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� The nanochannel structures facilitate He release from the film even at relatively low fluences.
� Combined the advantage of DBS and SIMS methods to explore the evolution of helium-vacancy complex.
� The fluence and temperature have great influence on the evolution of vacancy-type defects, He retention and hardness.
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a b s t r a c t

In the fusion reactors, plasma facing materials (PFMs) will be bombarded by large amounts of energetic
particles, including helium (He) atoms. These metal-insoluble He atoms are prone to self-trapping or are
trapped by vacancies, dislocation cores or grain boundaries, aggregating to form high concentration He
bubbles which leads to serious degradation of the PFMs’ properties. Studying the initial stages of He-
defect interactions becomes increasingly important because it not only helps us understand the for-
mation mechanism of He bubbles but also provides insight to help design new irradiation-resistant
PFMs. In this work, we used the positron annihilation Doppler broadening spectroscopy (DBS) and
secondary ion mass spectrometry (SIMS) to explore the evolutions of the interactions between vacancy-
type defects and He and the retention of He in the nanochannel W film irradiated with 190 keV Heþ ions
to different fluences under different temperatures. It is found that the presence of a nanochannel
structure accelerates the release of He from the film even at low irradiation fluences, and the release of
He is significantly enhanced at higher fluences, thus inhibiting or delaying the formation of large He-
vacancy clusters in the nanochannel W film. Both irradiation fluence and temperature have significant
influence on the formation and evolution of He-vacancy clusters, and the evolution of these micro-
structure also causes hardness changes.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Tungsten (W) is considered as one of the most promising
plasma facing materials (PFMs), and ITER has planned to use an all-
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W divertor in the final design. However, in the extreme fusion
environment, the large numbers of helium (He) atoms that are
produced by deuterium (D) and tritium (T) reaction or transmuted
by 14.1MeV neutrons through (n, alpha) reactions will seriously
impact the PFMs. In addition, neutron irradiation also produces
displacement damages including vacancies and other extended
defects. Accumulation of He atoms will lead to the formation of He
bubbles and even surface blisters in W, which results in the
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embrittlement and hardening of W and eventually reduces the
service life of W as a PFM [1]. Some theoretical calculations have
indicated that because the He atom has a closed-shell electronic
structure and is insoluble in W, it has a strong tendency to bind
with other He atoms as well as pre-existing defects such as va-
cancies or dislocations to form clusters. The small clusters continue
to grow by trapping He atoms or mobile He clusters until the in-
ternal pressure is high enough to kick out a W self-interstitial atom
and create a vacancy. The formed He-vacancy clusters act as a nu-
cleus for the growth of He bubbles by continuing to absorb mobile
He atoms or clusters [2e4]. Moreover, the relative rates of nucle-
ation and growth of He bubbles are affected by ion flux, tempera-
ture, vacancy concentration, and even the orientation ofW surfaces
[5e7]. Therefore, the nucleation and growth of He bubbles inW is a
very complex process, and it is also a concern in fusion research.

In our previous works [8e10], we proposed a new strategy to
increase the irradiation resistance of W by introducing nano-
channel structure aiming to solve the problem of the He bubbles
accumulation. Through a series of comparative experiments with
ordinary polycrystallineW, it was found that the density and size of
He bubbles in the nanochannel W films are relatively small irra-
diated by low-flux Heþ ions to high fluence at room or high tem-
perature, which is due to partial He release from the films
(measured by elastic recoil detection). We believe that a nano-
channel structure existed in W film can effectively release He and
inhibit the rapid growth of He bubbles. It is well known that the
nucleation of He bubbles is as a critical surface existed in the atomic
scale (He-vacancy clusters) and mesoscopic scale (He bubbles) [3].
However, at present, there is no relevant experimental study on the
mechanism of the influence of nanochannel structures on the He
bubbles nucleation at initial stage of He-irradiation. Thus, it is very
important to investigate the initial stages of He bubbles formation
in the nanochannel W film, which could help us to understand the
underlying physics of how a nanochannel structure inhibits the
growth of He bubbles.

At present, it is very difficult to study the evolutions of va-
cancies, HenVm clusters or other vacancy-type defects by using
conventional characterization means such as transmission electron
microscope (TEM) due to their very small sizes. Positron annihila-
tion Doppler broadening spectroscopy (DBS) is a powerful and
sensitive method to probe vacancy-type defects [11]. Moreover, it is
also a very suitable tool to detect the depth dependence of vacancy-
type defects and microstructures in solid targets with a variable
energy positron beam [12]. Depth profiling measurements using
dynamic secondary ion mass spectrometry (SIMS) were also per-
formed in this study. Offering high sensitivity and high depth res-
olution, dynamic SIMS has proven extremely useful for studying
diffusion and migration mechanisms of trace elements in nuclear
materials [13].

In this work, we take advantages of DBS and SIMS to explore the
evolution of He-vacancy complexes and He retention in nano-
channel W films at low fluences under different irradiation envi-
ronments. Information about vacancy-type defects along with
relevant mechanical hardness data are used to gain a better un-
derstanding of the early stages of He bubble formation and
evolution.

2. Experimental

2.1. Materials preparation and irradiation

Nanochannel W film (about 850 nm thick) was deposited on the
silicon (100) wafer at 600 �C with a source power of 150W by using
ultrahigh vacuum DC magnetron sputtering deposition (ULVAC,
ACS-4000-C4), where, its density of 17.46 g/cm3 was measured by
the Rutherford backscattering spectrometry (RBS), lower than that
of conventional pure ordinary polycrystallineW (19.35 g/cm3). TEM
image of the nanochannel W film is shown in Fig. 1a. Clearly, the W
film is composed of many columnar crystals with nanochannels
existing between the columnar crystals. Surface roughness of the
deposited film measured by atomic force microscopy (AFM) is
about 8 nm.

The Heþ ion irradiation experiments were performed on a
200 kV ion implanter (LC22-100-01, Beijing Zhongkexin Electronics
Equipment Co., Ltd) at the Center for Ion Beam Application, Wuhan
University. In order to avoid the effect of positron and surface in-
teractions on the real distribution of vacancy-type defects in the
damage region, and to better compare with the results previously
reported in Refs. [14,15], the incident energy of Heþ ion beam was
set at 190 keV. The nanochannel W films were irradiated at room
temperature (RT, about 25 �C) with an ion flux of about 1.5� 1013

ions/cm2s to relatively low fluences of 5� 1015, 1� 1016 and
5� 1016 ions/cm2, respectively. In addition, the films were also
irradiated at 300 or 600 �C to the same fluence of 5� 1016 ions/cm2

to study the influence of temperature on the evolution of defects.
Depth profiles of He atom, vacancy and He/V ratio in the irradiated
nanochannel W film are shown in Fig. 1b, as calculated by SRIM-
2013 using the “Quick Kinchin-Pease” mode and the displace-
ment threshold energy of the W atom at 90 eV [16]. It should be
noted that the actual number of vacancy clusters can be signifi-
cantly less since large amount of vacancies are annihilated by
interstitial atoms during the cascade quenching. Clearly, the He/V
ratio increases with increasing depth, indicating that the incident
He atoms may be more easily trapped by vacancies near the surface
while aremore inclined to self-trapping at the end of ion range [17].
Maximum displacement per atom (dpa) is 0.1 at the depth of
around 350 nm and the peak He concentration is 0.61 at.% at the
depth of around 434 nm when the fluence is 1� 1016 ions/cm2.

2.2. Doppler broadening spectrometry (DBS)

To investigate the evolutions of vacancy-type defects in the
nanochannel W film, DBS measurements were carried out at RT
with an energy-variable slow positron beam facility at the Institute
of High Energy Physics, Chinese Academy of Sciences. The slow
positron beam facility uses the 22Na radioactive source and the
emitted positrons are first moderated by a single crystalWand then
post accelerated to different energies. The incident positron en-
ergies used for this study was ranged from 0.18 to 20.18 keV, and
the corresponding positron annihilation depth was estimated by
the following empirical formula [18]:

R¼
�
40
r

�
E1:6 (1)

where R is the incident depth (nm), r is the density of material (g/
cm3), E is the incident positron energy (keV). From Eq. (1), themean
incident depth of positron at 20.18 keV in the W film is approxi-
mately 280 nm. Note that according to the depth profile of positron
implanted in W, the positrons with energies of 0.18e20.18 keV can
probe the whole damaged region of 190 keV Heþ ions [19,20].

The 511 keV gamma ray detection in DBS measurement is done
through the high purity germanium detector (HPGe). The DBS often
uses the S and W parameters to characterize the nature of annihi-
lation. The S parameter is defined as the ratio of the central low
momentum area of the spectrum (510.2e511.8 keV) to the total
spectrum (499.5e522.5 keV), and mainly reflects the information
of positron annihilation with valence electrons, e.g. sensitive to the
density and type of open-volume defects. On the other hand, theW
parameter is defined as the ratio of the two flanks high momentum



Fig. 1. (a) Cross-sectional TEM image of the nanochannel W film, (b) the depth profiles of He atoms and vacancies in the nanochannel W film (17.46 g/cm3) irradiated by 190 keV
Heþ ions according to the SRIM-2013 results.

W. Qin et al. / Journal of Nuclear Materials 527 (2019) 151822 3
regions (513.6e516.9 keV and 505.1e508.4 keV) to the total spec-
trum and represents the information of core electrons, e.g. sensitive
to the chemical surrounding at the annihilation sites. If there are
vacancy-type defects in the material, the absence of atoms will lead
to a decrease of the core electrons’ density and a relative increase of
the density of valence electrons, resulting in a narrowing of the
spectrum to make the S parameter value larger and W parameter
value smaller [14,18,21].
2.3. SIMS measurement

He depth profiles in the irradiated nanochannel W films were
obtained by SIMS on the CAMECA IMS 7f-Auto using Csþ primary
ions at 5 keV impact energy and collecting secondary positive
CsHeþ ions. The detection of CsHeþ molecule ion is an efficient
method to overcome the high first ionization potential of He [22].
The incidence angle was 45�, the primary beam current was
approximately 105 nA, the raster size was 150� 150 mm2, and the
analysed area was 33 mm in diameter. A mass resolving power
(about 2000) was used to decrease the contribution of the 133Csþ

peak’s tail at the neighbouring 133Cs4Heþ species, and the energy
bandwidth was set to 75 eV. The depth calibration was based on a
crater depthmeasurement performed after the SIMS analyses using
a surface profilometer, and by normalizing the sputtering rate for
each profile to the average primary current during the acquisition.
For all profiles, a constant sputtering rate (approximately 103 nm/
min) was applied over the whole sputtered depth. The same
Relative Sensitivity Factor (RSF) (2.72� 1026 atom/cm3) was
applied to perform the concentration calibration of the He profiles.
Two depth profiling measurements were performed on each
sample.
2.4. Nanoindentation

The hardness behaviors of pristine and irradiated samples were
characterized using continuous stiffness measurement (CSM)
method on an Agilent Nanoindenter G200 equipped with a dia-
mond Berkovich tip. At least twenty indentation points were
selected to get an average hardness value. The maximum inden-
tation depth was set to 600 nm with an indentation strain rate of
0.05 s�1. Testing temperature was controlled at 20 ± 1 �C.
3. Results

3.1. Evolution of vacancy-type defects

To investigate the initial stages of He bubble formation in the
nanochannel W film, the evolutions of vacancy-type defects in the
film was first analysed. Fig. 2 shows the S-E plots of the pristine
nanochannel W film irradiated at different temperatures to several
fluences. In addition, to clearly show the change of vacancy-type
defects before and after irradiation, the relative S parameters, DS/
S, are also shown in Fig. 2. The DS/S parameter is defined as follows
[18]:

DS=S¼ �
Sirradiated� Spristine

��
Spristine (2)

Obviously, S parameter of the pristine nanochannel W film de-
creases gradually from the surface (about 0.443) to a depth of
around 30 nm and then increases gradually, approaching the sur-
face S value at a depth of around 280 nm. However, all S parameters
of the irradiated films first increase rapidly and then decrease with
the increase of incident depth. For the films irradiated at RT, the S
parameters increase with increasing fluence but not linearly.
Meanwhile, at themean depth region of 100e280 nm, the S value of
the film irradiated to 5� 1016 ions/cm2 is close to that of the film
irradiated to 1� 1016 ions/cm2. Compared with the film irradiated
at RT, the S value of the film irradiated at 300 �C only increases
slightly. When the irradiation temperature increases to 600 �C, the
S value of the film increases dramatically, and its DS/S value is more
than twice of those irradiated at RT and 300 �C.

To further explore the evolutions of vacancy-type defects in the
nanochannel W film, W parameter as a function of S parameter
(WeS) for all these samples are plotted and shown in Fig. 3. Since
each positron annihilation site is characterized by a typical (S, W)
couple, the corresponding (S, W) points can be fitted to a straight
line if only one type of vacancy-type defect exists in the sample
[23,24]. In Fig. 3a, it is easily seen that two different lines are
needed to fit the (S, W) points in the pristine nanochannel W film,
suggesting that there are two different open-volume defects in the
pristine film. Compared with the pristine film, the distributions of
(S,W) points in all the irradiated films can be fitted reasonably well
with one line, implying that all the irradiated films are dominated
with one type of vacancy-type defects. Furthermore, the S values
become larger and the corresponding W values become smaller in
the irradiated films. For the film irradiated at RT, it is shown that the



Fig. 2. S parameter (a1, b1) and corresponding DS/S parameter (a2, b2) as a function of the positron energy (bottom) and corresponding mean depth (top) in the nanochannel W film
irradiated by 190 keV Heþ ions. (a1, a2) The pristine film irradiated at RT to the fluences of 5� 1015, 1� 1016 and 5� 1016 ions/cm2, (b1, b2) the film irradiated to 5� 1016 ions/cm2 at
RT, 300 �C, 600 �C, respectively.

Fig. 3. WeS plots of the nanochannel W film irradiated by 190 keV Heþ ions. (a) The pristine film irradiated at RT to the fluences of 5� 1015, 1� 1016 and 5� 1016 ions/cm2, (b) the
film irradiated to 5� 1016 ions/cm2 at RT, 300 �C, 600 �C, respectively. The arrow point means an increase in depth.
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slopes of the fitted lines decrease with the increase of fluence,
suggesting that the size of vacancy-type defects gradually increases
with increasing He fluence. In Fig. 3b, the (S, W) points of the films
irradiated at RT and 300 �C are almost in the same line, suggesting
the defect types of these two temperatures are similar. When the
temperature increases to 600 �C, the S (W) value becomes much
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larger (smaller), resulting in a smaller slope line formed by (S, W)
points. This indicates that the higher density or larger size of
vacancy-type defects are formed during the He irradiation at
600 �C.

3.2. He retention in the film after irradiation

In addition to the analysis of vacancy-type defects evolution, the
He retention in the irradiated films was also measured to further
study the initial stages of He bubble formation in the nanochannel
W films. Fig. 4 shows the SIMS results of He quantified depth
profiles obtained in the nanochannel W films irradiated with
190 keV Heþ ions at different temperatures and fluences. Two
depth profiling measurements were performed on each sample. An
excellent repeatability is achieved on the film samples, so for the
sake of clarity, only one profile of each sample is presented in this
figure. The He detection limit of SIMS is approximately 6� 1017

atom/cm3 (about 10 ppm), it is obtained from themeasurement of a
non-irradiated pristine nanochannel W film by averaging the
quantified He signal from the surface to 1 mmdepth. Note that using
the RSF method in the SIMS can effectively detect the He signal
even in the pressured bubbles [22]. As expected, all the He-
irradiated films exhibit a Gaussian-type in-depth distribution,
consistent with the He profile predicted from SRIM shown in
Fig. 1b. It is clear that He retention in the films varies with the
temperature and fluence. The relative He retentionwas obtained by
integrating the He quantified signal from the surface to 1 mm depth
for all depth profiles, see Table 1. Due to the lack of an external
standard sample, the lowest fluence sample irradiated at RT
(5� 1015 atom/cm2) was used as reference sample. The He reten-
tion is 0.78� 1016 atom/cm2 for the 1� 1016 ions/cm2 irradiated
film at RT, and only 2.84� 1016 atom/cm2 for the film irradiated
with higher fluence, 5� 1016 ions/cm2 at RT.When the temperature
increases to 300 �C, the He retention in the film is almost the same
as that in the film irradiated at RT. However, the He retention in the
film decreases sharply to 1.65� 1016 atom/cm2 when the temper-
ature further increases to 600 �C. These SIMS results show that the
existence of nanochannel structures do effectively facilitate the He
release from the film even if the nanochannelW film is irradiated to
such a low fluence, and that the higher the irradiation fluence, the
more He atoms are released. On the other hand, the He releasing
rate appears to be constant between RT and 300 �C but is signifi-
cantly higher at a temperature of 600 �C.
Fig. 4. He quantified depth profiles obtained by SIMS in nanochannel W film samples
irradiated with 190 keV Heþ ions at different fluences and temperatures.
3.3. Irradiation hardening

Many defects introduced by He-irradiation will inhibit the
dislocation migration, resulting in a hardness increment in the
irradiated samples [25,26]. Fig. 5a shows the variation of hardness
with indentation depth for the nanochannel W film before and
after irradiation. With the increase of indentation depth, the
hardness curve of the pristine film reaches to a plateau quickly. For
the irradiated films, however, the hardness curves first reach the
maximum, then decrease gradually until they level off. These three
trends are known as the reverse indentation size effect (RISE),
indentation size effect (ISE) and soft substrate effect (SSE),
respectively. All the irradiated films exhibit evident hardening
compared with the pristine one, and the average hardness in-
creases with the increase of the irradiation fluence and tempera-
ture. Nix-Gao model based on the geometrically necessary
dislocation can explain the normal ISE, the hardness (H) and
indentation depth (h) are expressed as following:

H2 ¼ H2
0ð1þ h��hÞ0:5 (3)

where H0 is the hardness at infinite depth and h* is a characteristic
length which depends on the shape of indenter [27]. To obtain the
H0 of the films, the H2 versus 1/h curves are plotted in Fig. 5b.When
the indentation depth is deeper than 100 nm, the data for the
pristine film can fit to a straight line, while the irradiated films
exhibit bi-linearity; that is, there is a shoulder in the region
135e170 nm. This is because the SSE of the pristine depth region is
below the irradiated depth region as reported by Kasada et al.
[28,29]. Thus, the H0 of the pristine film in the depth of h> 100 nm
and those of the irradiated films in the depth of 100< h< 150 nm
were calculated and shown in Fig. 5c. Compared with the pristine
film, the hardness increments in the 5� 1015 and 1� 1016 ions/cm2

irradiated films are only 0.32 and 0.50 GPa, respectively, compared
with 2.30 GPa in the film irradiated to 5� 1016 ions/cm2. For the
same 5� 1016 ions/cm2

fluence, the hardness increments of the
films irradiated at 25, 300 and 600 �C are 2.30, 2.69 and 3.07 GPa,
respectively.
4. Discussion

Positron annihilation spectroscopy can not only characterize the
vacancy-type defects, but also detect the open-volumes of micro-
structures such as surfaces and interfaces in the materials [11,12].
For the reported compact ordinary polycrystalline W, due to the
existence of inherent defects, the S parameter of the pristine
compact W decreases with the increase of depth and its (S, W)
points are all in the one line [21,30]. However, since the W films
contain nanochannel structures, many free surfaces introduced by
these nanochannel structures affect the momentum distribution of
electrons, which also act as open-volumes to form positron capture
centres [31]. Thus, the change of S (W) parameter in the nano-
channel W film is different from the compact W. From the cross-
sectional TEM image of the pristine W film (Fig. 1a), we can find
the diameters of columnar crystals in theW film increase gradually
with the increase of depth below the surface, meaning that the
density of nanochannels at the bottom near the substrate is greater
than that at the top near the surface, which leads to the increase of S
value with the depth. From the analysis of the WeS plots, two
different vacancy-type defects exist in the pristine W film. Com-
bined with the deposition process and structural characteristics of
the film, it is not difficult to see that, in addition to the existence of
inherent defects, another type is nanochannel. Furthermore, there
are two main reasons for the relatively large S values at the surface



Table 1
He retention fluence in the irradiated nanochannel W films obtained from the He quantified depth profiles. Two depth profiling measurements were performed for each
sample.

Fluence (ions/cm2) Temp (�C) He retention fluence (atom/cm2) Average He retention fluence (atom/cm2)

5� 1015 RT 5.00� 1015 4.99� 1015

4.97� 1015

1� 1016 RT 0.77� 1016 0.78� 1016

0.78� 1016

5� 1016 RT 2.86� 1016 2.84� 1016

2.82� 1016

5� 1016 300 2.91� 1016 2.89� 1016

2.87� 1016

5� 1016 600 1.66� 1016 1.65� 1016

1.65� 1016
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of film, as follows: one is that the positrons with low energy in the
range of 0e5 keV have negative power function which is easily
scattered back to the surface and interacts with the surface, these
scattered positrons will be easily trapped by image surface well or
defects, thus increasing the S value at the surface [32,33]. Another
reason is that the formation energies of vacancies and He clusters
near the surface are lower than those in the bulk [34,35], which
indicates that the vacancy is more likely to form near the surface,
leading to a large S value at the surface.

Except for the pre-existing defects in the pristine film, cascade
collisions between energetic Heþ ions and W atoms during the He-
irradiation can introduce large numbers of defects such as mono-
vacancies and He-vacancy clusters, etc. which lead to the increase
of S parameter. During 60 or 800 keV Heþ ions irradiated ordinary
polycrystalline W described by Lhuillier et al., the monovacancies
were first formed in the cascade collisions [20,36,37]. The He atoms
are easily trapped by monovacancies to form HenV1 clusters. When
the number of He atoms filled with a monovacancy exceeds the
critical value, the “trap mutation” occurs by ejecting the self-
interstitial W atom of the surrounding lattice to release intrinsic
stress, forming a Henþ1V2 cluster [38]. It can be inferred that, in our
experiment, the major irradiation-induced defects are mono-
vacancies. With the increase of fluence, the number of mono-
vacancies induced by irradiation increases, and more He atoms are
trapped by monovacancies and evolve to form HenVm clusters with
increased incident number of He atoms. Because the S parameter is
very sensitive to the n/m ratio of HenVm clusters, the increase of
HenVm clusters size and/or density will lead to the increase of S
parameter [39]. Moreover, the SIMS results show that the amount
of He atoms released from the film increases with the increase of
fluence. Thus, the S value does not increase linearly with the in-
crease of irradiation fluence. The S value of the film irradiated to
5� 1016 ions/cm2 is similar with that of the film irradiated to
1� 1016 ions/cm2 at the100-280 nm region, which may be due to
small He bubbles forming at the high fluence: positron annihilation
is not sensitive to He bubbles [14]. As shown in Fig.1b, the n/m ratio
of HenVm clusters increases with depth, while the increasing
number of He atoms in the HenVm clusters reduces the probability
of positron annihilation by HenVm clusters [21] and subsequently
leads to the further decline of the S value. Moreover, comparedwith
the pristine film, the nanochannel structure in the irradiated films
are not detected by positronwith increasing fluence, which may be
due to the fact that positrons are annihilated in the He-vacancy
clusters that accumulated at the surface of nanochannel.

According to the Arrhenius diffusion equation [9]:

D¼D0 expð � Ea = kBTÞ (4)

where D0 is the pre-exponential factor, Ea is activation energy, kB is
Boltzmann constant, T is temperature. It is obviously expected that
the irradiation temperature greatly affects the diffusion rate of
defects and further affects the formation and evolution of vacancy-
type defects. Some previous works have reported that when the
annealing temperature is higher than 250 �C, the monovacancies in
the He-irradiated ordinary polycrystalline W start to mobile
[19,20,37]. While as shown in Fig. 3b, it is found that the types of
vacancy-like defects in the W film irradiated at 300 �C are almost
unchanged compared with those irradiated at RT. This illustrates
that although the monovacancies can mobile at 300 �C, they do not
promote the formation of larger HenVm clusters. It is possible that,
at this temperature, the monovacancies start to migrate and bind
with part of single He atoms or small He clusters, resulting in a
slight increase in the number of the HenVm clusters and almost no
change in the size of the HenVm clusters, which leads to a slight
increase in S values. Since the diffusion and trapping rates of He
atoms by vacancies or vacancy clusters both increase at 300 �C, the
He retention is nearly the same as that of the film irradiated at RT.
When the temperature is further increased to 600 �C, the diffusion
rates of monovacancy and He atoms are significantly increased,
even some small He clusters begin to migrate, resulting in the
gradual formation of a number of larger HenVm clusters with low n/
m ratio and even voids, which contributes to a substantial increase
in S values of the film compared with those irradiated at RT and
300 �C. Meanwhile, some vacancy-like clusters can migrate and
annihilate at defect sinks such as nanochannel surfaces, accompa-
nied by the He release [19,37]. Note that the existence of nano-
channel structures greatly increases the density of defect sinks in
the W film. And the distance of the He atoms or other vacancy-like
clusters migrate to the nanochannel surface is shorter than those to
flat surface of film. Thus, the nanochannel structures can enhance
the release of He from the film.

Irradiation hardening is mainly induced by dislocation loops and
He-vacancy clusters [40]. In this experiment, the effect of He-
vacancy clusters on the irradiation hardening is mainly studied.
Combined with the vacancy-type defects and He retention analysis,
it can be concluded that the number and the size of HenVm clusters
increase with increasing fluence, leading to the increase of hard-
ness of the films. The significant increase in the hardness of the film
irradiated to 5� 1016 ions/cm2 at RTmay be due to the formation of
small He bubbles. A slightly increase in the number of HenVm
clusters continues to lead to an increase in hardness when the
temperature is increased to 300 �C. Meanwhile, the larger HenVm
clusters and voids form, which further increases the hardness of the
film irradiated at 600 �C.

From the above analysis, it can be seen that the nanochannel
structures can still efficiently facilitate the release of He from the
film even at relatively low fluences, which effectively delay the
formation of He bubbles in the initial stages.



Fig. 5. Depth (h) dependents average hardness (H) profiles (a) and the H2-1/h plots (b)
of the pristine nanochannel W film irradiated by 190 keV Heþ ions at different tem-
peratures to several fluences. (c) Hardness (H0) of each film calculated from (b) and
their corresponding hardness increment.
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5. Conclusion

In this study, the DBS and SIMS techniques were used to
investigate the early stage evolution of the He-irradiation induced
vacancy-type defects and He retention in the nanochannel W film
and to further enrich our current understanding of the nano-
channel W film with high radiation resistance applications. The
existence of the nanochannel structures increases the surface-to-
volume ratio of film, thus introducing a higher density of defect
sinks (nanochannel surfaces) in the film. The nanochannels greatly
shorten the diffusion distance of He atoms and other defects, and
effectively help the He escape from the film even at relatively low
fluences. In addition, the results also show that irradiation fluence
and temperature have great influence on the evolution of vacancy-
type defects and He retention, as well as on the changes of me-
chanical properties such as hardness.
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