Acta Materialia 186 (2020) 162171

Contents lists available at ScienceDirect

Acta Materialia

journal homepage: www.elsevier.com/locate/actamat

Full length article

Comparative study of radiation defects in ion irradiated bulk and thin-foil
tungsten

Check for
updates

Ruo-Yao Zheng, Wei-Zhong Han*

Center for Advancing Materials Performance from the Nanoscale, State Key Laboratory for Mechanical Behavior of Materials, Xi'an Jiaotong University, Xi'‘an
710049, China

ARTICLE INFO ABSTRACT
Arn’c{e History: In this study, we employ transmission electron microscope (TEM) to analyze radiation defects in helium
Received 27 August 2019 (He) and krypton (Kr) ions implanted bulk and thin-foil tungsten. For bulk tungsten, subgrains are formed

Revised 23 December 2019
Accepted 27 December 2019
Available online 6 January 2020

near the surface region under both He* and Kr"* irradiation. Dislocation loops are observed beyond ion
implanted range. These observations are related to self-interstitial atoms (SIAs) diffusion and clustering.
Ordered bubbles are formed in He*™ implantation, while no cavities are detected in Kr* irradiation. In thin-

Keywords: foil tungsten, line up of dislocation loops is found mainly aligns along {101} and {112} slip planes. Both 1/
Tungsten 2<111> and (100) dislocation loops are identified. Compared to He" irradiation, more (100) loops are
Irradiation detected in Kr* irradiation due to higher energy collision cascade. Nanocavities are detected in irradiated

Dislocation loops
Helium bubbles
Cavities

thin-foil tungsten besides the formation of high density of interstitial loops. The number density of disloca-
tion loops and the volume fractions of cavities are higher in He" irradiation than in Kr* irradiation. The dif-
ferences in nature of radiation defects is attributed to the higher recombination rate of vacancies and
interstitials in bulk sample, the significant surface sink effect in thin-foil irradiation and the chemical and

physical effect of implanted ions.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Tungsten is one of the promising plasma-facing materials for
future fusion reactors because of their high melting point, high ther-
mal conductivity, low tritium retention and excellent sputtering ero-
sion resistance etc. [1]. During service in fusion reactor, tungsten
experiences high heat fluxes, high energy helium (He) ions bombard-
ment and fast neutrons irradiation damage [2,3]. Both ion and neu-
tron irradiation induce high density of defects, for example,
dislocation loops, He bubbles etc. [4—9]. Radiation defects have a
marked impact on the thermal conductivity [10], mechanical proper-
ties [11,12], and tritium retention behaviors of tungsten [13,14].
Therefore, the character of radiation defects and their effect on ther-
mal and mechanical properties of tungsten are of practical interest
and thus widely investigated in past decade.

The character of radiation defects formed in tungsten were
explored under neutron, heavy ion and He ion irradiation. Voids
were the major damage structures in pure W after neutron irradia-
tion at elevated temperature [15—20]. Dislocation loops were also
observed under lower dpa levels but their number density was 1-2
orders of magnitude less than that of the voids [15—-20]. Faceted cavi-
ties were formed in both single and polycrystalline tungsten after
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neutron irradiation at high temperature [15—20]. The distribution of
cavities was affected by the sink effect of grain boundaries (GBs) and
this phenomenon is identical to the irradiated Cu [21].

Defects in self-ion irradiated tungsten were carefully examined at
temperature ranging from 300 to 750 °C [22,23]. Interstitial disloca-
tion loops with 1/2<111> Burgers vector were observed in most
cases. The diameter of loops was less than 20 nm and had a peak dis-
tribution around 6 nm. The number density of dislocation loop was
about 10?2 to 10*> m—. With increasing the irradiation temperature,
the size of dislocation loop increases while their number density
decreases [22,23]. Under self-ion bulk implantation, higher density of
dislocations was observed near the surface region. Subsequent
annealing induced significant growth of dislocation loops. Most of
dislocation loops were perfect dislocations with the Burgers vectors
of b =1/2<111> [24]. Both dislocation loops with the Burgers vector
of 1/2<111> and (100) loops were observed in tungsten under 3
MeV Cu" irradiation at room temperature [25]. Nanocrystalline tung-
sten had lower loop damage and less void swelling than their coarse
grained counterpart [25-27].

Dislocation loops with Burgers vector of 1/2<111> were also
observed at irradiation temperatures of 500 °C and 750 °C, and no loops
were observed at 1000 °C under He® implantation [28,29]. Both
vacancy and interstitial loops were detected. He bubbles were observed
for all He/DPA ratios, and the size of bubbles increases and their num-
ber density decreases with raising irradiation temperature. Under dual
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Fig. 1. Schematic illustration of He implantation in bulk samples and TEM foils. He ion beam was tuned to implant near perpendicular (7°-off) to the surface of TEM foils and the top
surface of bulk samples. (a) Bulk implantation and corresponding He concentration (red line) and damage distribution (blue line) predicted by SRIM. Vertical slices represent thin
TEM foils cut at different depths, where the radiation depth D means the sample is cut from a depth of D to D + 25 nm. Horizontal slice represents lift out cross-section sample to
study the defects distribution across the whole range. (b) He concentration (red line) and damage distribution (blue line) in TEM foil were calculated by SRIM.

beam irradiation (Fe* and He") [30], profuse dislocation loops were
observed in the sub-surface region and at the end of the damaged area.
Both dislocation lines and loops were observed in all irradiation tem-
peratures, while bubbles were formed only above 500 °C.

Up to date, the analyses of radiation defects in tungsten were
mainly performed with transmission electron microscope (TEM)
thin-foil irradiation in which a strong surface effect cannot be
neglected [22,31]. Although there are some samples were irradiated
in bulk tungsten and then characterized in a form of TEM foil after
irradiation [9,23,32], only radiation defect at fixed depth can be cap-
tured. Overall, the experiments described above have less investiga-
tions on the defects distribution along radiation depths [24,30], and
no comparative study to reveal the influence of surface sink effect on
radiation defects dynamics. Actually, the nature and distribution of
radiation defects in bulk tungsten and their dynamics is closer to the
real service condition in fusion nuclear reactor. In addition, the differ-
ence of defect structures in bulk and thin-foil tungsten is important
for us to judge the validity of thin-foil irradiation experiment. In
order to fully understand the character of radiation defects in tung-
sten, the distribution of defects at various implantation depth and
their comparison with thin-foil irradiation should be addressed.
Besides, the chemical and physical effect of light and heavy ions are
also needed to be explored under a similar irradiation condition.

In this study, we characterize the irradiation defects in both bulk
and thin-foil tungsten irradiated with He or Krypton (Kr) ions at the
same temperature (400 °C). Radiation microstructures were analyzed
by diffraction contrast techniques in TEM. Defects distribution, configu-
rations, sizes, number density and their nature were investigated in
details. The difference in character of irradiation defects in bulk and
thin-foil irradiation were discussed based on the recombination rate of
vacancies and interstitials, the surface sink effect in thin-foil irradiation
and the chemical and physical effect of implanted light and heavy ions.

2. Experimental methods

High-purity tungsten (>99.95%) were used in this study. Both bulk
disk and thin-foil samples were used in ion implantation. The bulk
samples were prepared by cut, ground and polishing and have a final
thickness of 40 pm. The thin-foils were first ground to 40 pm, then
these samples were dimpled by an M200 Dimpling Grinder, and fur-
ther thinned to less than 50 nm using an Ar* ion milling on an M1050
TEM Mill, operated with the final voltage of 3 kV and beam angle of 4°.

He" implantation was performed on the bulk samples with energy
of 400 keV using a NEC 400 kV implanter. The implantation lasted for
200 min and the ion fluence is 2 x 107 ions/cm? (corresponding to a

dpa rate of 2.83 x 10~* dpa/s). The thin-foil samples were implanted
to a fluence of 5 x 10'7 jons/cm? in order to achieve a similar damage
level as the bulk sample at 400 °C (lasted for 240 min and with a dpa
rate of 1.94 x 10~* dpa/s). Kr ion irradiation was performed using a
NEC implanter as well, with ion energy of 800 keV at 400 °C. Both
bulk and thin-foil samples were irradiated with a dpa rate of
0.02 dpa/s and lasted for 18 min with total influence of 5 x 10'° ions/
cm?. The ion beam was tuned 7° off compared to the normal of sam-
ples in order to avoid channeling effect. The irradiation damage and
the He*/Kr* concentration as a function of depth from the top surface
can be calculated by the Stopping and Range of lons in Matter (SRIM)
[33] with threshold displacement energy of 90 eV [34] and lattice
binding energy of 0 eV [35] for tungsten. Fig. 1 shows the variation of
dpa (blue line) and He concentration (red line) with implantation
depth in both bulk and thin-foil tungsten.

In order to study the character of irradiation defects at different
depth, cross-section TEM samples, oriented parallel to the implanta-
tion direction, were lifted out using a focused ion beam (FIB) manipu-
lator (Helios 600) on the bulk tungsten, as shown in Fig. 1a. During FIB
preparation, the top surface was protected by Pt layer. TEM sample
with size of 10 um x 8 um x 2 um was lifted out from the bulk tung-
sten. It was further thinned to about 50 nm and cleaned with final Ga*
beam with energy of 5 kV and current of 46 pA. Different thin foil sam-
ples were cut at a selected implantation depth of D. D was defined as
the depth from the top surface of the implantation. The ion beam cur-
rent was reduced to 1.5 pA with 30 kV Ga" for the final thinning, and
the flashing electrolytic polishing was performed in the solution
0.5 wt% NaOH aqueous at a voltage of 15 V about 0 °C to remove the
FIB-induced surface damage. The thicknesses of the thin-foil samples
is around 200 nm before flashing polishing, and has a final thickness of
50 nm. Hence the sample at a depth D means that it spans from D-25
to D + 25 nm. At least two thin-foil were cut for defects characteriza-
tion at each depth. Two-beam diffraction contrast as well as defocus
imaging were used to study the radiation defects using a JEOL 2100F
TEM. All He bubbles were observed with a defocus of —1500 nm.

3. Results
3.1. Radiation defects in helium implanted bulk tungsten

According to the SRIM simulation in Fig. 1a, the range of He con-
centration and damage is about 1 pm, thus the irradiation defects at
various depths should be different. Fig. 2a shows the character of
defects in the whole range of He implanted bulk tungsten. In the
range of 0 nm to 400 nm, some sub-micron grains and several GBs
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Fig. 2. Cross-section TEM to show the distribution of defects across the whole range of He implanted tungsten. The implanted surface was covered with a protective Pt layer. (a) The
overall view of He irradiated tungsten. (b) Sub-micron grains formed in the top 300 nm range of He implanted tungsten. The tiny misorientation angle of grain boundaries is indi-
cated by the split of the diffraction spot. (c) Ordered He bubbles formed at the peak He concentration region. (d) He bubbles with the diameter of 1.5 nm formed between D = 450

and 1000 nm.

are formed. Fig. 2b displays the details of these irradiation induced
GBs. The GBs has misorientation angle less than 5°, as indicated by
the elongated diffraction spots in Fig. 2b. The sub-micron grains are
more or less elongated and near parallel to the implanted surface.
Numerous He bubbles are observed in the range of 400 nm to
1000 nm, and reaches a peak around 700 nm, which is consistent
with the peak He concentration region in Fig. 1a. Fig. 2c and d high-
light the morphology of He bubbles. At peak He concentration region
(D = 700 nm), ordered He bubbles are aligned along the (110) plane
when viewed along (111) direction (Fig. 2c). Fig. 2d shows the
enlarged He bubbles in the peak He concentration region with elec-
tron beam close to [113]. The average He bubbles diameter is about
1.5 nm, and the size of He bubbles is independent of He concentra-
tion. He bubbles are not perfect spherical and lost the ordered charac-
ter under viewing directions other than (111).

The characters of dislocation loops were studied by cutting thin-
foil at different depth, as illustrated in Fig. 1a. Fig. 3 shows the dislo-
cation loops formed at various depths. All images were taken under a
two-beam diffraction contrast condition with zone axis of [111].
Fig. 3a presents a typical image of dislocation loops formed at
D =200 nm. At this depth, the damage and He concentration are 0.9
dpa and 0.4 at.%, respectively. Only isolated dislocation loops were
identified in this region in addition to some dislocation lines. The
loops number density is increased slightly at D = 300 nm (with 1.2
dpa and 0.8 at.% He), as shown in Fig. 3b. At D = 500 nm (2.6 dpa and
3.7 at.%), more dislocation loops were observed (Fig. 3c). At
D =700 nm (2.8 dpa and 8.8 at.% He), the density of dislocation loops
decreases slightly (Fig. 3d). At D = 900 nm, although the irradiation
damage and He concentration decrease to 0.06 dpa and 1.0 at.%, the
loop number density is increased to a peak value within all range of
the implanted region, as shown in Fig. 3e. Dislocation loops are also
identified at the region beyond the He implantation with 0 dpa and
He concentration at D = 1100 nm, as displayed in Fig. 3f. To a deeper
region with D = 1700 nm, no dislocation loops were found (Fig. 3g).
The variation of the number density and the size of dislocation loop
are plotted in Fig. 3h. The diameter and number density of dislocation

loops have a weak correlation with damage level (blue dotted line)
and He concentration (gray dotted line), as shown in Fig. 3h. The min-
imum loops density (2.4 x 10?' /m?) appears at D = 200 nm. Then
loops number density reaches a plateau between D = 300 nm and
700 nm. Once beyond the peak He concentration region, the disloca-
tion loop number density reaches a peak value of 4.0 x 10?2 /m> at
D =900 nm. Beyond the He implanted range, the loops density drops
to 6.3 x 10*! /m* at D = 1100 nm and to zero at D = 1700 nm. The
diameters of dislocation loops remain constant around 4 nm, which
is independent of radiation damage and He concentration as well.

3.2. Radiation defects in helium implanted thin-foil tungsten

Compared with radiation in bulk tungsten, due to lack of recoil
atoms, the average radiation damage in TEM foils is about 1.8 dpa
and the He concentration is 0.1 at.%, as shown in Fig. 1b. Fig. 4 shows
the typical radiation defects formed in TEM foil tungsten after He
implantation. All images were taken under a two-beam diffraction
contrast condition. A large number of dislocation loops can be
observed under z=[111] in Fig. 4a. Dislocation loops clusters are form-
ing spatial ordering, mainly distributed along {110} and {112} planes
when viewed along (111) direction, as marked in the enlarged images
in Fig. 4b and c. However, the dislocation loops clusters is not obvious
when viewed along z=[011], and only a small fraction of loops show
contrast, as shown in Fig. 4d. Under viewing direction of z=[001],
individual dislocation loop can be identified (Fig. 4e). In addition to
dislocation loops, abundant radiation-induced cavities with average
diameter of 1.3 nm are also formed in TEM foil tungsten, as displayed
in Fig. 4f.

Fig. 5 displays the method to determine the Burgers vector of dis-
location loops under four different vectors with z=[001]. All the dis-
location loops used for Burgers vector examination are in the same
regions. The dislocation loops in red squares in Fig. 5a, ¢ and d are
visible under g=110,200 and 020, and they are invisible under
g =110, as shown in Fig. 5b. More details can be observed in Fig. 5e, g,
i and k, which are the enlarged images of the red squares in Fig. 5a, b,
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Fig. 3. Distribution of radiation-induced dislocation structures at different depths in He irradiated bulk tungsten. All samples were cut by FIB and then cleaned by flash polishing.
Typical image of dislocation loops formed at depths of (a) D = 200 nm, (b) D = 300 nm, (c) D = 500 nm, (d) D = 700 nm, (e) D = 900 nm, (f) D = 1100 nm and (g) D = 1700 nm. Some dis-
location loops are labeled by arrows. (h) Variations of dislocation loop density (black line) and loop diameter (dark blue line) with depths in He implanted bulk tungsten. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

c and d. The solid and dashed lines represent their visibility and invis-
ibility. According to the invisibility criterion, the Burgers vector of dis-
location loops in red squares is 1/2<111>. While the dislocation
loops in yellow squares have contrast under g = 110, 110 and 200, as
shown in Fig. 53, b and c. All these dislocation loops lost contrast
under g = 020 (Fig. 5d), indicating that these are (100) dislocation
loops. Similarly, enlarged dislocation loops are highlighted in Fig. 5f,
h, j and 1. Two types of dislocation loops were identified in He
implanted tungsten, and their size and number density were mea-
sured and summarized in Fig. 8.

3.3. Radiation defects in krypton irradiated bulk and thin-foil tungsten
The character of radiation defects in Kr* implanted bulk tungsten

were also studied, as shown in Fig. 6. The peak Kr concentration is
about 0.47at.% (red line, at D = 125 nm) and the peak damage is about

21 dpa (blue line, at D = 75 nm) according to the SRIM simulation, as
marked in Fig. 6a. In the 300 nm range of Kr* irradiated area, several
sub-micron grains and curved GBs were formed. Fig. 6b highlights
the details of the sub-micron grains and GBs formed after Kr* irradia-
tion. According to the inserted diffraction pattern in Fig. Ga, these GBs
have a misorientation around 10°. No sub-micron grains can be
detected beyond the Kr* irradiated region. Similarly to the He* irradi-
ated bulk tungsten, the sub-micron grains are also elongated and
near parallel to the implanted surface. However, these sub-micron
grains have higher misorientation than GBs formed in He* implanta-
tion. In addition, no cavities can be identified in the whole range of
Kr* implanted bulk tungsten except some dislocation loops.

In the Kr* irradiated thin-foil tungsten, the peak Kr* concentration
is 0.4 at.% and the irradiation damage is about 21.5 dpa. Fig. 7 shows
the typical irradiation defects formed in TEM foils after Kr* implanta-
tion. All images were taken under a two-beam diffraction contrast
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Fig. 4. Defects structures in He irradiated TEM foil tungsten. (a) High density of dislocation loops formed in TEM foil tungsten. (b) and (c) are the enlarged images of the rectangles in
(a). (b) Highlight the distribution of dislocation loops along specific crystalline planes. (c) Dislocation striations formed in He irradiated tungsten TEM foil with electron beam along
z=[111]. (d) Dislocation structures observed along z=[011], (e) Dislocation structures viewed along z=[001]. (f) High density of voids formed in He irradiated TEM foil tungsten.

condition with zone axis close to [111], [011] or [001]. Similar to He*
irradiation, a large number of dislocation loops can be identified
under z=[111], as shown in Fig. 7a. Dislocation loop clusters also
show clear spatial ordering, mainly lining-up along {101} and {112}
planes. However, the dislocation loops clusters are not obvious when
viewed along z=[011], as demonstrated in Fig. 7b. Under viewing
direction of z=[001], individual dislocation loop can be identified in
Fig. 7c. Using similar method in Fig. 5 and the invisibility criterion
g-b = 0, the Burgers vector of dislocation loops in Kr* irradiated TEM
foils were also determined. Both 1/2<111> and (100) loops can be
identified. High density of cavities with average size of 1.2 nm were
also formed under Kr* thin-foil irradiation, as shown in Fig. 7d. The
size and density of dislocation loops and the volume fraction of cavi-
ties are summarized in Fig. 8.

4. Discussion
4.1. Comparison of helium irradiated bulk and thin-foil tungsten

In order to assess the effect of He on defect development, detailed
characterization of irradiation defects across the whole range of
implanted region in both bulk (Figs. 2 and 3) and thin-foil tungsten
(Fig. 4) were performed. Bulk tungsten irradiation provides an oppor-
tunity to witness the defects character and their evolution at various
dpa and He concentration. In the range of 0 to 300 nm, sub-micron
grains and low angle GBs are formed in the sub-surface region. Ultra-
fine grains were reported to form in ceramic due to He-induced sur-
face blistering [36]. However, the formation of blister cannot happen
in current implantation because of the low irradiation temperature
(~0.12 Tp,). The sub-micron grains and low angle GBs are likely a
product of the accumulation of irradiation induced point defects.
In tungsten, the migration energy of self-interstitial atom (SIA)

(Ef" = 0.08eV)[7] is more than one order of magnitude lower than
the migration energy of vacancies (EI* = 1.7eV)[9]. During irradiation
at 400 °C, tungsten SIAs have much higher mobility and tend to accu-
mulate at the sub-surface due to the sink effect of top surface. Excep-
tional high concentration of SIAs can develop into high density of
dislocations and their aggregation further evolve into sub-micron
grains separated by low angle GBs [37]. The formation processes of
ultrafine-grain due to the accumulation of dislocations have been
widely evidenced in severe plastic deformation of metals [38,39].
Abundant point defects are produced during irradiation [40]. Migra-
tion, clustering of point defects and their further evolving into sub-
microns grains are an important route to mitigate the dilatational
stress induced by SIAs. Due to the lower He concentration, He bub-
bles are scarce in the subsurface regime (Fig. 2a).

With the increase of He concentration and irradiation damage in
the range from D = 300 nm to D = 900 nm, high density of He bubbles
is formed. In general, the He interstitials have low migration energy
while the substitutional He is easily trapped at vacancies because of
their high binding energy [41]. As a result, a large number of He
atoms are trapped by vacancies and form into stable He-vacancy (He-
V) clusters. The He—V clusters have high binding energy with other
point defects as well, and thus can as sinks to further capture other
He interstitials and vacancies or even smaller He clusters, which give
rise to He bubble nucleation and growth [42—-45]. As a results, high
density of nanoscale He bubbles are formed in this region in addition
to interstitial type of dislocation loops (Figs. 2c and 3d).

As shown in Fig. 3, the maximum loop number density appeared
at the depth of D = 900 nm, although the irradiation damage is only
0.06 dpa, which is beyond the peak He concentration and maximum
irradiation damage regime. The formation of high density of disloca-
tion loops are related to the inward diffusion of SIAs at 400 °C.
According to Fig. 1a, the radiation damage and He concentration is
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visible
b=1/2<111>

Fig. 5. Determination of Burgers vector of dislocation loops in He irradiated TEM foil tungsten. Images are taken under z= [001] with four g vectors of (a) [110], (b) [110], (c) [200]
and (d) [020]. (e) and (f), (g) and (h), (i) and (j), (k) and (1) are enlarged TEM images in the region marked by the red and yellow squares in (a), (b), (c) and (d). Some of dislocation
loops studied are marked by arrows. Both 1/2<111> (red squares) and (100) (yellow squares) dislocation loops are observed. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 6. (a) Sub-micron grains formed in Kr irradiated bulk tungsten. The top surface was protected by Pt layer and some of the GBs are marked by white arrows. (b) Highlight of the
sub-micron grains formed after Kr irradiation. The misorienation angle is around 10° for these subgrains according to the diffraction pattern with Z=[111].

zero in the region beyond D = 1000 nm. However, irradiation defects,
especially SIAs can migrate into deeper regime, as manifested by the
formation of high density of dislocation loops at D = 1100 nm in
Fig. 3f. The irradiation enhanced diffusion of SIAs was also reported
in other metals [46—48].

Due to far less He concentration, radiation defects in thin-foil irra-
diation are significantly different from that of bulk He" implantation.
As shown in Fig. 4f, cavities are formed in the He" irradiated thin-foil

although the extreme low He concentration. Due to the sink effect of
free surfaces, irradiation-induced SIAs migrate quickly from the cen-
ter of the sample to top and bottom surfaces and annihilate, leading
to the formation of profuse vacancy clusters in the interior of thin-
foil sample [48—50]. The retained 0.1 at.% of He in TEM thin-foil still
can trap a large number of vacancies. As a results, numerous He bub-
bles are formed in thin-foil irradiation as well. The volume fraction of
cavities in both bulk (0.084%) and thin-foil tungsten (0.066%) were
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Fig. 7. Defects structures formed in Kr* irradiated TEM foil tungsten. Images of dislocation loops viewed with different orientation (a) z=[111], (

density of cavities formed in TEM foil tungsten.

measured and plotted in Fig. 8d. The volume fraction of cavities is
determined by f=VyeN/Vsampie Where Vi is the average volume of
one cavity, N is the number of cavities and Vsympie is the volume of
sample. The higher volume fraction of He bubbles in bulk tungsten is
attributed to the higher He concentration and larger radiation dam-
age. However, the volume fraction of cavities in TEM samples is only
slightly less (~0.79 times) than that in the bulk sample, while the He
concentration is only 1% and radiation damage is half of that in the
bulk irradiation. Therefore, in TEM foils irradiation, the sink effect of
surfaces lead to the quick annihilation of self-interstitials, which pro-
mote the accumulation of vacancies clusters, such as cavities. This is
the likely reason why the volume fraction of cavities in thin-foil sam-
ple is comparable to the bulk He* implanted tungsten.

A large number of dislocation loop-aggregates appeared under
viewing direction with z=[111] in TEM sample, as shown in Fig. 4.
Loop strings were also developed in pure W under viewing directions
of z=[001], [011] and [111], wherein a higher irradiation temperature
(=500 °C) and damage level are required for z=[001] after self-ions
irradiation [22,23]. The 1D migration of 1/2 (111) interstitial loops
with collinear geometry form the structure of loop strings and net-
works were observed, which was probably attributed to preferential
loss of loop variants to surface in different grain orientations. The

T

b) z=[011] and (c) z=[001]. (d) High

mechanism of loop rafting is considered due to loop glide and cluster-
cluster interaction or cluster-dislocation interaction [51]. Nevertheless,
our results demonstrate that the ordering of loops only appear with
viewing direction of z=[111], and no obvious loop strings were
observed in other orientations. Loops number densities of He
implanted bulk and thin-foil tungsten are also compared in Fig. 8c,
lower density of dislocation loops in bulk sample may be attributed to
a large fraction of irradiation-induced SIAs evolved into low angle GBs.

4.2. Comparison of krypton irradiated bulk and thin-foil tungsten

The nature of irradiation defects is also investigated in detail in
Kr* irradiated bulk and thin-foil tungsten. Similar to the He" irradia-
tion, Kr* irradiated bulk tungsten has high density of sub-micron
grains, as shown in Fig. 6. Much higher irradiation damage (~20 dpa)
in Kr* implantation and irradiation-induced SIAs diffusion are
responsible for the formation of sub-grain structures. Kr gas bubbles
were reported in Kr* implanted tungsten at 525 K [52]. However, due
to the low fluence in current experiments (~0.47 at.% Kr*), no Kr gas
bubbles were detected (see Fig. 6). Due to the relatively fast dpa rate
under Kr* irradiation (0.02 dpa/s), the recombination of vacancies
and SIAs are much higher than that in the He implantation, thus the
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Fig. 8. Statistical plot showing the character of dislocation loops in He" and Kr" irradiated tungsten at 400 °C. (a) The percentage of 1/2<111> loops and (100) loops. (b) Average
diameter of dislocations loop in He and Kr irradiated TEM foil tungsten. (c) Production rate of dislocation loops in irradiated bulk and thin-foil tungsten and compare with other
studies [23,28,30]. (d) Volume fraction of cavities in He and Kr irradiated tungsten. The volume fraction of cavities in bulk sample was measured at the peak damaged region. The
saturation damage for defect production under self-ion irradiation in tungsten is around 2.4 dpa according to [22,23], considering the atomic weight of Kr* is only half of W*, thus
the saturation damage under Kr* irradiation should be higher and assume to be 5 dpa in order to plot (c) and (d). For He" irradiation, the saturation damage should be much higher
than 5 dpa, thus the defects accumulation is still in the linear accumulation stage for damage less than 3 dpa.

survived point defects are low. The diffusion of irradiation-induced
SIAs plays a primary role for the defects recombination and sub-
micron grains formation.

Cavities are detected in Kr* irradiated thin-foil tungsten, while no
cavity were detected in Kr* implanted bulk tungsten, as shown in
Fig. 6 and plotted in Fig. 8d. In thin-foil irradiation, due to the surface
sink effect, a large fraction of SIAs were disappeared at the top and
bottom surfaces, leaving high concentration of vacancies in the inte-
rior of sample, which is the origin of the cavities in Kr* thin-foil irra-
diation. On the contrary, the SIAs and vacancies have high
recombination rate in Kr* implanted bulk tungsten, thus no cavities
are observed. Dislocation loop clusters were also identified in Kr*
implanted thin-foil sample, the formation mechanism of which is
similar to the He implanted TEM tungsten (Fig. 7). The number den-
sity of dislocation loops is higher in Kr irradiated thin-foil samples
than that in the bulk (Fig. 8c) because a large number of SIAs evolve
into low angle GBs in Kr* bulk irradiation, thus fewer dislocation
loops were produced.

4.3. Character of dislocation loops and cavities in irradiated tungsten

As shown in Fig. 8a and b, the fraction of 1/2<111> or (100) dislo-
cation loops and their diameter were measured and plotted. The
method to determine the fraction of dislocation loops with 1/
2<111> or (100) Burgers vector is proposed by Yi et al. [22,23]. The
Burgers vectors of dislocation loops were analyzed under g = 110,
110, 200 and 020 with invisibility criterion g-b = 0. If the number of

loops of any 1/2<111> variants appeared in the analyzed region is
assigned x, and any (100) variant is set y, then the loop numbers in
g=110 and 110 can be obtained by A=(4 x + 4 y), while loop numbers
B=(8x + 2y) can be counted in g = 200 and 020, respectively. A and B
can be found by counting the total number of loops visible in each g
vector. The fraction of 1/2<111> loops and (100) loops in the total
population can be summarized as 4x/(4x+ 3y) and 3y/(4x +3y),
respectively. Loop diameters are obtained by D./4A/m, where A is
the loop areas. According to the measurement, the fraction of 1/
2<111> loops are 61% and 52%, and the size of loops are 3.7 nm and
3.4 nm, for He" and Kr"* irradiated TEM thin-foil, as displayed in
Fig. 8a and b.

Only dislocation loops with Burgers vectors of 1/2<111> were
reported in He implantation with energy of 15, 60 and 85 keV, while
(100) loops were formed under 350 keV self-ion irradiation in tung-
sten [28,29,53]. The production of 1/2<111> is largely due to the
clustering of SIAs, while the formation mechanisms of (100) loops is
complex, and can be summarized as: direct dense cascade [54—-57],
Eyre—Bullough mechanism [58], interaction and reaction of two
(111) loop variants [59,60] or spontaneous switch of Burgers vector
through irradiation or heating [61]. W self-ion irradiation [54,62]
produced various amount (100) loops (25% or 35—40%) due to colli-
sion cascade as result of the differing primary knock atom (PKA)
energy. In general, the higher PKA energies will lead to a larger per-
centage of (100) loops due to the increased cascade size and density.
Owing to the high atomic weight of heavy ions, a recoil deposits its
energy in a fairly compact cascade, forming a concentrated area of
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high-energy density and increased thermal spike lifetime [55]. Simi-
larly, the 400 keV He ions in this case could induce dense collision
cascade damage in tungsten, which is much higher than other low
He ion energy irradiation [28,29]. As a result, 39% of (100) loops were
produced in He* irradiated tungsten. Even higher fraction of (100)
loops (48%) were formed in Kr implanted thin-foil sample, which is
also related to the higher PKA energy and compact collision cascade
under heavy ion irradiation [63]. Our results also demonstrate that
the formation of (100) loops is related to the PKA energy and the
character of collision cascade [22,25,62].

As displayed in Fig. 8c and d, dislocation loops number density and
the volume fraction of cavities are higher in He"* irradiated thin-foil
sample. Loop number densities per dpa under different zones are
counted for He" and Kr" irradiated bulk and thin-foil tungsten, as calcu-
lated as p=[n/(s x t)]/dpasa, Where n is the number of loops, s is the
area of the region, t is the thickness of sample and dpas, is the satura-
tion damage for defect production. According to Yi et al. [22,23], under
self-ion irradiation, the radiation defects reached a saturation after 1.2
dpa at 300 °C, while reached a saturation after 3.6 dpa at 500 °C.
According to this trend, the saturation damage should be around 2.4
dpa at 400 °C for self-ion irradiation. Based on the investigation on self-
ion irradiation in tungsten, we estimate the saturation damage for Kr*
irradiation is around 5 dpa at 400 °C (atomic weight of Kr* is half of
W*) and this value is adopted to calculate the loop number density in
Fig. 8c. Defect character statistics from this work together with relevant
researches [23,28,30] are summarized and plotted in Fig. 8c. As shown
in Fig. 8c, loops number density in He* implanted tungsten is higher
than that in Kr* implanted sample for both bulk and thin-foil samples.
The loop number density is much higher in Fe* irradiated bulk tungsten
with trace of He than that in Kr* irradiated sample. These phenomenon
indicate that He can suppress the annihilation of defects and thus lead
to the formation of higher density of dislocation loops [64]. In general,
the loop number density is higher in thin-foil irradiation than that in
bulk sample, which is related to high recombination rate of point
defects in bulk irradiation, surface sink effect and long-range elastic
fields which prevent the escape of loops from the foil [65]. For both He*
and Kr* implantation, the visible loops number densities are highest in
[111] orientation and lowest in [001] orientation.

The volume fraction of cavities in irradiated both thin-foil and bulk
tungsten are plotted in Fig. 8d. Because of high binding energy of He-
V, abundant He bubbles (0.084%) appear in bulk samples. Unlike the
trapping of vacancies by He, the irradiation-induced SIAs can recom-
bine efficiently with the vacancies in Kr* irradiation. Therefore, the sur-
vived total number of point defects per dpa is relatively low in Kr*
irradiation than that in the He" implantation. Thus, fewer dislocation
loops and no or lower volume fraction of cavities were produced in Kr*
irradiated tungsten. In addition, high volume fraction of cavities are
produced in thin-foil after He* implantation. Due to the 0.1 at.% of He
concentration in thin-foil irradiation, vacancies can be trapped during
implantation and evolved into cavities, while a high fraction of SIAs
were disappeared at surfaces in thin-foil tungsten, the partially accu-
mulated SIAs can form into dislocation loops. Although Kr* has a low
binding energy with vacancies, due to the strong surface sink effect,
the bias disappearing of SIAs at surfaces under thin-foil irradiation,
small volume fraction of cavities can still form in Kr* irradiated thin-
foil, which is totally different from the Kr* bulk implantation in Fig. 6.
These results indicate that He" implantation can suppress irradiation
defects recombination, promote the formation of more radiation
defects, and is detrimental to the metals. The sink effects of surfaces
have a marked influence on radiation defect dynamics during thin-foil
irradiation, which should be pay attention in future investigations.

5. Conclusions

Radiation-induced defects within a wide range of dpa and ion
concentration were investigated in He* or Kr* implanted both bulk

and thin-foils tungsten. The sample surface sink effect, the recombi-
nation rate of radiation-induced point defects and the chemical and
physical effect of implanted ions on the irradiation defect evolution
and their formation mechanism were explored. Main findings are
summarized as following:

1) Sub-micron grains were formed in the region close to the
implanted surface in bulk tungsten due to diffusion and cluster-
ing of radiation-induced SIAs. The peak distribution of dislocation
loop is formed beyond the maximum dpa and He concentration
region. Dislocation loops were also identified in the region
beyond the ion implanted regime. This phenomenon is also
related to the irradiation-accelerated diffusion and clustering of
SIAs during implantation.

2) Ordered dislocation loops are aligning along {110} and {112}
planes under viewing direction of z=<111> in thin-foil irradia-
tion. Both 1/2<111> and (100) dislocation loops were observed
under both He® and Kr* irradiation. More (100) loops are
detected in Kr* irradiation than that in He* implantation, which
is attributed to the higher energy of collision cascade under
heavy ion irradiation.
Radiation point defects recombination can be suppressed in He*
implantation due to the strong binding energy of He with vacan-
cies. As a result, the number of dislocation loop and the volume
fraction of cavities are higher in He* implanted tungsten than
that in the Kr* irradiation. Therefore, He* implantation can pro-
duce more radiation defects and induce severe damage than the
Kr* irradiation under similar radiation conditions.
Due to the surface sink effect, cavities are formed in both He™ and
Kr* irradiated TEM foil tungsten. Recombination of interstitials
and vacancies cannot be fully achieved because of the disappear-
ing of SIAs at surface under thin-foil irradiation, in contrast to the
efficient annihilation in Kr* irradiated bulk tungsten. Therefore,
the effect of surface sinks on radiation defect dynamics need to
be considered in future study.
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