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Abstract

To investigate the thermal evolution of vacancy-type defects in He-ion irradiated W and W5Re alloy, different isochronal
annealing treatments from 373 to 1273 K were conducted on the irradiated materials. Positron annihilation spectroscopy
including positron annihilation lifetime spectroscopy and Doppler broadening spectroscopy were mainly used to characterize
the micro-defects evolution. The results showed that the thermal evolution characteristics of defects in both W and W5Re were
similar. After He-ion irradiation, mono-vacancies with positron annihilation lifetime of ~ 190 ps were detected in W, together
with a large amount of dislocation loops with positron annihilation lifetime of ~ 150 ps in W5Re alloys. The coarsening of
vacancy clusters at the expense of small vacancy clusters was the main thermal evolution feature of vacancy-type defects
in both W and W5Re when annealing temperature increased to 1073 K. In this progress, the positron annihilation lifetime
increased to ~350 ps (clusters composed of 4—8 mono-vacancies) in both W and W5Re. As the temperature increased to
1273 K, the positron annihilation lifetime decreased to ~240 ps, which was attributed to a significant population reduction
of the dislocation loops, the dissociation of large He V,, complexes and the annealing of micro-voids in both W and W5Re.
The vacancy-type defects in W5Re were more susceptible to the annealing temperature because of the formation of vacancy
cluster-Re complexes. Re clusters in irradiated W5Re alloy could serve as the nucleation sites of He bubbles, which promoted
the swelling and protrusion formation on the surface.
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1 Introduction

Tungsten (W) is widely considered as the candidate for
plasma facing materials (PFMs) in fusion reactor [1-3].
However, under the deuterium—tritium fusion reaction,
PFMs-W has to withstand tremendous damages produced
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by high energy neutron (~ 14 MeV) and high thermal flux
(~10 MW-m™2). Besides, a continuous production of helium
(He) through (n, o) transmutation reactions in the bulk of
PFMs-W are easy to be captured by irradiation-induced
defects (such as vacancies, clusters, voids and dislocations)
to form He-defect complexes even He bubbles during the
diffusion process, leading to the degradation of the material
mechanical properties including irradiation hardening and
swelling [4, 5]. Therefore, it is significant to understand the
physical fundamental behind these changes introduced by
fusion neutrons. However, the enough high flux of 14 MeV-
neutron irradiation is not available currently. Instead of the
neutron irradiation, multiple He-ion irradiation has become
one of the main methods to study the irradiation damage and
He behavior in PFMs simultaneously. The fusion neutrons
also transform PFMs-W into transmutation rhenium (Re)
element through neutron capture reactions. It is reported
by many researchers that the accumulation of Re signifi-
cantly threatens the lifetime of PFMs-W because of the
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deterioration of mechanical properties [4, 6-9]. In current
study, the irradiation effect caused by 5 wt% Re addition in
W is investigated compared to pure W, which is considered
as a possible guideline for further research on the application
of W-based alloys in fusion field.

High resolution transmission electron microscopy (TEM)
is preferred by many researchers to investigate the struc-
ture of neutron/ion irradiation-induced micro-defects [5,
10]. However, it is difficult to detect the defect with size
smaller than 1 nm by TEM. The distribution and dynamic
of vacancy-type defects in the implantation depth become
more significant in structural material characterization,
which makes it necessary to utilize the positron annihila-
tion spectroscopy (PAS). PAS is an effective and conveni-
ent technique to study the irradiation-induced vacancy-type
defects, such as vacancy, vacancy cluster, vacancy-type dis-
location loops as well as vacancy-impurity complex [11-14].
Positron is exclusively sensitive to vacancies, providing
information of the size, density and depth distribution of
vacancy-type defects [3, 15, 16]. Sato et al. [17] took the
PAS technique to study the change of the hydrogen deco-
rated vacancies in Ogorodnikova et al. [18] applied the PAS
to investigate W exposed to 21.6 MeV protons and found
that proton irradiation mainly induced the mono-vacancies.
Mono-vacancies started to migrate at~473 K in He-irradi-
ated W [13]. High temperature promoted the vacancy clus-
tering along the three-dimensional direction and the forma-
tion of micro-voids. The collapse of some micro-voids leads
to the production of vacancy-type dislocation loops which
begin to anneal at~ 1023 K. These evaluation progresses
resulted in a change of the positron annihilation lifetime [13,
19]. Based on the mechanism of positron capture and anni-
hilation, the types of defects and the chemical information
of elemental changes could be explored, especially the basic
information of the element-defects complex structures.

2 Experimental

Polycrystalline W (99.95 wt%) and W5Re alloys (W-5
wt%Re) were supplied by Advanced Technology & Mate-
rials Co., Ltd. (AT&M). After mechanical and electro-
chemical polishing, all samples were thermally annealed
at 1373 K with the duration of 2 h in vacuum (~ 107> Pa).

He-ion irradiation at room temperature (RT) was performed
on a 200 kV ion implanter. More details of He-ion irradia-
tion are shown in Table 1. The sequential He-ion irradiation
of 16 keV, 70 keV and 200 keV on W-3 and W5Re-3 was
determined to simulate the neutron average damage distri-
bution in bulk layer of 0-500 nm. He-ion flux ranged from
(0.42-1.72) x 103 cm~2.s~!, which made the displacement
damage up to 0.83 dpa (displacement per atom) for W-1 and
W5Re-1, 1.62 dpa for W-2 and W5Re-2, and ~ 1.45 dpa for
W-3 and W5Re-3. Isochronal (1 h,~5.5%x 107 Pa) thermal
annealing was performed on all irradiated samples at 373 K,
573 K, 673K, 773 K, 873 K, 1073 K and 1273 K. Following
each annealing process, the samples were naturally cooled
down and characterized by positron annihilation lifetime
spectroscopy (PALS) and Doppler broadening spectroscopy
(DBS) at RT.

3 Characterization methods

As a sensitive probe to vacancies, positron can be effectively
captured by vacancy-type defects. In the process of annihila-
tion with electrons, y rays carrying the information of micro-
structure and chemical environment at the position annihila-
tion site are produced [19-23]. The time interval between
the production of the 0.511 MeV-y-ray and the emission
of the 1.28 MeV-y-ray is regarded as the positron annihila-
tion lifetime, which is closely related to the electron den-
sity where the annihilation occurs. The radioactivity of the
22Na source used in PALS measurement is ~0.185 MBgq and
the time resolution of associated BaF, detector is ~ 195 ps.
The source is encapsulated by Kapton films with thickness
of ~7 pm, which is sandwiched between two samples to be
detected.

The DBS based on low positron beam with a positron
source of 2*Na (45 mCi in 2016) were carried on all samples.
The fast positrons from source are thermalized by the mod-
erator of multi-layer W nets, and then thermally emit from
moderator’s surface with a certain kinetic energy (~2.1 eV).
A negative high voltage is applied to the sample target to
realize the continuous adjustment of positron energy in the
range of 0.18-20.18 keV. The mean incident depth Z (nm)
of low-energy mono-energetic positrons in target follows the
empirical equation

Table 1 He-ion irradiation

details Sample (name-number) He-ion i_rzradiation energy (keV) and fluence H'e-%on irra- He-ion .
(ion-cm™) at RT diation damage  concentration
(dpa) (at.%)
W-1 and W5Re-1 16 & 5.8E16 0.83 10.81
W-2 and W5Re-2 200 & 2.4E17 1.62 13.95
W-3 and W5Re-3 200 & 2.4E17—70 & 1IE17—16 & 5.8E16 ~1.45 ~10
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where E is the positron energy (keV), p is the material
density (g-cm™). The positron—electron pair annihila-
tion producing y rays especially those with energy from
505.1-508.4 keV are recorded by a high-purity germanium
detector with an energy resolution of 1.2 keV at 511 keV.
The number of photons recorded in intermediate-energy
window (510.2-511.8 keV) in Doppler spectrum is the anni-
hilation contribution between positron and low-momentum
valence electron in target, which determines S parameter.
The number of photons recorded in the both two energy
windows (503.3-507.2 keV and 514.8-518.7 keV) in Dop-
pler spectrum comes from the annihilation contribution of
positron and high-momentum core electron in target, which
determines the W parameter [24, 25]. The S parameter is sen-
sitive to the open volume defects and W parameter is most
probably related to the chemical surrounding at the annihila-
tion sites. The depth dependence of the positron annihilation
parameters is denoted by S—E or W-E profiles.

4 Results and discussion
4.1 SRIM simulation

Using the stopping and range of ions in matter (SRIM) com-
puter program [26], the He-ion irradiation damage (dpa) and
He atom concentration (at.%) as a function of positron pen-
etration depth (nm) were predicted in both W and W5Re,
as shown in Fig. 1. “Full Cascade” mode was selected as
the calculation type. The displacement threshold energy
was 90 eV and the lattice binding energy was 3 eV for both
W and WS5Re alloy [27]. W5Re plots are not exhibited in
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Fig.1 a He-ion irradiation damage (dpa) in W-1, W-2, and W-3 and
b the corresponded He atom concentration (at.%) as a function of
positron penetration depth (nm) with SRIM calculations

Fig. 1, because of the marginal differences of material den-
sity between W and W5Re alloys. The displacement damage
and He atom concentration was 0.83 dpa and 10.81 at.% at
25 nm for W-1 and W5Re-1, 1.62 dpa and 13.95 at.% at
34 nm for W-2 and W5Re-2, and ~ 1.45 dpa and~ 10 at.%
from surface to 500 nm for W-3 and W5Re-3. The data is
listed in Table 1.

4.2 Evolution of the type and associated intensities
of the vacancy-type defects

In order to study the thermal evolution of irradiation-induced
vacancy-type defect, PALS measurements were carried out
on W-1, 2, 3 and W5Re-1, 2, 3. The PALS spectra with
a total count of 2 x 10° were analyzed by LT-9.0 program
[28]. It should be noted that a small fraction (~4.57%) of
positrons from the Na source (average energy of the emit-
ted positrons is ~260 keV) annihilated in the depth range
within 500 nm. The advantage of positron self-searching
for vacancy-type defects makes more positrons annihi-
late in irradiation-induced region. Besides, W has a large
(absolute value) positron negative work function (=2.1 eV).
Therefore, the experimental results show that some quali-
tative assessment can be still performed as the vacancy-
type defects detected by positrons which are expected to
be exclusively from the implanted region. The intensity of
the defect component is, however, meaningless without a
precise assessment of the fraction of signal coming from un-
irradiated bulk. So the relative variation of intensity would
be discussed.

The PALS characterization data of W and W5Re alloys is
listed in Tables 2 and 3, respectively. The source contribu-
tion in Kapton films was 20% and the lifetime component
was 382 ps. The PALS spectra of He-ion irradiated sample
were decomposed by three lifetime components: 7, 7, and
7. Here, 75 is the positron annihilation lifetime of the ortho-
positronium in sample surface and even in the sample-film
interface [29]. The intensity of 75 is extremely small (< 1%)
and commonly keep constant in PALS characterization for
different metals, and therefore 75 is not listed in Tables 2
and 3. Positrons are annihilated in free state with electrons
in perfect crystal regions, which are easy to be captured by
vacancy-type defects (such as vacancies, dislocation loops,
and vacancy clusters.) in ion-irradiated materials. 7, is the
positron annihilation lifetime in the “free”” Bloch state which
is in general less than the positron annihilation lifetime in
perfect lattice. 7, is the positron annihilation lifetime at the
vacancy-type defect sites, and its variation provides sig-
nificant information on the kinetics of irradiation-induced
defects. /; and I, are the intensities of defects with 7, and 7,.
7., is conducted by the equation
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Table 2 PALS results of t_he Sample 7, (ps) 1, (%) 7, (ps) I, (%) 7., (pS) Fitted factor
well-annealed W and He-ion
irradiated W-1 (0.83 dpa), W annealed 118.35+0.21 99.676+0.031 - - 118.35+0.21 1.13
X‘Eﬁ'ﬁﬁﬁ?ﬁﬁiﬁﬁw . W-I-RT  101.024023 86174071 197.1455 1354071 114034094 0.93
samples were subjected to W-1-673K  115.74+0.72 84.94+038 3553+7.1 14.34+038 150.34+1.64 1.05
isochronal thermal annealing W-1-773K 113.82+0.24  83.34+0.073 340.7+2.6 15.757+0.063 149.89+0.62 0.99
under 673 K, 773 K, 873 K, W-1-873K 112.6+0.85 84.62+0.39 339.3+7.7 14.81+0.38 146.44+1.87 1.00
;g;ifﬁjgglznmo”h’ W-1-1073K 12020412  81.68+0.66 3203482 17554066 155504244 1.04
W-1-1273K  100.81+0.52 8236+0.78 2282455 17.41+0.78 123.04+1.39 1.01
W-2-RT 105.6+2.9 75.6+3.2 193+8.9 241432  126.73+4.35 0.93
W-2-673K  122.54+0.63 80.92+043 3174467  18.1+£043 158.16+1.74 0.98
W-2-773K 119224074  79.51+039 308.2+5  19.58+0.38  156.56+1.58 0.89
W-2-873K 1243+1.1  8239+0.58 332482 16.71+0.58 159.32+23 1.04
W-2-1073K  1259+1.2 82524067 3304+9.1 16.72+0.67 160.35+2.53 0.96
W-2-1273K  103.22+0.94 83.24+0.66 241.9+44 1645+0.66  126.1+1.51 0.96
W-3-RT 97.80+043 68.76+0.79 1814423 30.94+0.79 123.74+1.01 0.96
W-3-673K  12230+1.1  81.65+0.61 327.8+47.7  17.5+0.61 158.57+2.26 1.03
W-3-773K 121344095  80.6+0.55 327.5+6.1 18.67+0.55 160.11+1.92 1.03
W-3-873K  120.30+1 79574047 324146 19274047  160.03+1.97 0.99
W-3-1073K  127.47+0.79 84.13+0.41 349.8+6.7 15.19+041 161.47+1.69 0.94
W-3-1273K  108.82+0.42 77.12+0.53 2355+3.7 2233+0.54 137.26+1.16 1.11
-\[:e';:?ainlssgds\;/e;g:azfd Sample 7, (ps) I, (%) 7, (ps) I, (%) 7, (PS) Fitted factor
He-ion irradiated W5Re-1 W5Re annealed 134.04+0.21 99.279+0.02 - - 134.04+021 1.24
gﬁfﬁ;ﬁ;g"'ﬁ‘ﬁ%gi P WsRe-1RT 75413 21951 1379+3.1  77.9+51 12409527 0.94
irradiated samples were W5Re-1-673K 1271 84.6+049 347.6+7.5 14.66+049 159.58+1.96 1.01
subjected to isochronal thermal W5Re-1-773K  126.33+£0.29 84.61+0.065 346.2+2.4 14.825+0.058 159.11+0.6 1.02
annealing under 673 K, 773 K, W5Re-1-873K  124.17+0.36 83.29+0.23 3282+49 16134022 15727+1.1 1.03
ET:C;IC?;;I;”‘* 273K for I \yspe 1-1073K 135424087 86734036 3632+46 12784036 164.67+135 1.03
W5Re-1-1273K  116.1+1.7  82.7+1.5 248.7+9.1 1715 138704296 1.00
W5Re-2-RT 76+ 10 259+4.2 142.9+3 74442  12555+4.81 1.02
W5Re-2-673K  126.99+0.8  84.43+045 340+8  14.98+045 159.08+1.88 1.02
W5Re-2-773K  127.35+0.82 84.89+0.38 349.2+6.5 14.62+038 159.94+1.65 1.10
W5Re-2-873K  127.49+0.86 82.72+0.33 343.7+4.4 1649+0.33 163.42+1.45 1.03
W5Re-2-1073K  135.32+0.68 83.49+042 341.6+4.6 15.64+042 167.86+13 1.01
W5Re-2-1273K  1193+14  838+1.1  258+7.1 159+1.1  14141+231 095
W5Re-3-RT 88+ 12 332477 1443452  66.7+7.7  12558+7.46 0.99
W5Re-3-673K  126.07+0.54 84.03+0.27 342.9+48 1541+026 159.67+12 1.08
W5Re-3-773K  126.43+0.85 84.39+0.42 3403+6.6 15.05+042 158.79+1.72 1.10
W5Re-3-873K  128.45+0.46 83.12+0.21 356.9+4.8 15.98+021 16528+1.16 1.05
W5Re-3-1073K 134.73+031 85.13+0.29 351.6+6.7 14214029 165.75+1.22 1.08
W5Re-3-1273K  115.6+22  783+1.8 2394+7.9 212+18  141.97+3.41 091
r = (0], + ,L) /U, + 1), ) is close to the mean positron annihilation lifetime (~ 120 ps)

which represents the mean positron annihilation lifetime of
the effective open volume defects in the whole sample [3,
30]. As shown in Tables 2 and 3, the free state positron
annihilation intensity reached ~99% in both well-annealed
W and W5Re. 7, is ~ 118 ps for the well-annealed W, which
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in defect-free W [31]. The addition of 5 wt% Re element in
W prolongs the mean-lifetime to~ 134 ps in well-annealed
W35Re alloys.

Figure 2 shows the positron annihilation lifetimes (z,, 7,
and 7,,,) and the intensities (/,) as functions of annealing tem-
perature from RT to 1273 K. After irradiation, an obvious
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lifetime component 7, appeared in both W and W5Re alloys.
The impact of thermal annealing on the positron annihila-
tion lifetime is remarkable. The 7, of W and W5Re alloy
of different doses and energy has similar thermal evolution
characteristics. The 7, with the number of 197 ps, 193 ps
and 181 ps is produced in irradiated W-1, W-2 and W-3,
respectively. They are close to the lifetime ~ 180 ps of posi-
tron annihilation in mono-vacancies [32]. However, smaller
number of 7, (~ 140 ps) with larger intensity is observed in
irradiated W5Re alloys than that in W. It is reported that the
positron annihilation lifetime at dislocation loops is~ 150 ps
in pure W [13]. The dislocation loops with size larger than
2 nm are observed in neutron-irradiated W [19]. Many lit-
eratures have reported that the addition of Re decreased the
energy barrier which was account for a high yield of disloca-
tion loops [7, 9, 33, 34]. Thus, it can be referred that a large
number of dislocation loops are introduced into W5Re alloy
under RT-He-ion irradiation. As the annealing temperature
increased to 673 K, both 7, and 7, are elevated to~ 120 ps
and ~ 350 ps for W and W5Re alloys, respectively, as shown
in Fig. 2. Nambissan et al. [13] has reported that an increas-
ing number of positrons were trapped by vacancies when
the annealing temperature reached 573 K. In this case, the
vacancies may come from the displacement cascade damage
and the dissociation of the vacancy-helium complexes. The
migration and coalescence of mono-vacancies and di-vacan-
cies directly promote the production of small vacancy clus-
ters. After 673 K annealing process, the decomposed second
lifetime component 7, increases to~350 ps combined with
the sharp decrement of the intensity (/). The strong popula-
tion reduction of vacancy clusters is presumably consistent
with the growth of large vacancy clusters at the expense of

~
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T TT
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o O
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T/

1,/ ps
w
N
o
T

L B73KTT3K873K , 1073K 1273 K

RT 400 600 800 1000 1200

Annealing temperature / K

Fig.2 Positron annihilation lifetimes (the short-lifetime 7,, the long-
lifetime 7, and the mean-lifetime 7,,,) and the intensities (/,) as func-
tion of annealing temperature from RT to 1273 K

small vacancy clusters. There is a little deviation of the posi-
tron annihilation lifetime components in the region from 673
to 1073 K. The 7, around 350 ps is the positron annihilation
lifetime in the three-dimensional vacancy clusters composed
of 4-8 mono-vacancies [35]. High temperature heating pro-
motes the continuous growth of vacancy clusters, leading
to the possibly formation of micro-voids with a decreasing
intensity which are still the effective trapping site of posi-
tron. It was reported that the number of the dislocation loops
decreased about one order of magnitude when the annealing
temperature increased from 773 to 1073 K [19]. At 1273 K
annealing, the 7, decreases significantly to~240 ps, which
is due to the significant decrease of the dislocation loops in
the samples [36]. At this temperature, the number density
of the line dislocations is much lower than that of the dis-
location loops. In addition, the grain boundaries act as the
sinks for vacancies to release themselves below 1073 K. It
directly reduces the nucleation points of the micro-voids at
1273 K. Similar conclusions were drawn in Ref. [13] that
micro-voids in polycrystalline W tend to be annealed by the
grain boundary effect between 1023 and 1323 K.

4.3 Depth distribution of vacancy-type defects
in thermal annealed W and W5Re alloys

Figures 3 and 4 show the thermal evolution of S and W
parameters in W-1, 2, 3 and W5Re-1, 2, 3 with the increas-
ing incident positron energy, respectively. The data of the
well-annealed and post-irradiated samples has been added
into the figures. The S (versus W) parameter in the matrix of
well-annealed W is ~0.425 (0.09), while the peak position
of S-E profile of post-irradiated W-1 is at~ 10 nm from the
surface, and the W parameter has a minimum value at the
same position. When the annealing temperature is increased
to 1273 K, the S parameter of W-1 varies significantly in
the range of 0-27 nm. After annealing at 1273 K, the S—E
peak of W-1 shifts to the bulk and the S parameter increases
remarkably from 27-249 nm. Compared with the 200 keV-
ion irradiated W-2, the S parameters of the sequential-ion
irradiated W-3 are reduced in the range of 58-249 nm, as
shown in Fig. 3b and c. This is due to the trapping of He
atom at vacancy-type defects and the formation of vacancy-
helium complexes [3, 10]. A turning point between 1073 and
1273 K is observed in all figures, which will be discussed
later. Because of the epithermal positron emissions at the
surface, the non-elastically scattered positron and the local
changes of the surface dipole, the surface S parameters of W
and W5Re are relatively high in both single- or sequential-
ion irradiation [23, 37].

From Fig. 4, the S (versus W) parameter in the matrix
of well-annealed W5Re is ~0.43 (0.08), which is slightly
higher than that of W matrix in Fig. 3, which is due to the
different atomic size of Re and W atoms. The atomic volume
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Fig.3 a—c S-F profiles and d—f W-E profiles of isochronal thermal
annealing W-1, W-2 and W-3 at 373 K, 573 K, 673 K, 773 K, 873 K,
1073 K, and 1273 K for 1 h, respectively. For comparison, the S-E

of Re is smaller than that of W, leading to a slight lattice
distortion (contraction) in W5Re alloys during the irradia-
tion (the atomic volumes are 15.85x 1072’ nm*for W and
14.70% 1077 nm? for Re) [25, 38]. The thermal evaluation
of vacancy-type defects in W5Re alloys is similar to that
in W within the region of 0-27 nm. However, from 27 to
249 nm, the defects in W5Re alloys are more susceptible to
the annealing temperature. It is reported that the microstruc-
tural development of neutron irradiated W—Re alloys in high
flux isotope reactor (HFIR) is suppressed by the accumula-
tion of transmutation solid Re [6]. What’s more, irradia-
tion induced vacancies, dislocations or vacancy clusters are
likely to act as the strong trapping sites for Re atoms [9, 34,
39]. Therefore, due to the pinning effect of Re clusters, the
Re atom would suppress the growth and migration of vacan-
cies to a certain extent. The increasing thermal evolution
temperature may promote the formation of these vacancy
clusters—Re complexes, reducing the positron annihilation
fraction at the open volume sites.

The S—E curves show obvious and regular thermal evalu-
ation characteristics of § parameter in the shallow layer of
0-27 nm and the intermediate layer of 27-249 nm for both
W and W5Re. Through the formula of
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and W-E profiles of the well-annealed W and post-irradiated W were
included. The top axis was the corresponding positron implantation
depth. The shadow region was from 0-27 nm

AS =,

rra

=S

non?’

3
where the AS is the net S parameter, S,,,, is the irradiation
induced S parameter and the S, is the well-annealing
induced S parameter, the AS which weakens the influence
of intrinsic defects can be obtained as a function of positron
implantation energy (AS—E). Figure 5 shows the temperature
dependence of average AS (AS,,.) parameters in the depth
regions of 0-27 nm (SIR: shallow implanted region) and
27-249 nm (IIR: intermediate implanted region) of W and
W5Re, respectively.

The AS,,. parameter in SIR presents an obvious zigzag
decline compared with that in IIR from RT (post-irradiated)
to 1073 K which is defined as “negative slope stage”. From
1073-1273 K, the S parameter increases markedly which is
defined as “positive slope stage”. The negative slope stage
is related to the aggregation and growth of vacancy-type
defects which is at a large cost of the population of small
vacancy clusters. It can be seen from Fig. 5a that the AS, .
parameters of all samples in SIR increase first and then
decrease with the annealing temperature increasing from 573
to 773 K, which are shown by the red dot arrows in Fig. 5a.
In contrast, the turning point at 673 K is not obvious in
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annealing W5Re-1, W5Re-2 and W5Re-3 at 373 K, 573 K, 673 K,
773 K, 873 K, 1073 K, and 1273 K for 1 h, respectively. For compari-
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Fig.5 Temperature dependence of AS,,, parameter in the depths of a 0-27 nm (SIR: shallow implanted region) and b 27-249 nm (IIR: interme-
diate implanted region) in W and W5Re alloys

IIR. It can be predicted that the number density and size of
vacancy-type defects change more obviously in near surface
layer at 673 K. It is reported that the nature of the vacancy-
type defects changes at 623 K because the clustering of
mono-vacancies already occurred during the migration to

the surface when the temperature was lower than 623 K
[40]. The growth of the intermediate- or large-size clusters at
expense of small size clusters were dominated above 673 K
[19]. For most samples, the minimum value of S parameter
is obtained at 1073 K in both SIR and IIR. As the extremely
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low diffusion barrier of He (~0.02 eV) in W promotes the
diffuse rapidly to the dislocations to form the He clusters-
dislocation complexes at high temperature of 798-1198 K
[41, 42]. Especially, the screw dislocation nodal points were
reported to be the most probable nucleation sites of He bub-
bles [43]. All of these could lead to a decrease of the posi-
tron trapping probability at 1073 K annealing, even though
large-sized vacancy clusters (~360 ps) were determined by
PALS in this case. The positive slope stage is related to the
recovery of small size vacancy-type defects. The S parameter
in both SIR and IIR increases sharply at 1273 K annealing,
as shown by the black dot arrows in Fig. 5. At the same
temperature, the second lifetime component 7, decreases
to~240 ps which is still larger than 190 ps (mono-vacan-
cies) in both W and W5Re. The recovery of vacancies and
small dislocation loops reduces the nucleation points of large
vacancy clusters. On the other hand, the dissociation of the
unstable He V, clusters and collapse of micro-voids into
small size clusters with high number density may lead to an
increase of S parameters. It should be noted that the thermal
evolution of vacancy clusters is a competitive consequence
of the shrink of the open volume size and the growth of the
open volume density [19, 44].

(a1) W-1 post irradiation

(a2) W-2 post irradiation

(b2) W-2 773K

(a3) W-3 post irradiation (b3) W-3 773K

4.4 Surface morphology of W and W5Re alloys
at varied annealing processes

From the previous analysis, it can be inferred that the irra-
diation-induced defects present obvious thermal evolution
characteristics in the range of RT-673 K, 673-1073 K and
1073-1273 K. Figures 6 and 7 show the surface morpholo-
gies of W-1, 2, 3 and W5Re-1, 2, 3 after He-ion irradia-
tion and subsequent isochronal thermal annealing at 773 K,
1073 K and 1273 K, respectively. The surface of post-irra-
diated W is smooth with clear grain boundary, compared
with that of post-irradiated W5Re. Evidently, the grain of
W5Re alloy is refined due to the addition of Re in matrix.
No obvious surface plastic deformations are observed in W
and W5Re alloy until 1073 K annealing. The similar conclu-
sion was drawn that no dislocation lines or dislocation loops
existed at 773 K and 1073 K under TEM observation of the
neutron-irradiated W [19]. However, when the annealing
temperature reaches 1273 K, the clear protrusions (indicated
by red solid arrows) are distributed at/near the grain bounda-
ries in W and W5Re, especially in the samples irradiated by
16 keV He ions, as shown in Figs. 6d;, 6d; and 7d,—d;. Zhou
et al. [45] also found the obvious bulges and protrusions with
size of ~pm which were proved to be blisters on the surface

‘(d1) W-11273K

(c2) W-2 1073K (d2) W-21273K

(c3) W-31073K

Fig.6 SEM images of W-1, 2, 3 with a,—a; irradiation, followed by b;—b; 773 K annealing, ¢,—¢; 1073 K annealing and d;—d; 1273 K anneal-

ing
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(a1) W5Re-1 post irradiation (a2) W5Re-1 773K

(a2) W5Re-2 post irradiation (b2) W5Re-2 773K 4 ¥

Y

(a3) W5Re-3 post irradiation

(b3) W5Re-3 773K

(c1) W5Re-1 1073K (d1) W5Re-11273K

Protrusion

Protrusion

(c3) W5Re-3 1073K

Fig.7 SEM images of W5Re-1, 2, 3 with a;—a; irradiation, followed by b,—b; 773 K annealing, ¢;—¢; 1073 K annealing and d,—d; 1273 K

annealing

of He?* irradiated W and W-5Ta alloys. It was explanted by
the relaxation of stresses in W in terms of the enhancement
of point defects diffusion in blister caps during irradiation.
The surface plastic deformation is more obvious in W5Re-2
and W5Re-3, as shown in Fig. 7d, and d;, accompanied by
the unclear grain boundaries and the large protrusions with
black spots (indicated by black arrows) near the bound-
ary [46]. These black spots are speculated to be break of
the blisters-like protrusion. Many studies [13, 40, 45, 46]
reported that He atoms begin to release from the He clusters

and dislocation loops near He,V,, complexes below 573 K
in W. As the temperature is elevated to 773 K, particular
vacancy containing the high ratio of He atoms becomes the
main site of He desorption. When reaching 973 K, He were
mainly released from the He,V , complexes. The desorp-
tion temperature increased up to 140 K when formation of
stable He X,V (X represents the solid foreign element such
as Me (mixed element) [47] and Ta (tantalum) [45]) is uni-
formly distributed in W. The release of He in W and W5Re
is correlated to the mutation such as split and rupture of He

Table 4 Thermal evolution (<1273 K) characteristics of He-ion irradiation induced defects in W and W5Re

Thermal evolu- 7, (ps) S parameter  Thermal evolution characteristics of irradiation-induced defects
tion temperature
()
Post-irradiation ~ ~190 ps for W Relative high Mono-vacancies dominated in W; a large amount of dislocation loops dominated in
and ~ 130 ps for W5Re
W5Re
RT-673 ~350 ps Relative high The growth of vacancy clusters at the expense of small vacancy clusters; He began to
dissociate from the small He,V,, complexes
673-1073 ~360 ps Relative low The formation of V,_g clusters and He bubbles; He dissociated from large He,V , com-
plexes; the vacancy clusters continued to coarsen and transformed into micro-voids; the
density of dislocations decreased
1073-1273 ~240 ps High Medium-size vacancy clusters remains; He dissociated from large He V , complexes and

He bubbles; the micro-voids began to anneal; obvious protrusions on the surface and
between the grain boundaries

@ Springer



98

Y-L. Liu et al.

bubbles at 1273 K. In addition, the possible Re clusters in
W5Re alloy may serve as the nucleation sites of He bubbles,
which accelerates the swelling and protrusion formation of
the grain boundary and surface.

The thermal evolution of defects in He-irradiated W and
W5Re alloys are summarized in Table 4, which is divided into
three stages: RT-673 K, 673-1073 K and 1073-1273 K. The
irradiation cascade displacement induced mono-vacancies
(~190 ps) in W, together with a large amount of dislocation
loops (~ 150 ps) in W5Re alloys. As the annealing tempera-
ture increases to 473 K, the vacancy starts to migrate and
aggregate to form the V clusters [13, 40]. The number “n”
reaches 11 after 1273 K annealing. The research reported a
strong binding energy of ~4.5 eV [48] between He atom and
vacancy, which is~ 1 eV between two He atoms at close sepa-
ration distance in W matrix. Thus, as temperature increases,
the vacancy-type defects continuously attract the incident He
atoms to form He, V,, complexes by increasing the anneal-
ing temperature [10]. The growth of vacancy clusters results
in large positron annihilation lifetime in these effective and
open volume sites. However, the thermal desorption spec-
trum (TDS) results in Ref. [45] of He-irradiated W and W5Ta
showed the desorption of He beginning from 450 K. The des-
orption rate of He in TDS spectra increased with the anneal-
ing temperature until it reached the maximum desorption rate
at~997 K [45]. This result is in well agreement with the data
in this work. In this progress, the migration and aggregation
of vacancies promote the formation of vacancy clusters. The
coarsening vacancy clusters transform into micro-voids, in
which the positron annihilation lifetime is even about 380 ps
[13]. Another small desorption peak is detected in the TDS
spectrum at~ 1280 K in Ref. [45]. In the similar case, the posi-
tron lifetime is reduced to~240 ps, implying that the medium-
size vacancy clusters are attributed to the dissociation of large
He,V,, complexes and the bursting of the He bubbles even
the annealing of micro-voids remain in both W and W5Re.

5 Conclusion

The thermal evolution kinetics of He-irradiation induced
defects in W and W5Re alloys of 0.83 dpa, 1.62 dpa
and ~ 1.45 dpa were studied by positron annihilation
spectroscopy. All irradiated samples were isochronal
annealed from 373-1273 K for 1 h. Similar thermal evo-
lution characteristics of defects were shown in both W
and W5Re, which could be divided into three stages:
RT-673 K, 673-1073 K and 1073-1273 K. The conclu-
sions of this work are summarized as follow.

1. He-ion irradiation introduced a lot of mono-vacancies

(positron annihilation lifetime of ~ 190 ps) in W, together
with dislocation loops (~ 150 ps) in W5Re alloys.

@ Springer

2. As the annealing temperature increased to 1078 K,
large-size vacancy clusters composed of 4—-8 mono-
vacancies formation by expensing of small vacancy
clusters were detected in both W and W5Re. The
vacancy-type defects in W5Re were more susceptible
to the annealing temperature in IIR (27-249 nm) due
to the formation of vacancy clusters-Re complexes.

3. After 1273 K annealing process, smaller positron
annihilation lifetime (~ 240 ps) was detected, which
were attributed to the recovery of dislocation loops,
the dissociation of large He V  complexes and the
annealing of micro-voids in both W and W5Re.

4. Re clusters in W5Re alloy may serve as the nucleation
sites of He bubbles, which promote a great plastic defor-
mation such as swelling and protrusion formation on the
surface.
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