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Abstract

In the fusion reactors, plasma facing materialdMBFwill be bombarded by large
amounts of energetic particles, including heliune)rtoms. These metal-insoluble
He atoms are prone to self-trapping or are tragpedacancies, dislocation cores or
grain boundaries, aggregating to form high conetioin He bubbles which leads to
serious degradation of the PFMs’ properties. Stuglyhe initial stages of He-defect

interactions becomes increasingly important becauset only helps us understand



the formation mechanism of He bubbles but alsoipesvinsight to help design new
irradiation-resistant PFMs. In this work, we uséeé positron annihilation Doppler
broadening spectroscopy (DBS) and secondary iorns mspsctrometry (SIMS) to
explore the evolutions of the interactions betweaoancy-type defects and He and
the retention of He in the nanochannel W film ifeaeld with 190 keV Heions to
different fluences under different temperaturesislfound that the presence of a
nanochannel structure accelerates the release ofrdi#e the film even at low
irradiation fluences, and the release of He isi@ntly enhanced at higher fluences,
thus inhibiting or delaying the formation of largde-vacancy clusters in the
nanochannel W film. Both irradiation fluence andnperature have significant
influence on the formation and evolution of He-vaoaclusters, and the evolution of

these microstructure also causes hardness changes.

Keywords. tungsten; nanochannel; vacancy-type defects; Hetien; hardness

1. Introduction

Tungsten (W) is considered as one of the most @iogiplasma facing materials
(PFMs), and ITER has planned to use an all-W divert the final design. However,
in the extreme fusion environment, the large numloérhelium (He) atoms that are
produced by deuterium (D) and tritium (T) reaction transmuted by 14.1 MeV
neutrons through (n, alpha) reactions will seripushpact the PFMs. In addition,
neutron irradiation also produces displacement dasancluding vacancies and
other extended defects. Accumulation of He atoniklead to the formation of He
bubbles and even surface blisters in W, which tesul the embrittlement and
hardening of W and eventually reduces the senifeeof W as a PFM [1]. Some

theoretical calculations have indicated that beeate He atom has a closed-shell



electronic structure and is insoluble in W, it laastrong tendency to bind with other
He atoms as well as pre-existing defects such aaneges or dislocations to form
clusters. The small clusters continue to grow apping He atoms or mobile He
clusters until the internal pressure is high enoiagkick out a W self-interstitial atom

and create a vacancy. The formed He-vacancy ctuattras a nucleus for the growth
of He bubbles by continuing to absorb mobile Haretr clusters [2-4]. Moreover,

the relative rates of nucleation and growth of Hiblides are affected by ion flux,

temperature, vacancy concentration, and even tieatation of W surfaces [5-7].

Therefore, the nucleation and growth of He bubbied/ is a very complex process,
and it is also a concern in fusion research.

In our previous works [8-10], we proposed a newatsfyy to increase the
irradiation resistance of W by introducing nanoaterstructure aiming to solve the
problem of the He bubbles accumulation. Through esies of comparative
experiments with ordinary polycrystalline W, it wiasind that the density and size of
He bubbles in the nanochannel W films are relagigehall irradiated by low-flux He
ions to high fluence at room or high temperaturbictv is due to partial He release
from the films (measured by elastic recoil detettidVe believe that a nanochannel
structure existed in W film can effectively reledse and inhibit the rapid growth of
He bubbles. It is well known that the nucleatiorHaf bubbles is as a critical surface
existed in the atomic scale (He-vacancy clusteng) mesoscopic scale (He bubbles)
[3]. However, at present, there is no relevant @rpental study on the mechanism of
the influence of nanochannel structures on the itdbles nucleation at initial stage of
He-irradiation. Thus, it is very important to intigate the initial stages of He bubbles
formation in the nanochannel W film, which couldlpgheus to understand the

underlying physics of how a nanochannel structoingoits the growth of He bubbles.



At present, it is very difficult to study the evtbns of vacancies, H¥, clusters
or other vacancy-type defects by using conventiehakracterization means such as
transmission electron microscope (TEM) due to thary small sizes. Positron
annihilation Doppler broadening spectroscopy (DBS)a powerful and sensitive
method to probe vacancy-type defects [11]. Moreatés also a very suitable tool to
detect the depth dependence of vacancy-type defaxtsmicrostructures in solid
targets with a variable energy positron beam [IZpth profiling measurements
using dynamic secondary ion mass spectrometry ($WEBe also performed in this
study. Offering high sensitivity and high depthaiesion, dynamic SIMS has proven
extremely useful for studying diffusion and migostimechanisms of trace elements
in nuclear materials [13].

In this work, we take advantages of DBS and SIM8xalore the evolution of He-
vacancy complexes and He retention in nanochannélnvg at low fluences under
different irradiation environments. Information aib@acancy-type defects along with
relevant mechanical hardness data are used taadaetter understanding 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 depabiin the silicon (100) wafer
at 600 °C with a source power of 150 W by usingabigh vacuum DC magnetron
sputtering deposition (ULVAC, ACS-4000-C4), wheits,density of 17.46 g/chrwas
measured by the Rutherford backscattering spectrgnieBS), lower than that of
conventional pure ordinary polycrystalline W (19.8%n?). TEM image of the

nanochannel W film is shown in Fig. 1la. Clearlye ¥ film is composed of many



columnar crystals with nanochannels existing betwtbe columnar crystals. Surface
roughness of the deposited film measured by atéonoe microscopy (AFM) is about
8 nm.

The H€ ion irradiation experiments were performed on & R¥ ion implanter
(LC22-100-01, Beijing Zhongkexin Electronics Equigmh Co., Ltd) at the Center for
lon Beam Application, Wuhan University. In orderawoid the effect of positron and
surface interactions on the real distribution otarecy-type defects in the damage
region, and to better compare with the resultsipusly reported in Refs. [14, 15],
the incident energy of Hdon beam was set at 190 keV. The nanochannel M&fil
were irradiated at room temperature (RT, about’@p with an ion flux of about
1.5x103 ions/cnfs to relatively low fluences of 5x10) 1x10°and 5x16° ions/cnd,
respectively. In addition, the films were also dliigted at 300 or 600 °C to the same
fluence of 5x1¢ ions/cnfto study the influence of temperature on the evmtuof
defects. Depth profiles of He atom, vacancy andVHgdtio in the irradiated
nanochannel W film are shown in Fig. 1b, as catedldby SRIM-2013 using the
“Quick Kinchin-Pease” mode and the displacemerdshold energy of the W atom at
90 eV [16]. It should be noted that the actual nambf vacancy clusters can be
significantly less since large amount of vacanaiesannihilated by interstitial atoms
during the cascade quenching. Clearly, the He/M ratreases with increasing depth,
indicating that the incident He atoms may be maslg trapped by vacancies near
the surface while are more inclined to self-tragpat the end of ion range [17].
Maximum displacement per atom (dpa) is 0.1 at #etid of around 350 nm and the
peak He concentration is 0.61 at.% at the dep#raind 434 nm when the fluence is
1x10 ions/cnd.

2.2. Doppler broadening spectrometry (DBYS)



To investigate the evolutions of vacancy-type dsféic the nanochannel W film,
DBS measurements were carried out at RT with amggneariable slow positron
beam facility at the Institute of High Energy PlogsiChinese Academy of Sciences.
The slow positron beam facility uses tfftNa radioactive source and the emitted
positrons are first moderated by a single crystalaWd then post accelerated to
different energies. The incident positron energigsd for this study was ranged from
0.18 to 20.18 keV, and the corresponding positrambalation depth was estimated

by the following empirical formula[18]:

R= (@j E"° (1)
o

whereR is the incident depth (nm)y is the density of material (g/cn E is the
incident positron energy (keV). From Eg. (1), theam incident depth of positron at
20.18 keV in the W film is approximately 280 nm.tRdhat according to the depth
profile of positron implanted in W, the positrongiwenergies of 0.18-20.18 keV can
probe the whole damaged region of 190 keV idas [19, 20].

The 511 keV gamma ray detection in DBS measuremseatne through the high
purity germanium detector (HPGe). The DBS oftensude S and W parameters to
characterize the nature of annihilation. Thparameter is defined as the ratio of the
central low momentum area of the spectrum (5102&keV) to the total spectrum
(499.5-522.5 keV), and mainly reflects the inforimatof positron annihilation with
valence electrons, e.g. sensitive to the densitltgpe of open-volume defects. On
the other hand, th&V parameter is defined as the ratio of the two famkgh
momentum regions (513.6-516.9 keV and 505.1-508\) ko the total spectrum and
represents the information of core electrons, segsitive to the chemical surrounding

at the annihilation sites. If there are vacancyetgefects in the material, the absence



of atoms will lead to a decrease of the core adastrdensity and a relative increase
of the density of valence electrons, resulting imaarowing of the spectrum to make
the S parameter value larger akidparameter value smaller [14, 18, 21].
2.3. SIM S measur ement

He depth profiles in the irradiated nanochanneliiisf were obtained by SIMS on
the CAMECA IMS 7f-Auto using Csprimary ions at 5 keV impact energy and
collecting secondary positive CsHens. The detection of CsHenolecule ion is an
efficient method to overcome the high first ioniaat potential of He [22]. The
incidence angle was 45the primary beam current was approximately 105 thé
raster size was 13050 um? and the analysed area was;88 in diameter. A mass
resolving power (about 2000) was used to decreasecontribution of thé**Cs'
peak’s tail at the neighbouridg®Cs'He" species, and the energy bandwidth was set to
75 eV. The depth calibration was based on a cagpth measurement performed
after the SIMS analyses using a surface profilomesa®d by normalizing the
sputtering rate for each profile to the averagenpry current during the acquisition.
For all profiles, a constant sputtering rate (agpnately 103 nm/min) was applied
over the whole sputtered depth. The same Relatigasifivity Factor (RSF)
(2.72x10?® atom/cn) was applied to perform the concentration calibrapf the He
profiles. Two depth profiling measurements werdqrared on each sample.
2.4. Nanoindentation

The hardness behaviors of pristine and irradiadedptes were characterized using
continuous stiffness measurement (CSM) method oAgilent Nanoindenter G200
equipped with a diamond Berkovich tip. At least miye indentation points were
selected to get an average hardness value. Thenmaxindentation depth was set to

600 nm with an indentation strain rate of 0.05 Besting temperature was controlled



at 20+1 °C.
3. Results

3.1. Evolution of vacancy-type defects

To investigate the initial stages of He bubble fation in the nanochannel W film,
the evolutions of vacancy-type defects in the fias first analysed. Fig. ¢hows the
SE plots of the pristine nanochannel W film irraddchtat different temperatures to
several fluences. In addition, to clearly show tenge of vacancy-type defects
before and after irradiation, the relati8g@arametersAS'S, are also shown in Fig. 2.
The AS'Sparameter is defined as follows [18]:

AS/S = (S ragatea ™ Spristine) / Sprisine 2)

Obviously, S parameter of the pristine nanochannel W film dases gradually from
the surface (about 0.443) to a depth of around rB0and then increases gradually,
approaching the surfac® value at a depth of around 280 nm. However, Sall
parameters of the irradiated films first increaapidly and then decrease with the
increase of incident depth. For the films irradiatg RT, theS parameters increase
with increasing fluence but not linearly. Meanwhgg¢ the mean depth region of 100-
280 nm, theS value of the film irradiated to 5x1Dions/cnf is close to that of the
film irradiated to 1x1& ions/cnf. Compared with the film irradiated at RT, tBe
value of the film irradiated at 300 °C only increasslightly. When the irradiation
temperature increases to 600 °C, $halue of the film increases dramatically, and its
49Svalue is more than twice of those irradiated ataiRd 300 °C.

To further explore the evolutions of vacancy-tygdedts in the nanochannel W
film, W parameter as a function 8fparameter\(-S) for all these samples are plotted

and shown in Fig. 3. Since each positron anniloitasiite is characterized by a typical



(S W) couple, the correspondin, (W) points can be fitted to a straight line if only
one type of vacancy-type defect exists in the sarfi#8, 24]. In Fig. 3a, it is easily
seen that two different lines are needed to fit (BeW) points in the pristine
nanochannel W film, suggesting that there are tifferént open-volume defects in
the pristine film. Compared with the pristine filthe distributions of§ W) points in
all the irradiated films can be fitted reasonabkgllwvith one line, implying that all
the irradiated films are dominated with one type wdcancy-type defects.
Furthermore, thes values become larger and the correspondhgalues become
smaller in the irradiated films. For the film iriated at RT, it is shown that the slopes
of the fitted lines decrease with the increaselwérfce, suggesting that the size of
vacancy-type defects gradually increases with ssirgy He fluence. In Fig. 3b, the
(S W) points of the films irradiated at RT and 300 9@ almost in the same line,
suggesting the defect types of these two tempemtare similar. When the
temperature increases to 600 °C, $hé\) value becomes much larger (smaller),
resulting in a smaller slope line formed I8/ V) points. This indicates that the higher
density or larger size of vacancy-type defectsfam@med during the He irradiation at
600 °C.
3.2. Heretention in thefilm after irradiation

In addition to the analysis of vacancy-type defestslution, the He retention in the
irradiated films was also measured to further sttiggy initial stages of He bubble
formation in the nanochannel W films. Fig. 4 shdies SIMS results of He quantified
depth profiles obtained in the nanochannel W filmadiated with 190 keV Heions
at different temperatures and fluences. Two deptifiling measurements were
performed on each sample. An excellent repeatalsliachieved on the film samples,

so for the sake of clarity, only one profile of ragample is presented in this figure.



The He detection limit of SIMS is approximatelyl®"’ atom/cni (about 10 ppm), it
is obtained from the measurement of a non-irradiptéstine nanochannel W film by
averaging the quantified He signal from the surfiacgé pm depth. Note that using the
RSF method in the SIMS can effectively detect tleedignal even in the pressured
bubbles [22]. As expected, all the He-irradiatéehdi exhibit a Gaussian-type in-depth
distribution, consistent with the He profile praeéd from SRIM shown in Fig. 1b. It
is clear that He retention in the films varies wille temperature and fluence. The
relative He retention was obtained by integrating He quantified signal from the
surface to um depth for all depth profiles, see Table 1. Duthtolack of an external
standard sample, the lowest fluence sample irrdliat RT (5x18 atom/cnf) was
used as reference sample. The He retention is D0f8atom/cn? for the 1x16°
ions/cnf irradiated film at RT, and only 2.84xfaatom/cnt for the film irradiated
with higher fluence, 5x16 ions/cnf at RT. When the temperature increases to 300
°C, the He retention in the film is almost the saamdhat in the film irradiated at RT.
However, the He retention in the film decreasespao 1.65x16°atom/cnfwhen
the temperature further increases to 600 °C. TI®#4S results show that the
existence of nanochannel structures do effectifetylitate the He release from the
film even if the nanochannel W film is irradiatea guch a low fluence, and that the
higher the irradiation fluence, the more He atomesraleased. On the other hand, the
He releasing rate appears to be constant betweeanBB00 °C but is significantly
higher at a temperature of 600 °C.
3.3. Irradiation hardening

Many defects introduced by He-irradiation will ibkithe dislocation migration,
resulting in a hardness increment in the irradiataples [25, 26]. Fig. 5a shows the

variation of hardness with indentation depth fag ttanochannel W film before and
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after irradiation. With the increase of indentatidepth, the hardness curve of the
pristine film reaches to a plateau quickly. For imadiated films, however, the
hardness curves first reach the maximum, then dsergradually until they level off.
These three trends are known as the reverse inaentaize effect (RISE),
indentation size effect (ISE) and soft substratecef(SSE), respectively. All the
irradiated films exhibit evident hardening compaseith the pristine one, and the
average hardness increases with the increase ofirtadiation fluence and
temperature. Nix-Gao model based on the geomdirioaicessary dislocation can
explain the normal ISE, the hardness (H) and irademt depth (h) are expressed as
following:

H®=HZ(1+h"/hy* 3)
where H is the hardness at infinite depth and h* is a ati@ristic length which
depends on the shape of indenter [27]. To obtairHof the films, the B versus 1/h
curves are plotted in Fig. 5b. When the indentatlepth is deeper than 100 nm, the
data for the pristine film can fit to a straightdi while the irradiated films exhibit bi-
linearity; that is, there is a shoulder in the o&gi35-170 nm. This is because the SSE
of the pristine depth region is below the irradibtkepth region as reported by Kasada
et al. [28, 29]. Thus, thH, of the pristine film in the depth of h>100 nm ahdse of
the irradiated films in the depth of 100<h<150 nmrsvcalculated and shown in Fig.
5c. Compared with the pristine film, the hardnesséments in the 5x10and 1x16°
ions/cnf irradiated films are only 0.32 and 0.50 GPa, respely, compared with
2.30 GPa in the film irradiated to 5x%Gons/cnf. For the same 5xiDions/cnt
fluence, the hardness increments of the films iatad at 25, 300 and 600 °C are

2.30, 2.69 and 3.07 GPa, respectively.

4. Discussion
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Positron annihilation spectroscopy can not onlyrati@rize the vacancy-type
defects, but also detect the open-volumes of ntierosires such as surfaces and
interfaces in the materials [11, 12]. For the régaicompact ordinary polycrystalline
W, due to the existence of inherent defects Sparameter of the pristine compact W
decreases with the increase of depth andSt8\ points are all in the one line [21,
30]. However, since the W films contain nanocharstelctures, many free surfaces
introduced by these nanochannel structures afteet momentum distribution of
electrons, which also act as open-volumes to fassitgpn capture centres [31]. Thus,
the change ofS (W) parameter in the nanochannel W film is differé&mm the
compact W. From the cross-sectional TEM image efghstine W film (Fig. 1a), we
can find the diameters of columnar crystals in\tdilm increase gradually with the
increase of depth below the surface, meaning tleténsity of nanochannels at the
bottom near the substrate is greater than thaeabp near the surface, which leads to
the increase ofs value with the depth. From the analysis of ¥WeS plots, two
different vacancy-type defects exist in the pristiw film. Combined with the
deposition process and structural characteristighe film, it is not difficult to see
that, in addition to the existence of inherent defeanother type is nanochannel.
Furthermore, there are two main reasons for tregively largeS values at the surface
of film, as follows: one is that the positrons withw energy in the range of 0-5 keV
have negative power function which is easily scatteback to the surface and
interacts with the surface, these scattered positwill be easily trapped by image
surface well or defects, thus increasing 8wealue at the surface [32, 33]. Another
reason is that the formation energies of vacaramelsHe clusters near the surface are
lower than those in the bulk [34, 35], which indesthat the vacancy is more likely

to form near the surface, leading to a l88galue at the surface.
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Except for the pre-existing defects in the pristith@, cascade collisions between
energetic Héions and W atoms during the He-irradiation can otice large
numbers of defects such as monovacancies and He&xwaclusters, etc. which lead
to the increase o8 parameter. During 60 or 800 keV Hins irradiated ordinary
polycrystalline W described by Lhuillier et al..etmonovacancies were first formed
in the cascade collisions [20, 36, 37]. The He atoare easily trapped by
monovacancies to form RM; clusters. When the number of He atoms filled veith
monovacancy exceeds the critical value, the “trapgation” occurs by ejecting the
self-interstitial W atom of the surrounding lattitterelease intrinsic stress, forming a
He,:+1V> cluster [38]. It can be inferred that, in our expeent, the major irradiation-
induced defects are monovacancies. With the ineredsfluence, the number of
monovacancies induced by irradiation increases,moce He atoms are trapped by
monovacancies and evolve to formMg clusters with increased incident number of
He atoms. Because tH& parameter is very sensitive to the n/m ratio of\lHe
clusters, the increase of f\&, clusters size and/or density will lead to the @ase of
S parameter [39]. Moreover, the SIMS results show tha amount of He atoms
released from the film increases with the increafsfuence. Thus, th& value does
not increase linearly with the increase of irradmtfluence. TheS value of the film
irradiated to 5x1¥ ions/cnf is similar with that of the film irradiated to 18
ions/cnf at the100-280 nm region, which may be due to shialbubbles forming at
the high fluence: positron annihilation is not séws to He bubbles [14]. As shown
in Fig. 1b, the n/m ratio of H¥, clusters increases with depth, while the increasing
number of He atoms in the K&, clusters reduces the probability of positron
annihilation by HgV, clusters [21] and subsequently leads to the furtdeeline of

the S value. Moreover, compared with the pristine filime nanochannel structure in
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the irradiated films are not detected by positrathwncreasing fluence, which may
be due to the fact that positrons are annihilatedhe He-vacancy clusters that
accumulated at the surface of nanochannel.

According to the Arrhenius diffusion equation [9]:

D =D, expE, /kyT) (4)
where Dy is the pre-exponential factoE, is activation energykg is Boltzmann
constant,T is temperature. It is obviously expected that ithediation temperature
greatly affects the diffusion rate of defects amdtHer affects the formation and
evolution of vacancy-type defects. Some previouskevtave reported that when the
annealing temperature is higher than 250 °C, theowexancies in the He-irradiated
ordinary polycrystalline W start to mobile [19, &Y]. While as shown in Fig.3b, it is
found that the types of vacancy-like defects in Wiefilm irradiated at 300 °C are
almost unchanged compared with those irradiat&iTatT his illustrates that although
the monovacancies can mobile at 300 °C, they dpmwohote the formation of larger
HeVn, clusters. It is possible that, at this temperattine monovacancies start to
migrate and bind with part of single He atoms omkrhle clusters, resulting in a
slight increase in the number of the,Mg clusters and almost no change in the size
of the HgV, clusters, which leads to a slight increas& iralues. Since the diffusion
and trapping rates of He atoms by vacancies ornggcalusters both increase at
300°C, the He retention is nearly the same as thatefitm irradiated at RT. When
the temperature is further increased to 600 #@, diffusion rates of monovacancy
and He atoms are significantly increased, even semall He clusters begin to
migrate, resulting in the gradual formation of aner of larger H¢/,, clusters with
low n/m ratio and even voids, which contributesateubstantial increase 8walues

of the film compared with those irradiated at RTd &00 °C. Meanwhile, some
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vacancy-like clusters can migrate and annihilatdedéct sinks such as nanochannel
surfaces, accompanied by the He release [19, 3@je Nhat the existence of
nanochannel structures greatly increases the geofilefect sinks in the W film.
And the distance of the He atoms or other vacaikey-tlusters migrate to the
nanochannel surface is shorter than those to flaface of film. Thus, the
nanochannel structures can enhance the release fobid the film.

Irradiation hardening is mainly induced by dislegat loops and He-vacancy
clusters [40]. In this experiment, the effect of-tcancy clusters on the irradiation
hardening is mainly studied. Combined with the wageatype defects and He
retention analysis, it can be concluded that theber and the size of é, clusters
increase with increasing fluence, leading to tlaase of hardness of the films. The
significant increase in the hardness of the filmadiated to 5x1% ions/cnf at RT
may be due to the formation of sntdé bubbles. A slightly increase in the number of
He,\V, clusters continues to lead to an increase in lessiwhen the temperature is
increased to 300 °C. Meanwhile, the larger,\Hg clusters and voids form, which
further increases the hardness of the film irradiatt 600 °C.

From the above analysis, it can be seen that thechannel structures can still
efficiently facilitate the release of He from thérf even at relatively low fluences,

which effectively delay the formation of He bubbieghe initial stages.
5. Conclusion

In this study, the DBS and SIMS techniques were tigénvestigate the early stage
evolution of the He-irradiation induced vacancyedygefects and He retention in the
nanochannel W film and to further enrich our cutremderstanding of the

nanochannel W film with high radiation resistanpplacations. The existence of the
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nanochannel structures increases the surface-toneotatio of film, thus introducing
a higher density of defect sinks (nanochannel sadgpin the film. The nanochannels
greatly shorten the diffusion distance of He at@nd other defects, and effectively
help the He escape from the film even at relativdely fluences. In addition, the
results also show that irradiation fluence and temrajure have great influence on the
evolution of vacancy-type defects and He retentams,well as on the changes of

mechanical properties such as hardness.
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Table
Table 1. He retention fluence in the irradiated nanochahvi¢iims obtained from the

He quantified depth profiles. Two depth profilingeasurements were performed for

each sample.
Fluence Temp He retention Average He
(ions/cnf) (°C) fluence retention fluence

(atom/cnf) (atom/cnf)

5x10"° RT Z:g;’;ig: 4.99<10"

1x10" RT ggig: 0.78x10"

5x10"° RT igiigz 2.84x10"°

5x10"° 300 gzi 1811: 2.8%10"

5x10'° 600 12?1811: 1.65¢10'°
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Figure Captions:

Fig. 1. (a) Cross-sectional TEM image of the nanochannelili, (b) the depth
profiles of He atoms and vacancies in the nanoaklaiy film (17.46 g/cm)
irradiated by 190 keV Heons according to the SRIM-2013 results.

Fig. 2. Sparameter (@ by) and correspondingS'S parameter (aby) as a function of
the positron energy (bottom) and corresponding nuegath (top) in the nanochannel
W film irradiated by 190 keV Heions. (a, &) The pristine film irradiated at RT to
the fluences of 5x18, 1x13°and 5x16° ions/cnf, (by, by) the film irradiated to
5x10®ions/cnfat RT, 300 °C, 600 °C, respectively.

Fig. 3. W-Splots of the nanochannel W film irradiated by 1%/kHe" ions. (a) The
pristine film irradiated at RT to the fluences of1®", 1x13°and 5x16°ions/cnf,
(b) the film irradiated to 5x¥8ions/cnf at RT, 300 °C, 600 °C, respectively. The
arrow point means an increase in depth.

Fig. 4. He quantified depth profiles obtained by SIMS imoehannel W film samples
irradiated with 190 keV Heions at different fluences and temperatures.

Fig. 5. Depth (h) dependents average hardness (H) pré¢é)esnd the B1/h plots (b)

of the pristine nanochannel W film irradiated byO1ReV H€ ions at different
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temperatures to several fluences. (c) Hardnegys dHeach film calculated from (b)

and their corresponding hardness increment.
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Highlights:
1. The nanochannel structures facilitate He release from the film even at relatively low
fluences.

2. Combined the advantage of DBS and SIMS methods to explore the evolution of
helium-vacancy complex.

3. The irradiation fluence and temperature have great influence on the evolution of
vacancy-type defects and He retention, as well as on the changes of hardness.
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