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SPECIAL TOPIC — Ion beam modification of materials and applications
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The development of reliable fusion energy is one of the most important challenges in this century. The accelerated
degradation of structural materials in fusion reactors caused by neutron irradiation would cause severe problems. Due to the
lack of suitable fusion neutron testing facilities, we have to rely on ion irradiation experiments to test candidate materials in
fusion reactors. Moreover, fusion neutron irradiation effects are accompanied by the simultaneous transmutation production
of helium and hydrogen. One important method to study the He–H synergistic effects in materials is multiple simultaneous
ion beams (MSIB) irradiation that has been studied for decades. To date, there is no convincing conclusion on these He–H
synergistic effects among these experiments. Recently, a multiple ion beam in-situ transmission electron microscopy (TEM)
analysis facility was developed in Xiamen University (XIAMEN facility), which is the first triple beam system and the only
in-running in-situ irradiation facility with TEM in China. In this work, we conducted the first high-temperature triple
simultaneous ion beams irradiation experiment with TEM observation using the XIAMEN facility. The responses to in-situ
triple-ion beams irradiation in austenitic steel 304L SS and ferritic/martensitic steel CLF-1 were studied and compared with
the results in dual- and single-ion beam(s) irradiated steels. Synergistic effects were observed in MSIB irradiated steels.
Helium was found to be critical for cavity formation, while hydrogen has strong synergistic effect on increasing swelling.

Keywords: helium–hydrogen synergistic effect, multiple ion beams, structural material, swelling

PACS: 61.80.Jh, 61.72.–y, 41.75.Ak, 28.52.–s DOI: 10.1088/1674-1056/abfcca

1. Introduction
Nuclear energy is one of the most important options

for reliable, environmentally sustainable and economical
energy,[1] and the development of fusion energy is one of the
top challenges. Besides plasma physics and fusion technology
issues, the research and development of materials in fusion
reactors is critical.[2] A hard neutron spectrum, including 14-
MeV neutrons from the deuterium–tritium fusion, in fusion re-
actors introduces massive defects and results in radiation dam-
ages in structural materials.[3] Additionally, a particular con-
cern is the simultaneous transmutation production of helium
and hydrogen.[4] The displacement damage and helium accu-
mulation rates in fusion reactors are about one to two orders
of magnitude greater than those in present fission reactors, and
extra production of hydrogen also influences the radiation ef-
fects in materials. The helium and displacement defects pro-
mote hydrogen retention in materials and H can couple with
them, making the synergistic effect of helium and hydrogen an
inevitable problem.[3] It was reported that helium and hydro-
gen can greatly influence the nucleation and growth behaviors

of cavity, enhance void swelling, deteriorate mechanical prop-
erties, and then accelerate the failure of structural materials.[5]

Therefore, to develop advanced structural materials for fusion
systems, the synergistic effects of helium and hydrogen need
to be well understood.

Due to the lack of fusion neutron sources and integrated
materials testing facilities, previous investigations of He–H
synergistic effects were mainly based on several simulation
experimental approaches, while its mechanism is still not well
understood. One notable experimental technique is multiple
ion beams irradiation (heavy ion + He + H), which can simu-
late the damage process in a relatively short period of time
with no residual radioactivity, and can systematically con-
trol irradiation conditions (ion species, temperature, dose,
dose rate, He/H production rate, etc.).[6,7] Multiple simultane-
ous ion beams (MSIB) irradiations on metals have been con-
ducted in the past few decades, providing us some evidence
of the synergistic effect. Wakai et al.[8] reported that the void
swelling was significantly enhanced by 40 times for F82H, a
well-studied RAFM steels, under Fe + He + H triple ion irra-
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diation compared with that under Fe + He dual ion irradiation.
This observation has been being used as a typical evidence
of the synergistic effect, yet the conclusion is still controver-
sial due to the overestimated damage and gas rate compared to
fusion system. In Borodin’s experiment,[9] the synergistic ef-
fects exhibit apparent complex temperature dependence as the
void swelling under tripe beams is enhanced or suppressed rel-
ative to Cr + He or Cr + H dual beams with the increase of tem-
perature. However, it was found that the peak swelling temper-
ature of MSIB irradiated steels is about 450 ◦C–550 ◦C.[5,10]

Besides, Sekimura et al.[11] suggested that the concentration
of He/H also plays an important role in synergistic effects.
They found that the vanadium alloy shows maximum irradia-
tion swelling when the implantation rate of He and H is about
10 appm/dpa. The effect of hydrogen plays a critical role in
the synergistic effects. In the work reported by Brimbal,[12]

the existence of hydrogen in materials under triple ion irra-
diation (Fe + He + H) increases the number density of cavities
compared to dual beams irradiation (Fe + He). In contrast, the
effect of hydrogen on the size of cavities under irradiation is
still not clear and strongly dependent on irradiation conditions,
such as temperature.[10,13] However, in some cases, increased
dose of hydrogen could lead to decrease in swelling in RAFM
steel.[14] Therefore, there is no convincing conclusion on the
synergistic effects among these experiments. The efforts in
theoretical calculations helped to understand the details of the
synergistic effects of helium and hydrogen.[3] There exists al-
most no direct interaction between He and H, while the for-
mation of He–V (vacancy) and He–V–H complex cluster sig-
nificantly affects the behavior of cavity and the structure of
materials. Overall, the comprehensive understanding of He–H
synergistic effects and the role of hydrogen needs more exper-
imental observations.

Recently, a multiple ion beam in-situ TEM analysis facil-
ity was developed in Xiamen University (XIAMEN facility)
which is the first triple beam system and the only in-running
in-situ irradiation facility with TEM in China.[15] This facil-
ity consists of a TECNAI G20 F30 TWIN TEM coupled to a
400-kV implanter and a 50-kV hydrogen/helium coaxial ion
source. It provides the ability of performing MSIB (heavy
ion + He+ + H+

2 ) irradiation and in-situ observation. With a
Gatan 652 heat holder, the temperature of in-situ irradiation
can be elevated up to 1000 ◦C. Moreover, the dose rate of
heavy ions and/or He/H ions can be changed by more than
two orders of magnitude, making it a unique and powerful fa-
cility which provides an excellent way of studying the He–H
synergistic effects in structural materials.

Steels are primary structural materials in nuclear systems.
Austenitic stainless steels (ASS) are widely used in reactor
structural components for their outstanding corrosion resis-
tance, ductility and economic efficiency.[2] Additionally, re-

duced activation ferritic-martensitic (RAFM) steels are po-
tential candidate materials for fusion reactors, due to their
good thermomechanical properties, good radiation resistance
and capability of large-scale industrial fabrication.[16] Com-
pared to F/M steels, ASSs have higher creep resistance, but
exhibit poor void swelling resistance.[17] In contrast, RAFM
steels exhibit poor long-term thermal aging behavior, signifi-
cant radiation embrittlement and void swelling under neutron
irradiation.[16] The response of these steels to MSIB irradia-
tion is critical in the research of structural materials in fusion
reactors.

In this work, using the XIAMEN facility, we conducted
the first high-temperature triple simultaneous ion beams ir-
radiation experiment with TEM observation on this facility.
The responses to MSIB irradiation of conventional 304L ASS
(304L SS) and an advanced RAFM steel (CLF-1)[18] were
studied.

2. Materials and methods
The commercially available conventional austenitic steel

304L SS has an average grain size of ∼ 30 µm and is austenitic
throughout. The advanced RAFM steel CLF-1 was devel-
oped by the Southwestern Institute of Physics of China. The
manufacture of CLF-1 was described by Du et al.[18] Spec-
imens for the in-situ irradiation and TEM observations tests
were prepared by focused ion beam (FIB). To calculate the
volume swelling of the specimens after irradiation, the thick-
ness of each specimen was determined using electron energy
loss spectroscopy (EELS). The average thickness of specimens
used in this study is ∼ 70 nm.

e-

Fe+

He+ & H2
+

45O 68O
Fe+

He+ & H2
+

20O
25O

specimen plane

(a) (b)

Fig. 1. (a) The coupled TEM and ion implanters in XIAMEN facility. The
Fe+ ion and the He+ & H+

2 ion beams both have 68◦ intersection angles with
the electron beam in the TEM, and the angle between the two ion beams is
45◦. (b) Schematic diagram of the directions of the incident ion beams on the
specimen when irradiating in the TEM.

The geometry of the multi-beam system in the XIAMEN
facility is shown in Fig. 1. The two ion beam lines both have
68◦ intersection angles with the electron beam in the TEM
(TECNAI G20 F30), and the angle between the two ion beam
lines is 45◦. Due to the shape of the specimen holder (Gatan
652 heating holder), the ion beams are blocked by the holder
during the observation of the sample using electron beam.
Therefore, the specimens were tilted to −68◦ (α) and 20◦
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(β ) during irradiation, such that simultaneous in-situ TEM ob-
servation during irradiation can be performed. As shown in
Fig. 1(b), the angle between the specimen plane and the heavy
ion beam is 20◦, and that between the specimen plane and the
He & H ion beam is 25◦. After irradiation for 15 minutes,
the ion beams were cut off and the position of the specimen
was reset for TEM observation. In each test, the total irradia-
tion time was 75 minutes, five observations were taken at 20%,
40%, 60%, 80%, and 100% of the total irradiation time (dose).

The 400-keV Fe+, 30-keV He+, and 30-keV H+
2 ions

were used for irradiation. The damage profile induced by
Fe+ ion irradiation, the concentrations of He and H in 304L
SS are calculated using SRIM-2013 (Stopping Range of Ions
in Matter), as shown in Fig. 2. The dpa and the concen-
tration of He & H are calculated by averaging over the ef-
fective depth (∼ 70 nm), as indicated by the orange area in
Fig. 2. Due to the significant surface effect of a thin specimen
and the high diffusion rate of He and H, relatively high He-
concentration/dpa and H-concentration/dpa ratios were used.
The ion fluxes were set as: Fe+ ∼ 1.8 × 1012 cm−2·s−1,
He+ ∼ 4.3×1011 cm−2·s−1, and H+

2 ∼ 2.1×1012 cm−2·s−1,
respectively. The H+

2 will dissociate into two H+ ions when it
bombards the specimen surface.[19] The ratio between the con-
centration of He and H and damage in a 70-nm thick specimen
is ∼ 31 appm/dpa and ∼ 340 appm/dpa, respectively, such that
the total amount of damage dose and concentration of He and
H would be ∼ 18.6 dpa, ∼ 570-appm He, and ∼ 6360-appm
H at the highest irradiation fluence. The actual dpa and con-
centration of He & H were calculated based on the thickness
of different specimens measured by EELS. The total displace-
ment damage induced by He and H ion implantations is only
∼ 0.14 dpa and thus can be neglected. The irradiation temper-
ature was set as 450 ◦C. To study the effects of hydrogen and
helium, triple-ion beams (Fe+ + He+ + H+

2 ), dual-ion beams
(Fe+ + He+) and single-ion beam (Fe+) irradiation were con-
ducted using the same irradiation conditions.

The in-situ heating by the specimen holder induced sig-
nificant thermal drift. The vacuum systems of the two ion im-
planters linked to the TEM also induced strong vibration. As
a result, the imaging quality was greatly influenced. There-
fore, to identify the cavities during in-situ observations, the
images were taken with a higher defocus of about −2 µm to
get clearer contrast of cavity boundaries. The size and density
of cavities in each case were measured and counted manually
based on the TEM images. All cavities in a randomly selected
region were measured and counted, at least 200 cavities were
counted in each case. The total volume of all the cavities mea-
sured were taken as the volume expansion of the selected re-

gion in each case. The errors of manual measurements were
considered in the error bars.

It should be noted that the thickness of a TEM spec-
imen causes a strong surface effect. The free surfaces of
the specimen would act as sinks for defects.[20] Modeling
study indicated that the surface effect for displacement dam-
age in a specimen thicker than 60 nm would be relatively non-
significant.[21] However, He and H exhibit high diffusion rates,
the surface effects of He and H would be more significant.
Therefore, the quantification of surface effects required fur-
ther research.

0 50 100 150 200
0

5

10

15

20

25

 Fe dpa
 He concentration (appm)
 H concentration (appm)

Depth (nm)

0

500

1000

1500

2000

2500

0

5000

10000

15000

20000

25000

Fig. 2. Damage induced by 400-keV Fe+ ion irradiation and the concentra-
tion of 30-keV He+ & H+

2 ions in 304L SS calculated using SRIM-2013.
The orange block indicates the approximate effective depth of 70-nm thick
specimen.

3. Results

Cross-sectional bright field TEM images of the triple-
and dual-ion beams irradiated 304L SS specimens to differ-
ent doses are shown in Fig. 3. Images at different doses were
taken at the same area as in the initial sample. At ∼ 7.4 dpa,
large cavities appeared in both irradiation conditions. As the
dose increases, the amount and the size of these cavities in-
creases. The high-resolution TEM images in Figs. 3(m) and
3(n) showed the co-existing large cavities and normal-sized
cavities. The size distributions of cavities in triple- and dual-
ion beams irradiated 304L SS are shown in Fig. 5, respectively,
in which large cavities are found to be co-existing with small
cavities. The size of cavities smaller than 5.5 nm shows ap-
proximately Gaussian distribution. At the highest dose, the
number density of cavities in triple-ion beams irradiated 304L
SS was larger than that in dual-ion beam irradiated 304L SS, as
shown in Fig. 6(a). At the highest dose, the number density of
large cavities (> 5.5 nm) in triple-ion beams irradiated 304L
SS (∼ 2.4× 1016 cm−3) was also larger than that in dual-ion
beams irradiated 304L SS (∼ 7.2× 1015 cm−3). The contri-
butions of large cavities in the total volume swelling in triple-
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and dual-ion beam irradiated 304L SS were 68% and 75%, re-
spectively. As shown in Fig. 3(o), no obvious cavity was found
in single-ion beam irradiated 304L SS.
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Fig. 3. (a)–(f) The 304L SS sample before and after irradiated by in-situ
triple-ion beams to different doses. (g)–(l) The 304L SS sample before and
after irradiated by in-situ dual-ion beams to different doses. (m)–(o) High-
resolution TEM images in 304L SS samples after triple-ion beam, dual-ion
beam, and single Fe ion irradiation to the highest doses, respectively. In
triple- and dual-ion beams irradiated 304L SS, the size and density of cavi-
ties increased with dose. In triple- and dual-ion beams irradiated 304L SS,
large cavities are found to be co-existing with small cavities. The number
densities of small and large cavities in triple-ion beams irradiated 304L SS
were both higher than those in dual-ion beams irradiated 304L SS. Triple-ion
beams irradiation induced a higher swelling ratio in 304L SS than dual-ion
beams. No obvious cavity was found in single Fe ion irradiated 304L SS.

In contrast, cavities in MSIB irradiated CLF-1 showed
different structures as shown in Fig. 4. There was also no
obvious cavity in single-ion beam irradiated CLF-1 as shown
in Fig. 4(o), but no large cavity (> 5.5 nm) was observed in
triple- and dual-ion beams irradiated CLF-1. At the highest
dose, the number density of cavities in triple-ion beams ir-
radiated CLF-1 was lower than that in dual-ion beam irradi-
ated 304L SS, but the average size of cavities was larger, as
shown in Figs. 6(a) and 6(b). The size distributions of cavities
in triple- and dual-ion beams irradiated CLF-1 are shown in
Fig. 5.

The swelling ratios in 304L SS and CLF-1 irradiated to
the highest dose are shown in Fig. 6(c). The austenitic 304L
SS exhibits much higher swelling than the ferritic/martensitic

CLF-1. The change of swelling ratios at different doses of
304L SS and CLF-1 were shown in Fig. 7.
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Fig. 4. (a)–(f) The CLF-1 sample before and after irradiated by in-situ triple-
ion beams to different doses. (g)–(l) The CLF-1 sample before and after irra-
diated by in-situ dual-ion beams to different doses. (m)–(o) High-resolution
TEM images in CLF-1 samples after triple-ion beam, dual-ion beam, and sin-
gle Fe ion irradiation to the highest doses, respectively. In triple- and dual-ion
beams irradiated CLF-1, the size and density of cavities increased with dose.
The average size of cavities in triple-ion beams irradiated CLF-1 was larger
than that in dual-ion beams irradiated CLF-1, but the number density was
lower. Triple-ion beams irradiation induced a higher swelling ratio in CLF-1
than dual-ion beams. No obvious cavity was found in single Fe ion irradiated
CLF-1.
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As no obvious cavity was found in single-ion beam ir-
radiated 304L SS and CLF-1, the swelling in single-ion beam
irradiated 304L SS and CLF-1 would be treated as 0 and there-
fore neglected in further discussion on swelling. The swelling
ratios in triple- and dual-ion irradiated 304L SS and CLF-1
both increased with dose. At high doses, triple-ion irradiation
induced larger swelling in these materials than dual-ion irradi-
ation. The increase in total swelling induced by hydrogen at
the highest dose was ∼ 54% in 304L SS and ∼ 42% in CLF-1,
indicating the significant effect of hydrogen on swelling.

4. Discussion
Triple- and dual-ion beams irradiation both lead to the

formation of cavities in both steels, while the swelling in 304L
SS was more significant. It is known that austenitic steels have
worse swelling resistance compared to ferritic/martensitic
steels.[17] Large cavities were only found in 304L SS, indicat-
ing better swelling resistance of RAFM steels than austenitic
steels.

Helium was found to be critical in the formation of cav-
ities. As shown in Figs. 3 and 4, single Fe ion irradiation in-
duced no obvious cavity, while massive cavities were found
in dual-ion (Fe + He) beams irradiated specimens. Helium can
easily bond to a vacancy forming He–V pairs, or bond to an-
other He atom forming di-He clusters, promoting the forma-
tion of cavities.[22,23] On the other hand, the accumulation of
He atoms and vacancies results in the formation of He bubbles.
He bubbles with a critical diameter of several nanometers re-
main stable as spherical bubbles.[24] He bubbles further act
as sinks for vacancies, capturing vacancies and growing with-
out bound to form voids.[25,26] In dual-ion beams irradiation,
the combination of displacement damage induced by heavy
ions and the implanted He atoms would result in increase of
swelling.[5,27]

In contrast, single hydrogen ion beam irradiation or
heavy ion + H dual-ion beams irradiation causes no significant
swelling.[5] The solution energy of hydrogen is much lower
than that of helium in iron,[28,29] leading to a higher solubility
of hydrogen in comparison with helium. However, hydrogen is
also a fast diffuser in metals. Hydrogen could easily migrate
out of the lattice, especially at elevated temperatures.[30] In
triple-ion beams irradiated F82H, hydrogen could be detected
in specimens irradiated at room temperature, but no hydrogen
could be found in the specimens irradiated at 470 ◦C, indi-
cating the high mobility of hydrogen at high temperature.[10]

Hydrogen can be readily trapped in vacancies and form H–V
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complex, yet the hydrogen atoms can hardly form bound state
with other H atoms.[31,32] Saturation of the hydrogen retention
would be reached at a rather low irradiation dose.[33] There-
fore, the existence of hydrogen atoms does not significantly
influence the swelling under single or dual ion irradiation.

However, hydrogen may interact with helium under triple
ion beam irradiation in multiple ways. Helium bubbles were
found to be strong traps for hydrogen atoms.[34] He bub-
bles can also prevent hydrogen atoms from trapping by va-
cancies and therefore most hydrogen would be trapped by
He bubbles.[33] Atomistic simulation study indicated that the
structure of He–H–V clusters appeared to be a core of helium
surrounded by a shell of hydrogen atoms which are attracted
to the bubble’s free surface.[4] Molecular dynamics simula-
tion has also found that hydrogen tends to diffuse to the outer
layer of He bubbles and a large amount of hydrogen would
be bound within the first 1–2 layer of the matrix surrounding
the bubble.[35] Therefore, He bubbles significantly enhanced
the hydrogen retention in metals. Meanwhile, hydrogen atoms
are able to assist bubble nucleation and helium diffusion and
further stabilize He bubbles. Only a weak van der Walls bond
could be formed between He and H, yet H can increase the
binding of He and vacancies.[4]

According to atomistic simulation, hydrogen can be eas-
ily released from the He–H–V complex.[36] The diffused H
atoms could be captured by another He bubble and again par-
ticipate in the stabilization of the bubble, resulting in a more
stabilized He bubble.[37] The diffusion of He atoms or He–V
clusters can be also enhanced by hydrogen.[14] At proper tem-
peratures, such as 450 ◦C in this work, the enhanced diffusion
of He atoms results in the growth of He bubbles. However,
at higher temperatures, the bubble size decreases and the bub-
ble density increases due to the enhanced diffusion, possibly
hindering swelling.[3] Therefore, at 450 ◦C, hydrogen implan-
tation exhibits synergistic effect on swelling in steels as proved
by our experimental results.

In triple- and dual-ion beams irradiated 304L SS, large
cavities are found to be co-existing with small cavities. A
similar cavity structure has also been reported in multi-ion
beam irradiated metals.[8,27,38] The evolution of swelling with
irradiation damage can be divided into three regimes:[39] the
incubation regime where nucleation is dominant; the transi-
tion regime where new cavities nucleate while existing cavi-
ties grow; and the regime dominated by growth where nucle-
ation of small cavities is suppressed by the sink strength of
large cavities. The size distribution of cavities in triple- and
dual-ion beams irradiated 304L SS indicated that the evolu-
tion of cavities was going through the transition regime and
not yet saturated. The total swelling could still increase with
further increasing irradiation dose. However, no large cavity
was found in CLF-1. Experimental study has found that com-

pared to the helium bubbles in ferritic/martensitic steel which
mainly located on dislocations, the uniformly distributed he-
lium bubbles in austenitic steels could retain a greater quantity
of hydrogen.[40] Therefore, the synergistic effect of hydrogen
in austenitic 304L SS should be more significant than that in
ferritic/martensitic CLF-1. On the other hand, cavity struc-
tures in MSIB irradiated steels are strongly associated with
temperature.[5] Another possible explanation of the different
cavity structures in 304L SS and CLF-1 would be the different
temperature dependence of cavity evolutions in austenitic and
ferritic/martensitic steels.

5. Conclusions
In this work, we studied the responses to in-situ MSIB

irradiation in 304L SS and CLF-1 using the XIAMEN facil-
ity. This was the first high-temperature simultaneous triple
ion beams irradiation experiment with TEM observation us-
ing this facility. Triple-, dual-, and single-ion irradiation ex-
periments were conducted. Helium is found to be critical for
cavity formation. The synergistic effect of helium and hydro-
gen was observed in the experiments, as triple-ion irradiation
induced significant increase in swelling than dual-ion irradi-
ation at 450 ◦C. The ferritic/martensitic steel CLF-1 showed
significantly less swelling than the austenitic steel 304L SS in
response to MSIB irradiation. The synergistic effect of hydro-
gen in CLF-1 was also much less significant than in 304L SS.
These results indicated that compared to austenitic steels, fer-
ritic/martensitic steels show better radiation resistance in fu-
sion irradiation environment.
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[2] Zinkle S J, Möslang A, Muroga T and Tanigawa H 2013 Nucl. Fusion

53 104024
[3] Marian J, Hoang T, Fluss M and Hsiung L L 2015 J. Nucl. Mater. 462

409
[4] Hayward E and Deo C 2012 J. Phys.: Condens. Matter 24 265402
[5] Tanaka T, Oka K, Ohnuki S, Yamashita S, Suda T, Watanabe S and

Wakai E 2004 J. Nucl. Mater. 329–333 294
[6] Zinkle S J and Snead L L 2018 Scripta Materialia 143 154
[7] Was G S 2015 J. Mater. Res. 30 1158
[8] Wakai E, Sawai T, Furuya K, Naito A, Aruga T, Kikuchi K, Yamashita

S, Ohnuki S, Yamamoto S, Naramoto H and Jistukawa S 2002 J. Nucl.
Mater. 307–311 278

[9] Borodin O V, Bryk V V, Kalchenko A S, Melnichenko V V, Voyevodin
V N and Garner F A 2013 J. Nucl. Mater. 442 S817

[10] Wakai E, Kikuchi K, Yamamoto S, Aruga T, Ando M, Tanigawa H,
Taguchi T, Sawai T, Oka K and Ohnuki S 2003 J. Nucl. Mater. 318 267

[11] Sekimura N, Iwai T, Arai Y, Yonamine S, Naito A, Miwa Y and
Hamada S 2000 J. Nucl. Mater. 275 5

[12] Brimbal D, Beck L, Troeber O, Gaganidze E, Trocellier P, Aktaa J and
Lindau R 2015 J. Nucl. Mater. 465 236

[13] Wakai E, Ando M, Sawai T, Kikuchi K, Furuya K, Sato M, Oka K,
Ohnuki S, Tomita H, Tomita T, Kato Y and Takada F 2006 J. Nucl.
Mater. 356 95

[14] Chen J, Guo L, Luo F, Li T, Ren Y and Suo J 2014 Fusion Sci. Technol.
66 issue 2

086106-6

http://dx.doi.org/10.1146/annurev-matsci-070813-113627
http://dx.doi.org/10.1088/0029-5515/53/10/104024
http://dx.doi.org/10.1088/0029-5515/53/10/104024
http://dx.doi.org/10.1016/j.jnucmat.2014.12.046
http://dx.doi.org/10.1016/j.jnucmat.2014.12.046
http://dx.doi.org/10.1088/0953-8984/24/26/265402
https://doi.org/10.1016/j.jnucmat.2004.04.051
http://dx.doi.org/10.1016/j.scriptamat.2017.06.041
http://dx.doi.org/10.1557/jmr.2015.73
https://doi.org/10.1016/S0022-3115(02)01076-0
https://doi.org/10.1016/S0022-3115(02)01076-0
https://doi.org/10.1016/j.jnucmat.2013.05.022
http://dx.doi.org/10.1016/S0022-3115(03)00122-3
https://doi.org/10.1016/j.jnucmat.2013.05.022
http://dx.doi.org/10.1016/j.jnucmat.2015.05.045
http://dx.doi.org/10.1016/j.jnucmat.2006.05.032
http://dx.doi.org/10.1016/j.jnucmat.2006.05.032
https://doi.org/10.13182/FST13-714
https://doi.org/10.13182/FST13-714


Chin. Phys. B Vol. 30, No. 8 (2021) 086106

[15] Huang M, Li Y, Ran G, Yang Z and Wang P 2020 J. Nucl. Mater. 538
152240

[16] Zinkle S J, Boutard J L, Hoelzer D T, Kimura A, Lindau R, Odette G
R, Rieth M, Tan L and Tanigawa H 2017 Nucl. Fusion 57 092005

[17] Garner F A, Toloczko M B and Sencer B H 2000 J. Nucl. Mater. 276
123

[18] Liao H, Wang X, Yang G, Feng Y, Wang P and Feng K 2019 Fusion
Engineering and Design 147 111235

[19] Kupriiyanova Y E, Bryk V V, Borodin O V, Kalchenko A S, Voyevodin
V N, Tolstolutskaya G D and Garner F A 2016 J. Nucl. Mater. 468 264

[20] Chen D, Murakami K, Abe H, Li Z and Sekimura N 2019 Acta Mate-
rialia 163 78

[21] Xu D, Wirth B D, Li M and Kirk M A 2012 Acta Materialia 60 4286
[22] Trinkaus H and Singh B N 2003 J. Nucl. Mater. 323 229
[23] Gao F, Heinisch H L and Kurtz R J 2007 J. Nucl. Mater. 367–370 446
[24] Odette G R and Hoelzer D T 2010 JOM 62 84
[25] Mansur L K and Coghlan W A 1983 J. Nucl. Mater. 119 1
[26] Stoller R E and Odette G R 1985 J. Nucl. Mater. 131 118
[27] Taller S and Was G S 2020 Acta Materialia 198 47

[28] Kholtobina A S, Pippan R, Romaner L, Scheiber D, Ecker W and Razu-
movskiy V I 2020 Materials 13 2288

[29] Li L, Shi J, Peng L, Jiang W and Qian G 2019 Comput. Mater. Sci. 170
109192

[30] Klueh R L 2005 Int. Mater. Rev. 50 287
[31] Jung P, Liu C and Chen J 2001 J. Nucl. Mater. 296 165
[32] Henriksson K O E, Nordlund K, Krasheninnikov A and Keinonen J

2005 Appl. Phys. Lett. 87 163113
[33] Kobayashi M, Shimada M, Hatano Y, Oda T, Merrill B, Oya Y and

Okuno K 2013 Fusion Engineering and Design 88 1749
[34] Lee S R, Myers S M and Spulak R G 1989 J. Appl. Phys. 66 1137
[35] Juslin N and Wirth B D 2013 J. Nucl. Mater. 438 S1221
[36] Kirsanov V V, Musina M V and Rybin V V 1992 J. Nucl. Mater. 191–

194 1318
[37] Kim S, Jin H H, Kim H, Heo J, Cho S Y, Shin C, Moon J and Lee C H

2020 J. Korean Phys. Soc. 77 32
[38] Taller S, Jiao Z, Field K and Was G S 2019 J. Nucl. Mater. 527 151831
[39] Getto E, Vancoevering G and Was G S 2017 J. Nucl. Mater. 484 193
[40] Binyukova S Yu, Chernov I I, Kalin B A and Swe T 2007 J. Nucl.

Mater. 367–370 500

086106-7

http://dx.doi.org/10.1016/j.jnucmat.2020.152240
http://dx.doi.org/10.1016/j.jnucmat.2020.152240
http://dx.doi.org/10.1088/1741-4326/57/9/092005
http://dx.doi.org/10.1016/S0022-3115(99)00225-1
http://dx.doi.org/10.1016/S0022-3115(99)00225-1
http://dx.doi.org/10.1016/j.fusengdes.2019.06.008
http://dx.doi.org/10.1016/j.fusengdes.2019.06.008
http://dx.doi.org/10.1016/j.jnucmat.2015.07.012
http://dx.doi.org/10.1016/j.actamat.2018.10.011
http://dx.doi.org/10.1016/j.actamat.2018.10.011
http://dx.doi.org/10.1016/j.actamat.2012.03.055
http://dx.doi.org/10.1016/j.jnucmat.2003.09.001
https://doi.org/10.1016/j.jnucmat.2007.03.021
https://doi.org/10.1007/s11837-010-0144-1
https://doi.org/10.1016/0022-3115(83)90047-8
http://dx.doi.org/10.1016/0022-3115(85)90450-7
http://dx.doi.org/10.1016/j.actamat.2020.07.060
http://dx.doi.org/10.3390/ma13102288
http://dx.doi.org/10.1016/j.commatsci.2019.109192
http://dx.doi.org/10.1016/j.commatsci.2019.109192
http://dx.doi.org/10.1179/174328005X41140
https://doi.org/10.1016/S0022-3115(01)00545-1
http://dx.doi.org/10.1063/1.2103390
http://dx.doi.org/10.1016/j.fusengdes.2013.04.009
http://dx.doi.org/10.1063/1.343454
https://doi.org/10.1016/j.jnucmat.2013.01.270
https://doi.org/10.1016/0022-3115(92)90688-H
https://doi.org/10.1016/0022-3115(92)90688-H
http://dx.doi.org/10.3938/jkps.77.32
http://dx.doi.org/10.1016/j.jnucmat.2019.151831
http://dx.doi.org/10.1016/j.jnucmat.2016.12.006
https://doi.org/10.1016/j.jnucmat.2007.03.110
https://doi.org/10.1016/j.jnucmat.2007.03.110

	1. Introduction
	2. Materials and methods
	3. Results
	4. Discussion
	5. Conclusions
	References

