 
Tsample particularly before annealing. After annealing at 1473 K, the 
microstrain values for all samples are close to zero.

Nucl. Fusion 59 (2019) 096031
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the movement of grain boundaries during annealing, termed 
Zener drag, and delay the onset of recrystallisation [25].  
Gas-filled pores in copper have been found to act as second-
phase particles which retard recrystallisation [26]. Retarded 
recrystallisation has also been observed in potassium-doped 
tungsten, where the potassium exist as bubbles surrounding 
the tungsten grains [27]. In this case, the presence of the 
helium nano-bubbles could also be behaving as second-phase 
particles and exert Zener drag on the grain boundaries, which 
explains the retarded recrystallisation. The samples which 
underwent the least recrystallisation correspond to those that 
have the smallest average bubble radii observed in the SEM 
and GISAXS measurements. This is further evidence of the 
Zener drag as its mathematical form is:

FZener =
3fvγ
2r

 (1)

where r is the radius of the helium nano-bubbles, fv is the 
volume fraction of the nano-bubbles and γ  is the energy of the 
pinned grain boundary. This description shows that smaller 
nano-bubbles will exert greater total Zener drag forces on the 
grain boundaries for a given total volume fraction of nano-bub-
bles. The experimental results agree with this—smaller nano-
bubbles presented a greater opposing force to the boundary 
movements during annealing and resulted in samples with the 
most retarded recrystallisation.

This explanation assumes that the volume fraction of the 
nano-bubbles is the same in the samples. The volume fractions 
of the nano-bubbles have not been measured in this study but 
we can approximate from results of a previous study on helium 
retention by Ryabtsev et al [28]. They found that helium reten-
tion decreases slightly with irradiation temper ature between 
300 K to 1200 K. They also found that the temper ature effect 
on retention decreases with ion fluence and becomes almost 
insignificant at an ion fluence of 1022 m−2. Taking these pre-
vious helium retention results into consideration, it is likely 

in the samples of this study, the helium retention and volume 
fraction of the nano-bubbles are fairly similar. In combination 
with the dependence of helium nano-bubble size on exposure 
temperature, this strongly supports that the different magni-
tude of Zener drag resulting from the helium nano-bubbles in 
the tungsten matrix are responsible for the varying degrees of 
recrystallisation observed.

The other assumption of constant γ  between the samples 
can be justified by considering that recrystallisation mainly 
involves the movement of high angle grain boundaries which 
have similar energies [29]. Furthermore, the small energy 
difference between different boundaries are insignificant 
and average out when many grain boundaries are considered 
across the whole sample.

3.3.3. Effect of ion fluence. Figure 9 shows that there is no 
significant microstructural difference for samples held at 
Tsample = 573 K exposed to different ion fluences. Though the 
IPF maps do not appear identical, the statistical distribution of 
grain sizes, shown in figure 9(d), are the same for all three sam-
ples, indicating the same extent of retarded recrystallisation.

In a previous TEM study by Kajita et  al, helium nano-
bubble saturation at high ion fluences above 1023 m−2 have 
been observed [10]. It is likely in this case that nano-bubble 
saturation has also occurred in the samples observed in this 
study. The constant density of nano-bubbles present in sam-
ples which exhibit similar extent of recrystallisation further 
supports that retarded recrystallisation result from the Zener 
drag exerted by the nano-bubbles.

3.4. Microstrain during recovery

The measurement of crystallite microstrain with GIXRD 
revealed changes in the material due to plasma exposure and 
annealing during the recovery stage. Figure  10 shows the 
microstrain of the samples as a function of Tsample and Tanneal. 

Figure 11. Summary of the changes to tungsten samples observed in this study due to changes in Tsample and Tanneal. Increasing Tsample 
causes the formation of larger sub-surface nano-bubbles. However, smaller nano-bubbles were found to exert a greater Zener drag 
compared to larger nano-bubbles, and more prominent retarded recrystallisation was observed after subsequent annealing at 1673 K.

Nucl. Fusion 59 (2019) 096031
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It can be seen that without annealing, the microstrain of the 
samples is greater after exposure to plasma and increases 
with Tsample. The microstrain for Tsample = 1073 K is over 
61% higher than the unexposed material and 44% higher than 
Tsample = 573 K.

The higher value of microstrain for larger Tsample cor-
responds to more deformation of the tungsten lattice due 
to larger helium nano-bubbles present. This results in more 
stored energy available within the tungsten system to drive 
recrystallisation. Thus it could partly explain the findings of 
figure 8 as the increased stored energy driving grain bound-
aries movement competes with the Zener drag force which 
reduces the retarding effect of the helium nano-bubbles during 
recrystallisation.

With increased annealing temperature, the microstrain 
decreases in all samples regardless of exposure to plasma. 
This is a clear sign of recovery, as the microstrain decreases 
when the stored energy is utilised to move dislocations and 
defects into more energetically-favourable locations.

The dependence of microstrain on Tsample disappears after 
annealing. Even at Tanneal = 1373 K, all samples appear to have 
the same microstrain within the measurement uncertainty.

After annealing at 1473 K, all samples have almost no 
measured microstrain, suggesting that some helium nano-bub-
bles have been removed from the samples and the material is 
largely restored. Given that the initial microstrain is larger for 
higher Tsample, this indicates the rate of recovery at 1473 K also 
increases with Tsample due to more initial stored energy. Similar 
results have been found previously in aluminium [30, 31].

4. Summary and conclusion

This study confirms the role of helium plasma exposure and 
helium nano-bubble creation on the recrystallisation kinetics 
of tungsten. Recrystallisation was found to be most retarded 
when plasma exposure resulted in smaller sub-surface nano-
bubbles. Figure  11 shows a schematic representation of the 
tungsten samples in this study under different plasma expo-
sure and annealing conditions.

In the deformed state, the tungsten has high levels of 
microstrain due to the manufacturing and mechanical polish 
processes. The size of helium nano-bubbles from plasma 
exposure in unannealed tungsten increases with Tsample. This 
is attributed to the merging and coalescence of more mobile 
nano-bubbles at higher temperatures and is also consistent 
with previous observations in literature [6, 7, 10]. The pres-
ence of the nano-bubbles is the cause of increased microstrain 
after plasma exposure and the microstrain increases with 
nano-bubble size, as a larger region of the lattice is distorted. 
Higher microstrain values correspond to increased stored 
energy in the material, driving recrystallisation.

Exposures to helium plasma did not have an impact on the 
final extent of recovery before the onset of recrystallisation at 
1473 K. All samples show no microstrain after annealing at 
1473 K. However, the difference in microstrain observed in 
the samples before annealing suggests that the rate of recovery 
is also higher for samples with initially higher strain. This can 

be justified by considering that stored energy increases with 
strain, which drives the higher rates of recovery. It is also 
likely that many helium nano-bubbles also escaped from the 
tungsten matrix to relieve the microstrain.

All plasma-exposed samples showed retarded recrystallisa-
tion compared to the unexposed tungsten after annealing at 
1673 K. This is attributed to the Zener drag force exerted by the 
helium nano-bubbles on the grain boundaries, reducing their 
mobility during annealing. The smaller nano-bubbles were 
linked to larger Zener drag compared to bigger nano-bubbles, 
and caused the greatest suppression of recrystallisation.

Ion fluence was not found to change the extent of recrystal-
lisation or recovery in this study which can be explained by 
the saturation of helium nano-bubble densities at ion fluences 
above 1024 m−2.

The results of this study indicate a plasma-exposure 
temper ature dependence for the extent of tungsten recrystal-
lisation, which is crucial to account for in divertor operations. 
This effect has been attributed to the different sub-surface 
nano-bubble sizes which are temperature-dependent, with 
smaller nano-bubbles exerting larger Zener drag forces on 
grain boundary movements. Future studies with TEM to verify 
nano-bubble densities have been planned to confirm this.
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