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A B S T R A C T   

Besides high dose radiation and extreme thermal loads, a major concern for materials deployed in novel nuclear fusion reactors is the formation and growth of helium 
bubbles. This work investigates the swelling and mechanical property degradation after helium implantation of ultrafine-grained W and nanocrystalline W-Cu, 
possible candidates for divertor and heat-sink materials in fusion reactors, respectively. It is found that ultrafine-grained W and single crystalline W experience 
similar volumetric swelling after helium implantation but show different blistering behavior. The W-Cu nanocomposite, however, shows a reduced swelling 
compared to a coarse-grained composite due to the effective annihilation of radiation-induced vacancies through interfaces. Furthermore, the helium-filled cavity 
structures lead to considerable softening of the composite.   

The effects of helium as a transmutation product in structural nuclear 
reactor materials have been investigated since the early days of nuclear 
engineering [1,2]. In-service fission devices, such as currently operating 
CANDU reactors [3,4], serve as reminders that helium gas in structural 
materials can lead to materials challenges. Furthermore, the renewed 
interest in nuclear fusion and the recent efforts in commercializing 
fusion technology led to an increase in associated research. In addition 
to radiation effects on materials in fusion environments and trans-
mutation reactions, the fusion reaction itself 2

1D + 3
1T→4

2He + n +

17.6 MeV generates helium ions that can interact with the plasma-facing 
wall material [5]. Therefore, in addition to well researched radiation 
effects [1,2,6,7] and extreme thermals loads, one has to account for 
helium bubble nucleation and growth within the structural materials 
employed in the vicinity or even facing the fusion plasma. For the 
divertor, the part of the reactor experiencing the prevalent exposure to 
the plasma, tungsten is often considered the prime candidate material 
due to a plethora of advantageous physical properties [8,9]. In partic-
ular, ultrafine-grained (ufg) W is an exciting prospect, as the small grain 
size has beneficial effects on mechanical properties, such as fracture 
toughness [10,11]. Moreover, to allow for a rapid heat transport away 
from the divertor and avoid temperature fluctuation-induced failure of 
the component, high strength heat sinks have to be employed, 
commonly in the form of W-Cu composite materials [12,13]. Here a 
nanostructuring of the composite is beneficial for radiation tolerance 
and mechanical strength [6]. 

While helium implantation of single-crystalline (sxx) and coarse- 
grained (cg) W and Cu have been investigated thoroughly in earlier 
works [14–17], for ufg W most work focuses on bubble evolution and 
morphology [18–20]. These insights provide a fundamental under-
standing of the microstructural changes arising from helium implanta-
tion, but the concrete implications for swelling and changes in 
mechanical properties (i.e. elastic modulus and hardness) of the 
implanted material will define the practical employment of ufg W and 
W-Cu composites in fusion reactors. In this work, a combined approach 
of atomic force microscopy (AFM) and nanoindentation was utilized to 
investigate the swelling and related changes in mechanical properties of 
ufg W and nanocrystalline (nc) W-Cu as implanted with various fluences 
of helium. 

Ufg W and nc W-Cu composites are fabricated from powders using 
severe plastic deformation. W powder (purity 99.97%, particle size <2 
µm, Plansee SE, Austria) is stored, handled and compacted within argon 
atmosphere. An intermediate annealing step after compacting at 1600 
◦C for 7 h in a vacuum-furnace (Leybold Heraeus PD 1000, Leybold 
GmbH, Germany) assures sufficient particle bonding before severe 
plastic deformation is applied through a high-pressure torsion (HPT) 
tool [21] for 1 rotation at a nominal pressure of 12 GPa and a temper-
ature of 400 ◦C. More details regarding the fabrication of ufg W can be 
found in references [11,22]. The grain size of ufg W was measured from 
micrographs (Fig. 1a) using the line intercept method and is 158 ± 35 
nm (125 ± 10 nm in implantation direction and 189 ± 21 nm in lateral 
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direction). For the W-Cu nanocomposite, 25 at.% of the respective W 
powder and 75 at.% Cu powder (purity 99%, particle size 14–25 µm, 
Merck KGaA, Germany) were mixed within argon atmosphere and then 
compacted using the HPT tool. The powder compact was subsequently 
deformed using the HPT for 100 revolutions under a pressure of 9 GPa at 
room temperature. The grains were measured from TEM images (Fig. 1c) 
to be 35 ± 17 nm in diameter and equiaxed. 

A helium-ion microscope (Orion Nanofab, Carl Zeiss GmbH, Ger-
many) [16,23,24] was used to implant 25 keV helium ions to fluences of 
6 × 1017 and 1018 ions/cm2 in ufg W and 3 × 1017, 6 × 1017 and 1018 

ions/cm2 in nc W-Cu. The helium was implanted on 10×10 µm2 squares 
on the polished surfaces with a dose rate of about 1 dpa/min. The 

implantations of both materials have been simulated using the software 
“Stopping Range of Ions in Matter” (SRIM) [25] using the Kinchin-Pease 
model and displacement energies of 85 eV for W [26,27] and 30 eV for 
Cu [26,28]. The calculated helium ion profiles are depicted in Fig. 1b,d. 
For the W-Cu composite, a hypothetical solid solution was chosen as 
model material for the simulations. This represents a satisfying average 
of the irradiation response, even though W is expected to exert a higher 
stopping effect than Cu. This behavior leads to local deviations from the 
averaged profile in Fig. 1d, depending on the distribution of W and Cu 
grains inside the material hit by the He beam, but will not influence the 
average penetration depth significantly. 

Subsequent to implantation, the surface topology of and around the 
implanted areas on both materials was scanned using an atomic force 
microscope (AFM; Nanoscope III, Digital Instruments, USA) in tapping 
mode. This way, the amount of surface swelling due to helium bubble 
formation can be measured by comparing the average height difference 
of the implanted regions to the unimplanted surface, a quantity 
commonly referred to as swelling height [14,16,24] (see Fig. 2a). Fig. 2b 
displays the compiled results of the swelling measurements of ufg W and 
nc W-Cu, as well as extrapolated values for swelling of sxx W [14] and cg 
(“quasi-sxx”) Cu [16]. Additionally, a simple arithmetic combination of 
cg Cu and sxx W values in the same ratio as the investigated composite 
(25 at.% W + 75 at.% Cu) is shown. Naturally, for all materials the 
swelling increases with increasing helium fluence. No swelling data 
could be acquired for the fluence of 3 × 1017 ions/cm2 in ufg W, as this 
implantation unfortunately failed. 

From Fig. 2b it is apparent that Cu and the W-Cu composite exhibit a 
higher swelling than the pure W samples. This is rationalized by the fact 
that Cu has an fcc crystal structure, which is more densely packed and 
known to be more sensitive to void and gas bubble swelling than bcc 
metals [29,30]. The nc W-Cu investigated in this work displays far less 
swelling than the arithmetic combination of cg Cu and sxx W values. 
This proves that the vast amount of grain boundaries and interfaces 
within the nc W-Cu has a significant influence on bubble formation and 
growth and, therefore, the resulting swelling. Swelling of the ufg W 
material, however, is comparable to the sxx W investigated by Allen 
et al. [14]. It appears that the still large amount of grain boundaries 
within the ufg W does not have any noticeable effect on the measured 
swelling height, which is supported by the findings of El-Atwani et al. 
[20], reporting a grain size threshold of 35–50 nm in W. Above this 
threshold helium bubble size and density, and thus swelling, are not 

Fig. 1. Microstructures of (a) ufg W (SEM) and (c) nc W-Cu (TEM). The 
penetration depths of 25 keV He ions for (b) ufg W and (d) nc W-Cu were 
simulated by SRIM. Vertical lines indicate the average location of 
grain boundaries. 

Fig. 2. (a) Representative AFM image of ufg W implanted with a helium fluence of 1018 ions/cm2 and schematic on the definition of swelling height. (b) Swelling 
height of ufg W and nc W-Cu compared to literature data for cg Cu and sxx W. Error bars represent the RMS roughness on the implanted squares. 
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influenced significantly by the grain boundaries at room temperature, as 
the ability to effectively remove radiation-induced vacancies is not 
given. Furthermore, as visualized in Fig. 1b, on average only a single 
grain boundary, located far beyond the peak of helium content, lies 
within the helium implanted region in implantation direction. In com-
parison, in the W-Cu nanocomposite the smaller grain size and larger 
penetration depth result in up to seven grain boundaries being located in 
the helium-affected zone on average (Fig. 1d). There are of course more 
grain boundaries in the lateral direction of the implanted area, which 
could lead to a more pronounced swelling in the horizontal direction. 
When assuming simple brick-shaped grains, the grain boundary area 
within the affected zone accumulates to roughly 340 µm2 in ufg W and 
1410 µm2 in nc W-Cu. This significant difference provides an additional 
explanation as to why the grain size of ~35 nm is so much more effective 
in reducing swelling than a grain size of ~150 nm. It should be noted, 
however, that blisters as observed for sxx W in [14] are not present in the 
ufg W sample implanted with similar helium fluences (see Fig. 2a), 
indicating that bubble growth and coalescence are restricted, and bub-
ble nucleation is the main reason for the comparable swelling heights of 
the two materials. All things considered, the nc W-Cu shows still a higher 
swelling than either W material, which confirms that W, and bcc ma-
terials in general, demonstrate a high resistance to helium bubble 
swelling. While this resistance could potentially be amplified by 
reducing the grain size further, following the idea of [20], this would in 

turn deteriorate the excellent ductility and fracture toughness that ufg W 
showcases [10,11]. 

Turning from swelling to related changes in mechanical properties, 
the small penetration depth of the helium ions in W and W-Cu makes it 
challenging to assess irradiation-induced changes. A number of various 
small-scale testing methods have been applied in the past to assess 
irradiation induced property changes of ion-irradiated materials [16,24, 
31–33]. Nanoindentation offers several advantages, such as absence of 
additional sample preparation as well as easy and straightforward 
testing. By applying dynamic continuous stiffness measurements (CSM) 
[34–37], hardness and modulus can be probed along the indentation 
depth. In this work, a TI 950 Triboindenter (Hysitron Inc., USA) with a 
CSM and a Scanning Probe Microscopy (SPM) option was used to indent 
the implanted and unimplanted areas. After the Berkovich tip was 
calibrated on fused silica following Oliver & Pharr [34], the implanted 
area was scanned using the SPM option. Indents were placed inside and 
outside of the implanted squares to an indentation depth of about 200 
nm in the ufg W material and 300 nm in the W-Cu nanocomposite. For 
every material condition, 4-5 nanoindentation tests were conducted. 
Considering the small penetration depth of the helium ions of about 180 
nm (W) to 230 nm (W-Cu) (Fig. 1b,d), the indentation tests will always 
probe additional unaffected material below the implanted helium layer, 
thus not reflecting only the hardness of the implanted layer. However, 
the trend of hardening and softening through helium implantation 

Fig. 3. Averaged nanoindentation curves for hardness (a,b) and reduced modulus (c,d) of ufg W (a,c) and nc W-Cu (b,d). Both moduli and the hardness of nc W-Cu 
decrease with increasing He fluence. The hardness of ufg W stays preserved after implanting with a fluence of 6 x 1017 ions/cm2 and decreases only at a higher 
fluence of 1018 ions/cm2. 
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should still be apparent in the results, albeit less pronounced for larger 
indentation depths [31,32]. 

The averaged nanoindentation curves plus standard deviation for 
every condition are presented in Fig. 3. It is obvious that the reduced 
elastic modulus of both ufg W and nc W-Cu decreases continuously with 
increasing helium fluence (Fig. 3c,d). This is explained by the continued 
formation and growth of helium bubbles within the materials with more 
helium being implanted. Regarding hardness, the two materials show a 
slightly different behavior. While the hardness of the nanocomposite 
decreases continuously with increasing fluence (see Fig. 3b), the ufg W 
seems to retain its hardness after implantation with a fluence of 6 × 1017 

ions/cm2 and only deteriorate after implantation with a higher fluence 
of 1018 ions/cm2 (see Fig. 3a). This is most likely deceiving, as earlier 
work by the authors unveiled for Cu-Fe-Ag with similar grain size that 
for such ufg materials, a combination of conventional radiation hard-
ening (dominant at lower fluences) and softening through gas bubble 
nucleation and growth (dominant at higher fluences) is the reason for a 
perceived sustained hardness from the unirradiated state at fluences 
around 4–6 × 1017 ions/cm2 [24]. It is crucial to note that, while the 
hardness is seemingly unchanged, a critical reduction in ductility and 
toughness can be expected from these competing hardening and soft-
ening mechanisms. For the nc W-Cu composite this effect is not 
observed, as the much smaller grain size of about 35 nm leads to the 
efficient annihilation of radiation-induced point defects, thereby sup-
pressing the radiation hardening effect [6,7]. Without such a hardening 
effect, the size and amount of helium gas bubbles are the major factors 
influencing the mechanical properties, leading to softening throughout 
all fluences of helium implantation [24]. Commonly, in 
single-crystalline metals or metals with grain sizes above 1 µm, such a 
softening effect is not observed, especially for low fluences. Here, the 
formed helium bubbles act as obstacles to dislocation movement within 
the grains and lead to a pronounced hardening effect [38–40]. In 
contrast, in nc and ufg metals bubbles nucleate preferably at GBs, where 
they do not interfere with dislocation propagation. The softening effect 
can therefore be explained by the slow transformation of the material 
into a metal foam and a facilitated dislocation nucleation from 
bubble-decorated GBs, in agreement with other works [7,24,41,42]. 

In summary, swelling and mechanical property changes of ufg W and 
nc W-Cu were assessed after implantation with helium ions. While the 
W-Cu nanocomposite experiences more swelling than the ufg W due to 
the contained fcc Cu phase, a reduction of swelling compared to cg Cu 
and a cg W-Cu composite could be achieved via the small grain size of 
35 nm. In contrast, aside from the lack of blister formation, the grain size 
of 158 nm in ufg W led to no significant changes in measured swelling 
compared to sxx W. This is explained by the much lower grain boundary 
area density of ufg W and by the inability to remove vacancies before 
they nucleate bubbles at a grain size above 50 nm. Similarly, this 
inability results in a combined radiation-induced hardening and bubble- 
induced softening effect when probing the mechanical properties of 
helium-implanted W. As the hardening effect is absent in nc W-Cu, the 
hardness deteriorates much faster due to the suppressed but still present 
bubble formation and growth. In conclusion, while the ufg grain size 
improves the overall mechanical properties of W, the implications for 
swelling resistance are minor. The nc grain size of W-Cu, however, re-
sults in significantly reduced bubble-induced swelling, but also quick 
degradation of hardness and modulus due to the absence of radiation 
hardening. The findings presented in this work are expected to 
contribute to an improved understanding on how promising ultrafine- 
and nano-grained materials perform in the harsh environment of a nu-
clear fusion reactor. 
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