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A B S T R A C T   

The surface modifications in W-xTa alloys (x = 0, 6, 11 wt.%), as potential material candidates for tokamak 
components facing the fusion plasma, have been assessed at a temperature of ~400 ◦C, by exposing the material 
surface to 40 eV He for increasing He fluences up to 1027 m− 2 and flux of ~1023 m− 2 s− 1. Surface wave-like 
structures appear in all samples at a fluence of ~1026 m− 2, whereas at the higher fluence of ~1027 m− 2 the 
material’s surface is characterised by the presence of blisters and ablations. This suggests a new critical fluence 
for blistering in pure He plasma to be between 1026 and 1027 m− 2. There is also a near-surface layer with a 
thickness of ~200 nm that contains He bubbles of 2.20–2.70 nm in average size. Increasing Ta content leads to a 
small reduction in bubble size, and to clear reductions in the presence of blisters and ablations. Ta alloying can 
improve the hardness and yield strength and reduce the He diffusivity in the material. This therefore delays 
bubble formation and surface blistering and ablations that are affected by these mechanical properties. This was 
exemplified at the highest fluence by a large mitigation of surface material ablation.   

1. Introduction 

Tungsten is the leading candidate for the divertor mono-blocks of 
tokamak-based fusion devices, due to its low sputtering yield, high 
mechanical strength at elevated temperatures, good thermal conduc-
tivity and critically, its high melting point (Tm = 3422 ◦C) [1,2]. The 
expected peak particle fluxes of helium and hydrogen isotopes in the 
ITER divertor are ~1024 m− 2 s− 1 with fluences ~1030 m− 2 [3]. The 
temperature across the divertor region varies with heat flux, with ex-
pected peak steady-state heat fluxes to be ~10 MW m− 2 corresponding 
to a local surface temperature of ~900 ◦C [4]. Surrounding areas would 
experience lower heat fluxes and therefore reduced local temperatures, 
e.g. ~400 ◦C occurs around the strike point [5]. 

Bulk W material is inherently brittle at room temperature, with a 
brittle-to-ductile transition temperature (DBTT) in the range of 
~250–350 ◦C, depending on the fabrication process, grain structure, and 
anisotropy [6]. Additionally, its DBTT will gradually shift to higher 
temperatures under the intense neutron flux from the fusion plasma [7, 
8]. Alloying W with other refractory metals, e.g., V, Ta, Cr or Mo, could 
potentially enhance the ductility and radiation tolerance of the material 
[9–11]. Unfortunately, after neutron irradiation in a typical fusion 

spectrum, naturally occurring Mo is predicted to remain active beyond 
the 100-year target for fusion components [12]. Besides that, the high 
sputtering rate of Cr or V suggests the benefits of these elements would 
be short-lived during in-service plasma-material interactions [11]. This 
leaves Ta as a potentially beneficial alloying element [13]. 

Low energy (≤50–60 eV) He loadings induce detrimental surface 
morphology changes in W components, in the absence of physical sur-
face sputtering or radiation-induced lattice displacements [3,14,15]. So 
far three main regimes in pure helium plasma exposures have been re-
ported in W, namely nano-bubble formation and surface undulations 
below ~500 ◦C, whereas at higher temperatures of ~700–1600 ◦C, 
nanotendril-like fuzz structures are generated, with large voids forming 
above ~1600 ◦C [16]. He-induced surface modifications in tungsten can 
lead to erosion, lower thermal conductivity, increased near-surface 
brittleness, and ultimately affecting the power handling capability and 
lifetime of the divertor [4]. Fortunately, alloying W with Ta has been 
shown to delay the formation of W fuzz structures [13], reduce the D 
retention in W [17], retard Re formation occurring via neutron-tungsten 
transmutations and the subsequent appearance of brittle Re-rich σ phase 
[18–21]. However, the impact of high He fluence levels at temperatures 
away from the peak temperature in the divertor region, and the potential 
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benefits of Ta alloying in this case, or otherwise, remain largely 
unexplored. 

Within this framework, this study aims to assess the (near-) surface 
response of W to high-flux, high-fluence plasma at ~400 ◦C, being close 
to the expected low temperature limit for tungsten materials, and sub-
sequently whether potential surface modifications in W are mitigated, or 
otherwise, by Ta alloying. The high-flux and high-fluence parameter 
space at temperatures corresponding to regions outside of the strike 
point of the divertor has not been reported. The development of surface 
structures at higher fluences are of technological importance, particu-
larly given the complexities of the fuzz nanostructures seen at higher 
temperatures. To this end, unalloyed W and two W-Ta alloys were 
subject to high fluences of low-energy helium ions at ~400 ◦C in the 
MAGNUM-PSI linear plasma device. 

2. Materials and methods 

2.1. Material processing 

Alloys with chemical composition W-5.89 wt.%Ta and W-11.26 wt.% 
Ta, as determined by inductively coupled plasma mass spectrometry, 
were produced by arc melting using as starting materials of a 5 mm 
diameter W rod and a 2 mm diameter Ta wire provided by Alfa Aesar. 
The resultant alloys will be referred to as ‘W6Ta’ and ‘W11Ta’, respec-
tively. Their chemical analysis yielded a content of any other element 
<0.05 %. As reference, a W plate (99.95 %) was annealed in inert at-
mosphere at 1600 ◦C for 4 h. The three materials were cut to 10 × 10 ×
1 mm3 coupons, and mechanically polished down to a final 0.04 µm 
colloidal silica surface finish. The alloy microstructure is characterised 
by equiaxed grains with an average size 947.1 ± 238 µm (W6Ta) and 
749.0 ± 101 µm (W11Ta), whereas the annealed W material presented 
an equiaxed structure with an average size 25.85 ± 12.0 µm, see Fig. 1. 
The High-Angle Grain Boundary (HAGB) and Low-Angle Grain Bound-
ary (LAGB) for each composition are W – 80:20, W6Ta - 91:9, and 
W11Ta − 85:15, in the format of HAGB:LAGB, using >15º for HAGBs and 
5–15º for LAGBs [22]. Details for the data collection are given in Section 
2.3. 

2.2. Low energy He exposure 

Plasma exposures were conducted in the linear plasma device 
MAGNUM-PSI [19] at the Dutch Institute For Fundamental Energy 
Research (DIFFER) in Eindhoven (The Netherlands). A schematic of the 
experimental configuration is shown in Fig. 2. Samples were clamped 
sequentially in a water-cooled holder and exposed at ~400 ◦C to 40 eV 
He plasma with a flux of ~1023 m− 2 s− 1. Three equivalent samples of 
each composition were exposed to fluences of ~1025 m− 2, ~1026 m − 2 

and ~1027 m− 2. The experimental conditions for each sample can be 
found in Table S1 (in the supplementary material). Calorimetry was 

used to measure the total target power which aids the determination of 
flux, by using the equation [23]: 

Q = ṁ˙cpΔT (1)  

where Q denotes the target power, ṁ˙ the mass flow rate, cp the specific 
heat capacity and ΔT the measured temperature change of the cooling 
water. Moreover, Thompson scattering was used to measure the electron 
flux and density enabling flux determination [23]. Ion species were 
monitored by survey spectrometry in the visible light region, providing 
surveillance of plasma species and any species contaminating the plasma 
throughout the plasma-surface interaction. Non-contact temperature 
measurements were made with an IR camera. 

2.3. Material characterisation 

The pre-exposed microstructures and the development of surface 
morphologies upon He plasma exposure were studied using an FEI 
Magellan HR and a Zeiss Sigma VP Scanning Electron Microscope (SEM) 
with a 3 kV electron beam and a working distance <5 mm, detecting 
secondary electrons (SE) with an Everhart-Thornley Detector (ETD) to 
give greater topographical information. Electron Backscattered 
Diffraction (EBSD) maps were taken on a Tescan Mira LC SEM with an 
Oxford Instruments Symmetry 2 EBSD detector. The step size for the low 
magnification EBSD maps of the alloys was 50 μm, and their high 
magnification maps were collected using a 3 μm step size, whereas both 
the low and the high magnification maps of the W material were ac-
quired using a step size of 1 μm, (Fig. 1). The EBSD data processing was 
performed using the Aztec software from Oxford Instruments. Confocal 
Laser Scanning Microscopy (CLSM) was used to quantify the surface 
roughness, through use of the VK Multifile Analyser software to calcu-
late the roughness parameter Sa representing the average deviation from 
the mean surface height. 

To study the sub-surface nature of the He-induced structures, sam-
ples suitable for Transmission Electron Microscopy (TEM) were pro-
duced by Focused Ion Beam (FIB) using a FEI Helios 660 FIB microscope. 
The FIB lift out and final thinning was conducted with 30 kV Ga+ ions to 
form an electron transparent region (<100 nm), followed by 5 kV and 2 
kV Ga+ ion exposure for final cleaning of the sample. Lift-outs were ~10 
× 15 μm2 and taken across three random regions for different grain 
orientations in the sample centre, i.e., within the middle 50 % of the 
FWHM of the He beam profile. This enabled the characterisation of at 
least 50 bubbles per sample. TEM images of He-induced bubbles were 
taken with a FEI Tecnai TF30 microscope with a 300 kV accelerating 
voltage for bubble counting, whereas higher resolution images of re-
gions with cracks were taken using a FEI Talos F200A microscope with a 
200 kV accelerating voltage. The “out-of-focus” imaging technique was 
used to identify and characterise the bubbles present in the plasma- 
exposed microstructures [24] (see also Fig. S4 in the supplementary 
information for a further description). 

Fig. 1. EBSD maps of each material prior to the low-energy He exposure.  
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The observed blisters and ablations after sample exposure to He 
plasma were characterised by measuring their average size and number 
density. To determine the ablation size and density, the CLSM and SEM 
images were processed with ImageJ’s particle analysis feature (see 
Fig. S2 in the supplementary) [25]. The same method could not reliably 
locate the blisters, and thus a Convolutional Neural Network (CNN) with 
a U-NET architecture based on [26] utilising TensorFlow [27] was 
trained to identify the blisters and produce average size and number 
density values (see Fig. S3 for a more detailed description on the algo-
rithm, including a graphical representation of the network architecture). 
The observed bubbles in the TEM micrographs were measured by 
identifying the outside edge of the bubble fringe [24]. Measurements 
were constrained to the central region of the sample in order to capture 
the maximum He fluence, and additionally restricted to the central re-
gion of each grain. The latter was important to avoid any bias related to 
He retention at grain boundaries [28]. 

3. Results 

The SEM micrographs of the surface exposed at 400 ◦C to the three 
He plasma fluences for each material are given in Fig. 3. At the lowest 
fluence of ~1025 m− 2, little surface modification can be observed in any 
composition. However, as the He fluence increases to ~1026 m− 2, a 
wave-like surface structure is seen. At the highest fluence of ~1027 m− 2, 
instead of seeing these structures develop further, surface blistering and 
subsurface cracking were observed for all tested materials. Fig. 4 further 
demonstrates the transition from surface undulations to surface blisters. 

This blistering is most pronounced in pure tungsten. Ablations, where 
over-pressurised blisters have ruptured, removing the blister cap, are 
also highlighted. The mechanism behind this blistering can be further 
elucidated by viewing the subsurface cracks shown in Fig. 5. Subsurface 
cracks generate surface relief, and these are seen to occur at random 
locations within the affected area, and are even seen on top of one 
another. This gives the unique morphology seen in Fig. 4. These cracks 
can interconnect (cross section in Fig. 5) and as these over-pressurise 
and ablate, a network of cracks can be seen underneath (revealed by 
the top-down view in Fig. 5). 

Fig. 6 gives the confocal microscopy results, with surface height 
measurements, in addition to laser/optical mixed images for each 
composition at the highest fluence of 1027 m− 2. The colourmaps clearly 
demonstrate a reduced surface roughness in the blistered samples with 
tantalum addition. Far fewer ablations are also seen in the laser/optical 
mixed images, which are characterised by black marks on the sample 
surface. 

The dependence of the Ta content on surface roughness, and the 
blister & ablation characteristics of the materials, at a He fluence of 
~1027 m− 2 is shown in Fig. 7. The numerical values are collated in 
Table 1. There is a significant reduction in surface roughness with 
increasing Ta content, with a − 3.7 % and − 45.3 % change for W6Ta and 
W11Ta when compared to pure W respectively. There is a gradual 
reduction in blister number density on increasing Ta content, reducing 
by − 12.7 % (W to W6Ta) and − 19.7 % (W to W11Ta). The sharp drop in 
surface roughness with increasing Ta content to 11 wt.% correlates with 
the simultaneous reduction in number density of the ablations, of − 4.3 

Fig. 2. Schematic of the Magnum-PSI linear plasma set-up used to expose samples to 40 eV He plasma at ~400 ◦C.  
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% (W6Ta) and − 51.8 % (W11Ta) reductions with respect to pure W, 
respectively. The average size of both blisters and ablations decreases 
continuously with higher Ta content in the material. 

Fig. 8 shows the Bright Field (BF) TEM images of the near-surface 
bubble population for the three materials exposed to a He fluence of 
~1027 m− 2. Nano-sized He bubbles were observed at a penetration 
depth of ~200 nm. This is in contrast with the Bragg peak of ~4 nm from 

the sample surface for a 40 eV He beam impinging on a W target, as 
estimated by the Stopping Range for Ions in Matter (SRIM) software 
using the quick Kinchen-Pease approach [29] and a value of 90 eV for 
the displacement energy [30]. The values for the average bubble size 
were 2.70 ± 0.31 nm for W, 2.44 ± 0.34 nm for W6Ta and 2.21 ± 0.32 
nm for W11Ta respectively, showing a decrease in size with increasing 
Ta content, i.e., reductions of − 9.6 % (W6Ta) and − 18.1 % (W11Ta). 

Fig. 3. SE micrographs of the surface topography in the three studied materials with increasing He fluence at ~400 ◦C.  

Fig. 4. Illustrative examples of wave-like structures formed at a fluence of ~1026 m− 2 (blue box) in micrographs transitioning to blistering at ~1027 m− 2 (green box). 
The letter A denotes an example of an ablation where the blister cap has been totally removed. The letter G denotes grain boundary decohesion that had occurred 
prior to the experiment, due to the large grains of the alloyed samples having relatively weak grain boundaries. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.). 
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Fig. 9 shows Fresnel fringes decorating a line between two cavities, 
suggesting a concentration of bubbles present in a line connecting two 
subsurface cavities. 

4. Discussion 

4.1. Surface degradation mechanism 

A modified mechanism for the surface degradation that includes 
blister formation and ablation is outlined in Fig. 10, based on the 
experimental results presented and supported by previous He ion irra-
diation on W [31] and molecular dynamics studies [32–34]. First, mo-
bile He atoms are attracted to defects in the tungsten matrix (Fig. 10- 1). 
Mobile interstitial He atoms have been evidenced though ab initio 
simulation as being attracted to self-interstitials (SIAs) and vacancies in 
W with the He atomic diffusion energy in W is only 0.06 eV [35]. These 
SIAs are mobile below room temperature [36] and the SIA-He binding 
energy is 0.94 eV [37]. Single vacancies in W become mobile at ~ 200 ◦C 
[38] and any He detrapped from SIAs would become trapped by va-
cancies with a single He-vacancy binding energy of 4.57 eV [39], far 
higher than that of a single SIA-He complex. In addition, there is also a 
high He-He self-affinity [40]. This leads to the formation of large He-vac 
complexes that agglomerate. 

Mobile He-vacancy complexes grow by a trap mutation or self- 
trapping mechanism and coalesce [39,41,42] (Fig. 10 − 2). When the 

He:vacancy ratio is ~7–8, the cluster mobility is reduced and the cluster 
grows by the loop punching mechanism to generate near-surface, 
nano-sized bubbles [32–34]. The bubble growth is eventually hin-
dered by the stress field of adjacent bubbles, reaching a state close to 
saturation near surface [39,43]. In this work, this phenomenon leads at 
400 ◦C to wave-like undulations at a He fluence of ~1026 m− 2 for the 
three studied materials (Fig. 10- 2). A similar phenomenon has been 
reported in W at similar fluences in the temperature range from 300 to 
800 ◦C [14,44,45]. As the He fluence increases, a critical mass of He is 
reached within a local area and the higher number density of nano-sized 
bubbles mediates subsurface cracking and blister formation (Fig. 10- 3), 
as shown in Fig. 4. The range of crack depths observed in our work is due 
to the cracking being facilitated by random fluctuations in the He dis-
tribution, leading to random regions reaching a critical He mass. These 
multiple cracks interconnect (Fig. 10- 4) as in Fig. 5, and networks of 
cracks form under the surface. These free surfaces become attractors for 
He, causing pressure build-up which leads to further cracking. The 
surface evolves as blisters become larger and coalesce, with this growth 
by coalescence being further facilitated by helium bubbles accumulating 
at stressed regions between the cracks weakening them (Fig. 10- 5 and 
experimentally in Fig. 9). Further pressure build-up leads to cracking 
towards the surface (Fig 10. − 5) and partial or total blister cap ablations 
at the material’s surface, see Fig. 5. 

A previous 50 eV He plasma exposure study in W at 250 and 500 ◦C 
revealed that at these low temperatures the He bubble population near 

Fig. 5. FIB cross section and SE images of subsurface cracks (left) and subsurface cracks after ablation (right), where there are multiple cavities seen with the ablative 
cap removed. Cracks above cracks and interconnecting cracks are also highlighted which further demonstrate the evolution of this blistering. 

Fig. 6. (a-c) CLSM images of the three materials at a fluence of 1027 m− 2 coloured by their surface height relative to the colourbar, demonstrating a reduced in 
surface height with alloy addition. (e-g) Laser/optical mixed images used for the determination of the ablation number density. 
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surface saturates at a He fluence of 5 × 1023 m− 2 with an average bubble 
size of ~1–2 nm in a layer covering >30 nm from the surface [14]. This 
is similar to the estimate of the average bubble size in this study of 2.70 
± 0.31 nm for W at the fluence of 1027 m− 2 with a layer thickness of 
~200 nm. We therefore conclude that at the high fluences of this work, 
the bubble population is close to saturation, and the material’s further 
degradation through plasma surface interaction is being probed. 

Pure helium plasma exposures at similar temperatures have shown 
aforementioned surface undulations but not such blistering [14,44,46, 
47]. While blister-like structures on the scale of 10 s of nanometres has 

been suggested to occur during fuzz formation [48], the blisters in this 
study are more akin to those seen in studies with helium energy in the 
keV regime. Within these higher energy studies the critical fluence for 
blistering has been shown to be ~1021–1022 m− 2 with varying fluxes and 
energies in both tungsten and molybdenum materials [31,49], far lower 
than the fluences in this study. This is due to reduced mobility of the 
helium due to the damage cascade produced in these studies and the 
direct implantation and accumulation of helium at the Bragg peak, the 
depth at which the cracking is observed for the blisters. With further 
influence from higher vacancy concentration, a reduced fluence of 

Fig. 7. Variation with the Ta content in the material of the surface roughness Sa, number density and average size of surface ablations and near-surface blisters, 
respectively. Some values have been offset by 0.1 % for clarity. 
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helium is required to facilitate this subsurface cracking in these other 
studies. This higher energy behaviour differs from the mechanism here 
where fluctuations in the helium distributions as helium diffuses from 
the near-surface leads to accumulation and cracking; further demon-
strated by the cracks forming much deeper than the Bragg peak. This 
requires a greater fluence of helium, meaning a critical fluence for he-
lium plasma blistering can be suggested as 1026–1027 m− 2. Overall, this 
suggests that the previously described ‘nanobubble’ regime for tem-
perature below 500 ◦C from De Temmerman et al. [16] can be extended 
to include blister formation. 

4.2. Effect of Ta alloying 

Ta addition reduced the average bubble size, in addition to the blister 
size and number density, consistent with previous higher energy He ion 

irradiation studies involving W and W-5 wt.%Ta [50]. This is seen 
visually in Fig. 4 and numerically in Fig. 7. There is also a pronounced 
reduction in surface roughness and number density of ablations, espe-
cially when increasing the Ta content to 11 wt.% (Fig. 6). Grain sizes 
differed between the alloyed samples, at 100 s of µm, and pure tungsten, 
at 10 s of µm, but in every case they are in the µm-sized range. Grain 
boundaries are known to be effective sinks for He, and can act as fast 
diffusion pathways, thus grain size reduction can impact He behaviour 
and retention in W [51–53]. As the layer affected by the He plasma 
exposure is only ~200 nm deep in this study, ingressed He did not 
interact within more than 1 % of the average grain diameter of the finer 
grained W material in the normal direction. In addition, we only 
extracted specimens from the centre of the grain for characterization 
(further detailed in Section 2), and therefore significant numbers of 
blisters and ablations, orders of magnitude smaller than the grain, could 

Table 1 
Surface roughness (Sa), the number density and average area of the resultant surface ablations and blisters, and the average bubble size detected in each material at the 
highest He fluence, together with the average sample temperature during the He plasma exposure and the experimental values of the He flux and fluence. These values 
make up the Figs. 7 and 8 and are for the highest He fluence in this study of ~1027 m− 2.  

Material Temp Flux Fluence Sa Ablation Number 
Density 

Ablation 
Diameter 

Blister Number 
Density 

Blister 
Diameter 

Average bubble 
size  

(◦C) (1023 

m− 2s− 1) 
(1027 

m− 2) 
(nm) (10− 3 µm− 2) (µm) (µm− 2) (µm) (nm) 

W 439 ±
13 

2.1 ± 0.1 2.1 29.6 ±
2.3 

15.4 ± 2.0 3.1 ± 0.05 7.1 ± 0.8 0.27 ± 0.05 2.70 ± 0.31 

W6Ta 426 ±
21 

2.0 ± 0.2 2.0 28.5 ±
0.7 

14.8 ± 0.1 3.0 ± 0.05 6.2 ± 0.4 0.24 ± 0.05 2.44 ± 0.34 

W11Ta 389 ±
30 

1.8 ± 0.1 1.8 16.2 ±
0.4 

7.1 ± 0.3 2.8 ± 0.08 5.7 ± 0.5 0.23 ± 0.04 2.21 ± 0.32  

Fig. 8. BF TEM images of near-surface bubbles in ±800 nm under/over condition, used for bubble size counting, for the three materials exposed to a He fluence of 
~1027 m− 2. A bubble in each condition for each sample is highlighted with a red circle. The distribution is then shown with a density plot, with the mean values 
detailed in the legend. Further details on bubble identification through under/over focus imaging can be found in the supplementary material. 
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be analysed reliably without grain boundary interference. Studies on 
nanocrystalline materials have demonstrated the effectiveness of grain 
boundaries as He traps in bcc Fe [54], with studies on pure W further 
showing a reduction in blistering with grain size [55]. Such 
He-boundary interaction, though, has been seen to operate only in the 
order of <100 nm from the grain boundary [52], with materials with 
grain sizes >1 µm showing a negligible effect of grain size on blister size 
and number density [52]. Thus, the methodology used in this study has 
effectively isolated changes in blistering behaviour from any potential 
grain boundary effect. To support this statement, the largest difference 
in blister, ablation and bubble characteristics (either size or density) was 
observed between the W6Ta and W11Ta with grain sizes of 100 s of µm. 

A critical effect of Ta is that it has been reported to reduce He 

diffusivity in W. Weak Ta-vacancy repulsion (up to − 0.15 eV) [56], 
together with Ta-He attraction (binding energies of 0.1–0.3 eV for one 
He atom and 1.1 eV for a second He atom [57]), would reduce the He 
diffusion rate in W and retard the formation of He-vacancy complexes 
that act as precursors to bubble formation. This is confirmed by mo-
lecular dynamics simulations that showed a reduced He clustering with 
the addition of 5 and 10 % Ta [58], and is also in line with the in-situ 
TEM evidence collected for He bubble sizes using keV He beams [59]. 
This lower He diffusivity would therefore retard bubble growth and 
coalescence, thereby delaying blister formation. Surface ablations via 
overpressurised blisters would also reduce in average size, and espe-
cially in number density, since helium diffusion would be limited 
causing slower overpressurisation and smaller blister caps to be ejected 
from the material’s surface. 

Moreover, Ta can also affect the mechanical properties of tungsten 
and therefore can inhibit the local deformation needed to cause surface 
blistering and ablation. Ta addition has been reported to increase the 
bending strength and hardness of the material [60], with other studies 
showing a higher elastic modulus [18] and yield strength [61] as 
compared to unalloyed W. The hardness and yield stress are proven to be 
critical characteristics in blister fracture mechanics and surface relief 
[62]. A higher Ta content would require a larger pressure to ablate 
materials from the sample surface. A higher yield stress and bending 
strength would also affect the surface relief, causing a lower value of 
surface roughness and average blister size. 

5. Conclusions 

This study has assessed the impact of high He fluences in W-xTa al-
loys (x = 0, 6, 11 wt.%) at a temperature of ~400 ◦C, representative of 
low-heat flux regions in the tokamak divertor, using a low-energy linear 
plasma device. Surface wave-like structures are observed at a He fluence 
of ~1026 m− 2 in all tested materials, whereas a further increase in flu-
ence up to 1027 m− 2 triggers the formation of surface blisters and 

Fig. 9. BF TEM images at 800 nm underfocus (left) and 800 nm overfocus 
(right) of Fresnel fringes in a connecting line between two blister cavities 
suggesting the prescence of bubble. This micrograph is of W at a He fluence of 
~1027 m− 2. 

Fig. 10. Schematic describing the ablative process: (1) initially, He from the plasma enters the matrix, and self-affinity and attraction to lattice defects causes the 
clustering of mobile He interstitials. (2) These form bubbles that grow, causing surface roughening. (3) Critical pressures and bubble size/density lead to cracking, 
with near surface cracks causing surface relief (i.e. early-blistering). These cracks also act as attractive sites for He. (4) He accumulation causes larger blistering 
through larger cracks, as pressure continues to build inside the cavity, with larger blisters connecting through cracks. (5) Larger blister coalescence through cracking 
to former larger cavities, until cracking towards the surface is preferred, causing ablation of the blister cap. 
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ablations. This indicates a critical fluence for blistering in pure helium 
plasma to sit between 1026 and 1027 m− 2. This suggests the previously 
described ‘nanobubble’ temperature regime below the temperatures of 
fuzz formation should not only include surface undulations but can be 
extended to include pure low energy helium plasma blistering. 

In addition, Ta alloying was shown to reduce the surface roughness, 
especially for 11 wt.%Ta. This effect seems to be mainly correlated with 
the reduction in number density of surface ablations, although there is 
also a significant decrease in surface blistering. The reduction in blis-
tering/ablations with Ta alloying can be attributed to a lower He 
diffusivity in the presence of substitutional Ta atoms in the W matrix, 
and/or to changes in local mechanical properties of the material that 
would impact near-surface cracking mechanics and surface blistering 
phenomena. These surface modifications in W-based plasma facing 
materials can cause high-Z impurities to be released into the fusion 
plasma, causing instabilities. Therefore, this study on the extent of 
surface modifications of the material in a pure helium plasma environ-
ment can aid the elucidation of He-W interaction and identify potential 
alloy strategies to mitigate detrimental effects in fusion devices. 
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