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We report helium ion irradiation experiments for a new type of dispersion-strengthened NiMo-Y;Oj3 alloy with three
different irradiation doses and varying irradiation dose rates at 750 °C to evaluate its helium-induced damage behavior.
Transmission electron microscopy was used to reveal the evolution of helium bubbles after irradiation. The experimental
results show that with increasing ion dose, the number density of helium bubbles increases continuously. However, the mean
size of helium bubbles first increases and then decreases, mainly due to the varied ion dose rates. The volume fractions
of helium bubbles in the three investigated samples after irradiation are 0.15%, 0.32%, and 0.27%, which are lower than
that of the Hastelloy N alloy (0.58%) after similar irradiation conditions. This indicates that the NiMo-Y, O3 alloy exhibits
better helium-induced-swelling resistance than the Hastelloy N alloy, highlighting its potential applicability to MSRs, from

the perspective of irradiation performance.

Keywords: NiMo-Y,0j3 alloy, dose rate, helium bubble evolution, volume fraction
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1. Introduction

As one of six candidates for generation-IV fission re-
actors, molten salt reactors (MSRs) have attracted wide at-
tention in the field of nuclear energy because of their inher-
ent safety, reliability, and high efficiency.!'?] MSRs were de-
signed to operate at high temperatures and highly corrosive
fluoride molten salt is applied as the coolant. The struc-
tural materials used in MSRs face service conditions such
as high temperature, strong molten salt corrosion, and high
neutron irradiation,! and these conditions will pose a huge
challenge to their performance.*! Because of their excellent
resistance to high-temperature molten salt corrosion, nickel-
based alloys have been widely developed to meet the service
conditions of MSRs.!>) The Oak Ridge National Laboratory,
USA, developed a nickel-based Hastelloy N alloy for appli-
cations in MSRs, which was considered to be the first option
for structural metallic components in MSR due to its excel-
lent chemical compatibility with fluoride molten salts.!®! How-
ever, severe helium embrittlement occurs in the Hastelloy N
alloy under high neutron irradiation doses.!”! During opera-
tion, the nickel of Hastelloy N alloy is prone to the nuclear
transmutation reaction (n, o) with neutrons, and generates
helium atoms. These helium atoms aggregate and form he-
lium bubbles because of their low solubility, leading to fur-
ther helium swelling in the alloy.’®~'% It has been found that
helium swelling severely damages the mechanical properties
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of nickel-based alloys.!" =131 Accordingly, the development of
excellent helium embrittlement resistance materials is a criti-
cal issue when ensuring both safe and longer cycles in MSRs.

To solve this problem, Huang et al.!'* developed a new
nickel-based ODS alloy, with yttrium oxide nanoparticles
(Y20s3np) in dispersion-strengthened phases and NiMo as a
matrix. It has been confirmed that the dispersion of Y>,Os3np
in the alloy enhances its mechanical properties. In addition,
the high number density of interfaces in the alloy between the
Y,Os3np dispersion-strengthened phases and the NiMo matrix
is capable of enhancing the absorption of helium atoms and in-
hibiting the formation and coarsening of helium bubbles, lead-
ing to improved helium embrittlement resistance of the alloy.
Furthermore, the irradiation resistance of an alloy is closely
related to the evolution of irradiated defects, which is gener-
ally believed to be affected by various factors, such as irradia-

15191 Among

tion temperature, irradiation dose, and dose rate. !
these factors, few investigations on the irradiation dose rate
have been reported.

To evaluate the application potential of this type of alloy
in high-temperature MSRs, in this study, helium ion irradia-
tion experiments on the NiMo-Y, O3 alloy with three different
irradiation doses and varying irradiation dose rates at 750 °C
were performed. The evolution of helium bubbles, especially
the change in the mean size and number density of helium
bubbles under different irradiation conditions, is characterized
and analyzed using transmission electron microscopy (TEM).

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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In addition, the helium bubble volume fraction of the NiMo-
Y,03 alloy is also compared with the currently widely used
nickel-based Hastelloy N alloy to further evaluate its potential

applications to MSRs.[1!]

2. Materials and methods

A new type of NiMo-Y,03 alloy was prepared by pow-
der metallurgy. A mixed powder of 81 wt% Ni, 17 wt% Mo,
1 wt% Y,03 and 1 wt% stearic acid, was sintered by spark
plasma after milling for 4 h. The detailed process employed
here is reported in Ref. [20]. The prepared samples were cut
into 10 mm X 6.5 mm X 1 mm thin slices. Then, mechani-
cal polishing was conducted with silicon carbide papers from
grade P400-4000, followed by alumina suspensions, to ob-
tain a smooth surface. Electropolishing was subsequently per-
formed at 36 V and 0 °C for 10 s using an electrolyte consist-
ing of 50% H,SOy4, 40% C3HgO3, and 10% deionized water,
which was used to remove the surface stress induced by me-
chanical polishing. To characterize the microstructure of the
alloy before irradiation, samples were prepared in the form of
disks of 3 mm in diameter for TEM observation. These were
prepared by mechanical thinning down to 50 pum, followed
by twin-jet electropolishing with an alcoholic solution of 5%
HCIlOy. Finally, the samples were cleaned with a mixed solu-
tion consisting of 50% alcohol and 50% acetone to obtain the
TEM foil specimens.

The as-prepared samples were irradiated with 1 MeV he-
lium ions at doses of 1 x 10'¢ jons/cm?, 3 x 10!° jons/cm?,
and 5 x 10'6 ions/cm? at 750 °C using a 4 MV Pelletron ac-
celerator located at the Shanghai Institute of Applied Physics,
Chinese Academy of Sciences (SINAP-CAS), respectively.
The ions beam was raster scanned over the irradiation area
at 37.01 Hz horizontally and 17.09 Hz vertically. The irradia-
tion times were selected to be approximately 7800, 9600, 7200
and 10200 s, and the corresponding irradiation dose rates were
approximately 1.28, 3.11, 6.94 and 4.90 x 10'? ions/(cm?s),
respectively. The irradiation experimental parameters of sam-
ples Sp—Sgr are listed in Table 1. Samples Sg is the Hastelloy
N alloy which is used for reference with samples So—S3 of
NiMo-Y»0O3 alloy. During the irradiation, the temperatures of
the samples did not increase significantly owing to the limited
ion beam intensity (< 1 pA).

Table 1. Experimental parameters of samples So—Sg.

Fl Irradiation dose rat
Samples . uenc; Temperature (°C) Time (s) e l,d ton 20 se rate
(ion/cm”) (ion/cm~-s)
So 0 0 0 0
Si 1x10'° 750 7800 1.28x10'2
S» 3x1016 750 9600 3.11x10'2
S3 5%10'6 750 7200 6.94x10'2
Sk 5%10'0 750 10200 4.90x%10'2

Figure 1 shows the distribution curves for displacement
per atom (DPA) and He concentrations calculated using the
simulation software SRIM-2013.12!! The atomic displacement
energies recommended by the American Society for Testing
and Materials (ASTM) were used with the K-P calculation
model (Ni-40 eV, Mo-60 eV),[22J As is shown, the irradia-
tion damage depth was approximately 2 um, where the peak
damage regions of the DPA and He concentration curves were
located at the depths of 1650 nm and 1700 nm, respectively.

The cross-sectional TEM samples were prepared using
the focused ion beam (FIB) technique on FEI Nanolab 600
equipment, which adopts a gallium ion beam. To avoid irra-
diation damage caused by gallium ions, in the final stage of
cross-sectional sample preparation, a 2 keV gallium ion beam
was used to clean the samples at a current of approximately
5 pA. The as-prepared FIB samples were characterized using
a Tecnai G2 F20 TEM apparatus with an accelerating voltage
of 200 kV. The specific thicknesses of the FIB samples were
measured using convergent beam electron diffraction (CBED)
technology. The results of TEM observations are presented in

Section 3.
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Fig. 1. Helium concentration and irradiation damage profiles produced
by 1 MeV He" ions with different irradiation doses: (a) DPA and (b)
He concentration.
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3. Results and discussion

A TEM bright-field micrograph of the unirradiated
NiMo-Y, 03 alloy is shown in Fig. 2. A large number of black
spots were dispersed in the alloy, which has been identified as
Y,05.1"41 The sizes of Y,03 were in the range of 4-20 nm,
and their mean size was 4.93 nm, as calculated by satisfactory
results.

- NiMo-Y203-4h

20 nm
» .

Fig. 2. TEM bright-field micrograph of unirradiated sample Sy.

Figure 3 shows the TEM images of the NiMo-Y,03 alloy
irradiated by 1 MeV He™ ions at a dose of 1 x 10'® ions/cm?

1000

0 200 400 600 800

1800
(nm)

1600 1700

(1.28 x 10'2 jon/cm?-s) at 750 °C. The entire irradiation dam-
age region forms the surface in the vicinity of the peak dam-
age, as shown in Fig. 3(a). The white dots were formed in the
matrix and grain boundaries of the alloy, and were mainly dis-
tributed in the depth range of approximately 1600-2000 nm.
Moreover, the distribution of these white dotes was consis-
tent with the He concentration distribution calculated using
SRIM. The corresponding images in Figs. 3(c) and 3(d) ob-
tained under the under-focus (c¢) and over-focus (d) conditions
suggest that these white spots are helium bubbles.!!”! Fig-
ure 3(b) shows an enlarged peak damage region. The helium
bubbles were perfectly distributed along the grain boundaries,
and relatively fewer helium bubbles were present in the ma-
trix. This may be attributed to the fact that grain boundaries,
acting as vacancy sources, could provide sufficient vacancies
for helium atoms to form vacancy-helium complexes. These
complexes can act as nucleation sites for helium bubbles.>!
Furthermore, the grain boundaries can act as a strong trap for
helium atoms and small helium clusters; %231 thus, helium
atoms are preferentially absorbed by the grain boundaries dur-
ing diffusion under irradiation,!'!?! leading to more helium
bubbles appearing in the grain boundaries.

(nm)

1200 1400 1600

1800 2000 2200 2400

1. (et e

Fig. 3. (a) Bright-field TEM image of an NiMo-Y,Oj3 alloy irradiated by 1 MeV He* ions at a dose of 1 x 10'® jons/cm?. (b) Enlarged
micrograph of the blue box in (a). The under-focus and over-focus micrographs of the yellow box in (a) are provided in (c) and (d), respectively.

Figures 4(a), 4(b), and 4(c) show the TEM images of the
NiMo-Y,O3 alloy irradiated by 1 MeV He™ ions at a dose of
3 x 10" ions/cm? (3.11 x 10'? ion/cm?-s). There is a slight de-
viation between the distributions of helium bubbles in Fig. 4(a)
and the SRIM prediction, where the damage region of the he-
lium bubbles is located at a depth of approximately 1600—
2000 nm. Similar behavior has been observed before.['4] Ow-
ing to thermal diffusion and a longer irradiation time in sample
S», the helium atoms are capable of diffusing into the deeper
matrix, 27! resulting in the aforementioned deviation.

Figure 4(d) shows the TEM images of the NiMo-Y;,03
alloy irradiated by 1 MeV He™ ions at a dose of 5 x

10'® ions/cm? (6.94 x 10'? ion/cm?-s). Similar to sample S,,
the distribution of helium ion concentration was located at a
depth of approximately 16002000 nm. The enlarged micro-
graphs of the yellow box in Fig. 4(d) obtained under the under-
focus and over-focus conditions are shown in Figs. 4(e) and
4(f).

In this work, a comparison between the NiMo (NP) and
Hastelloy N alloys, focusing on helium-induced damage, was
conducted to reveal the irradiation resistance of the former.
Figure 5 shows the TEM images of the Hastelloy N alloy ir-
radiated by 1 MeV He™ ions at a dose of 5 x 10'° ions/cm?
(4.90 x 10'? ion/cm?-s). The damage region of the helium
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bubbles is located at a depth of approximately 1600-2000 nm.
Different from sample S3, there is a slight deviation in the dis-
tribution of helium bubbles of Sg. The helium atoms diffused
deeper into the matrix of NiMo-Y,Os3 alloy than Hastelloy N
alloy.

2000

1900

1800
(nm)

Fig. 4. (a) and (d) Bright-field TEM images of an NiMo-Y,O3 alloy
irradiated by 1 MeV He't ions with doses of 3 x 10! ions/cm? and
5 x 10'° jons/cm?, respectively. [(b), (e)] and [(c), (f)] Micrographs of
the yellow boxes under the under-focus and over-focus conditions, respec-
tively.

1600 1700

Based on the TEM observation results, the sizes of he-
lium bubbles in the irradiated samples were measured using
the Nano Measurer software. Figure 6(a) shows the distribu-
tion of helium bubble sizes of the four irradiated samples (S,
S, S3 and Sg) in the peak damage region. It can be found that
the helium bubble sizes were mainly concentrated within the
range of 2—4 nm. The thicknesses of samples Sy, S», Sz and Sg
measured by the CBED method are about 36.0 nm, 36.0 nm,
35.8 nm and 34.5 nm, respectively.

A detailed analysis of the collected TEM images, focus-
ing on the number density and mean size of helium bubbles,

is presented in Fig. 6(b). These counts include not only bub-
bles observed in the matrix but also those distributed along
the grain boundaries at a depth of 1600-1900 nm. Figure 8
shows increasing number densities of observed helium bub-
bles of 0.85+0.06 x 10> m~3, 1.05+£0.08 x 10 m~3, and
2.1940.10 x 10** m~3 with increasing helium ion dose rate.
In general, helium bubbles tend to grow with increasing ion
fluence. It is noted that, although helium ion fluence contin-
uously increases, the mean helium bubble size first increases
from 3.3£0.5t0 3.9+ 1.1 nm, then decreases to 2.9 +0.5 nm.
It is reasonable to conclude that their unique evolution is due
to the ion irradiation dose rate.

1600 1700 1800 1900 2000

(nm)
Fig. 5. (a) Bright-field TEM image of a Hastelloy N alloy irradiated
by 1 MeV He* ions at a dose of 5x10'¢ ions/cm?. Under-focus and
over-focus micrographs for the yellow box are shown in (b) and (c),
respectively.
High-energy particle irradiation results in the formation
of vacancies and interstitial atoms, which are generated as a
result of displacement cascade. During the irradiation process,
most interstitial atoms and vacancies are annihilated when they
encounter each other. The remaining vacancies and helium
atoms combine to form helium-vacancy clusters, which can
act as nucleation sites for helium bubbles. >3] Helium bubbles
nucleate and coarsen by continuously absorbing helium atoms
and vacancies.?8! It should be noted that the dose rate can af-
fect the evolution of point defects and further the evolution of
helium bubbles. In the case of a low ion irradiation dose rate,
the vacancies introduced by energetic ions have sufficient time
to encounter interstitial atoms, thus leaving few surviving va-
cancies combined with helium atoms to form helium bubbles.

Z{\O, 80 N S1 6 va Nean diameter of helium bubble 6 a 0.6 SS®2C 0 22 Volume fraction
= 70F (a) S = e2 Number density of helium bubbles| =] o~ -
S B2 | B E 5| 15 55 8% 0.5f ()
Z 6ol - e S G (b) N =
g = 2 Sn| S5 4o 4 25 g 0.41
5 50 I\ g = 4r 39 14 22 £2 04¢ 7
3 E2 ]33 5.0[2.87]3 82 &8 0.32
S 40r \ L2 317 2.9 43 -3 &3 0.3f 0.27
5 0] . e B BN | 52 92 T
> : L = i L ]
= 20l ? 38 2 % B Z: 22 25 %% o | |
g ; S 3 5 1.05 | ']y 2E 33 § =
g 10t 5 £ 17085 an : Z.- zz =& 0~1-\ ] i
& . iR e : B 1N oL B

0—2 2-3 3—-4 >4 S, Sy Ss Sk S1 Sa S3 Sk

Diameter of helium bubble (nm) Samples Samples

Fig. 6. (a) Size distribution of helium bubbles in the irradiated samples (S;, S, S3 and Sg) at a depth of 1600—-1900 nm from the surface. (b) Mean diameter and

number density of bubbles. (c) Volume fraction of helium bubbles.
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Variations in the helium bubble size and number density
of the four alloy samples shown in Fig. 6(b) can be explained
as follows. Compared with Sy, as shown in Fig. 6(b), both
the mean size and number density of helium bubbles in sam-
ple S, increased. Owing to the increased irradiation dose rate
in sample Sy, more helium-induced vacancies were generated
and then remained after annihilation. Owing to the increasing
supply of helium-induced vacancies and helium atoms, more
vacancy-helium complexes were generated and helium bub-
bles continuously nucleated and coarsened.!?*! In addition, the
increase in irradiation time also stimulated the nucleation and
coarsening of helium bubbles.!?°! Therefore, the mean size and
number density of the helium bubbles increased in sample S.

In addition, it is noticed that the mean size of helium bub-
bles decreased in S; when the dose rate of helium ion irra-
diation was further increased. Compared with sample S, a
large number of helium-induced vacancies were generated in
sample S3 while the irradiation dose rate reached a high level,
and there were still many vacancies that had not yet been an-
nihilated during irradiation. Many vacancy-helium complexes
then generated and dispersed the nucleation sites of the helium
bubbles, leading to an insufficient supply of helium atoms for
coarsening of helium bubbles. Therefore, sample S3 exhibited
a smaller mean helium bubble size, though with an increase in
number density, compared to sample S,.

Table 2. Mean size and number density of helium bubbles under different
irradiation conditions.

Samples Fluence Irradiation dose rate Mean Number
ple (ion/cm?) (ion/cm?-s) size (nm)  density (m?)
S 1x10'® 1.28x10'2 3.3 0.85x10%
S, 3x10'0 3.11x10'? 3.9 1.05x10%
S3 5x10'0 6.94%10'2 2.9 2.19%10%
Sk 5x10'6 4.90x%10'2 3.0 2.87x10%

The characterization of helium bubbles observed in
Hastelloy N irradiated by He™ ions at a dose of 5 x
10 jons/cm? at 750 °C (denoted as sample Sg) is shown in
Fig. 6(b). The mean size and number density of the helium
bubbles in sample Sg were 3.0+ 0.7 nm and 2.87 £0.11 x
10%3/m3, respectively. It is noted that the number density of
helium bubbles generated in sample S3 is higher than that of
sample Sg, while the mean size of helium bubbles observed in
sample S3 is almost identical to that of sample Sg, which sug-
gests that the dispersed phase in the new alloy inhibited the
coarsening of helium bubbles in the alloy, to a certain extent.
It is well understood that the interfaces between the disper-
sion phases and nickel matrix, and also grain boundaries, can
absorb helium atoms.!'!] Most helium atoms diffuse to these
sinks, leaving a small number of helium atoms to form bub-
bles. On the other hand, because interstitials in metals gener-
ally diffuse faster than vacancies,[!®! these interfaces preferen-
tially absorb interstitial atoms, leaving behind a large number

density of mobile vacancies, further increasing the number of
nucleation sites of the helium bubbles. This leads to the for-
mation of a large number of small invisible He bubbles in S3.
Thus, the statistical number density of the helium bubbles ob-
served in Sj is less than that of Sg.

After high-temperature helium ion irradiation, the pres-
ence of helium bubbles causes helium swelling of the alloy.
The severity of helium swelling is related to the volume frac-
tion of helium bubbles in the alloy, U1 which can be calculated
using the following formula: 3!

4
fv= gnr3Nbubble; (1

where r is the mean radius of helium bubbles, and Nyyppie 1S
the number density of helium bubbles. The volume fractions
of helium bubbles at the damage peak regions in the three sam-
ples (S1, S2, and S3) were calculated to be 0.15%, 0.32%, and
0.27%, respectively. As shown in Fig. 6(c), it is clear that the
volume fraction of helium bubbles initially increased and then
decreased with increasing irradiation dose rate and ion fluence.
Note that the largest volume fraction of helium bubbles among
the three investigated sample was still smaller than that of the
reference sample Sgr (0.41%). It may be reasonably concluded
that the NiMo-Y,O3 alloy exhibits better helium swelling re-
sistance than the Hastelloy N alloy.

4. Conclusion

In this study, the evolution of helium bubbles in three
NiMo-Y,03 alloy samples S;_3 under different irradiation
dose rates was characterized using TEM. The related mech-
anisms were studied and compared with a Hastelloy N alloy
sample. The main conclusions are listed as follows:

(1) The statistical number density of helium bubbles gen-
erated in the new type of dispersion-strengthened NiMo-Y,03
alloy samples continuously increased, while the mean size of
the helium bubbles first increased and then decreased with in-
creasing irradiation dose rate. This is a possible consequence
of the different irradiation dose rates employed, which affect
the nucleation and coarsening of helium bubbles.

(2) Because the doped Y,Os3np dispersed the nucleation
sites of the helium bubbles, a smaller volume fraction (0.27%)
of helium bubbles appeared in the NiMo-Y,03 alloy com-
pared with the Hastelloy N alloy (0.41%). Induce that the
NiMo-Y,03 alloy exhibits better helium swelling resistance
than the standard Hastelloy N alloy that is currently indicated
for use in MSRs.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (Grant Nos. 12022515, 11975304, and
91126012) and the Youth Innovation Promotion Association,
CAS (Grant No. 202063).

046102-5



Chin. Phys. B 31, 046102 (2022)

References

(1]

(2]

(3]

[4]
[3]
(6]
(71
(8]

[9]
[10]

[11]
[12]
[13]
[14]

[15]

Khalil H 2002 A Technology Roadmap for Generation IV Nuclear En-
ergy Systems, GIF-002-00, Workshop on R&D Needs for Current and
Future Nuclear Systems OECD, Paris, France p. 239

Huang HF, LiuJ Z, Lei G H, Muransky O, Wei T and Tonescu M 2021
Chin. Phys. B 30 056108

Mathieu L, Heuer D, Brisa R, Gardena C, Burn C L, Lecarpentier D,
Leotard E, Loiseaux J M, Méplan O, Merle-Lucotte E, Nuttin A, Walle
E and Wilson J 2006 Prog. Nucl. Ener. 48 664

Huang HF, Zhou X L, LiC W, Gao J, Wei T, Lei GH, LiJ J, Ye L F,
Huang Q and Zhu Z Y 2017 J. Nucl. Mater. 497 108

Zhu R, Zhou Q, Shi L, Sun L B, Wu X, Lv S and Li Z C 2021 Chin.
Phys. B 30 076105

Leblanc D 2010 Nucl. Eng. Des. 240 1644

Zinkle S J and Was G S 2013 Acta. Mater. 61 735

Bruemmera S M, Simonena E P, Scottb P M, Andresen P L, Was G S
and Nelson J L 1999 J. Nucl. Mater. 274 299

Zinkle S J and Busby J T 2009 Mater. Today 12 12

Li Y P,Ran G, Liu X Y, Qiu X, Han Q, Li W J and Guo Y J 2021 Chin.
Phys. B 30 086109

Huang H F, Zhang W, De Los Reyes M, Zhou X L, Yang C, Xie R,
Zhou X T, Huai P and Xu H J 2016 Mater. Design. 90 359

Zhu Z B, Huang HF, Liu J Z and Zhu Z Y 2020 J. Nucl. Mater. 541
152419

Zhu Z B, Huang H F, Murdnsky O, Liu J Z, Zhu Z Y and Huang Y
2021 J. Nucl. Mater. 525 32

LiC,Lei GH, LiuJ Z, Liu AW, Ren C L and Huang H F 2021 J.
Mater. Sci. Technol. 109 129

LiuJZ,Huang HF, Liu A W and Li Y 2021 J. Nucl. Mater. 548 152855

[16]
[17]
(18]

[19]

[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]

[28]
[29]

(30]

046102-6

LiuJZ, Huang HF, Gao J, Zhu Z B and Li Y 2019 J. Nucl. Mater. 517
328

Huang HF, Li D H, LiJ J, Liu R D, Lei G H, He S X, Huang Q and
Yan L 2014 Mater. Trans. 55 1243

ZhuZ B, Huang HF, LiuJ Z, Gao J and Zhu Z Y 2019 J. Nucl. Mater.
52532

Gurovich B, Kuleshova E, Shtrombakh Y, Fedotova S, Maltsev D,
Frolov A, Zabusov O, Erak D and Zhurko D 2015 J. Nucl. Mater. 456
23

Yang C, Murdnsky O, Zhu H L, Thorogood G J, Huang H F and Zhou
X T 2017 Mater. Design. 113 223

Ziegler J F, Ziegler M D and Biersack J P 2010 Nucl. Instrum. Methods
B 268 1818

Astm E 2009 ASTM E521, Standard practice for neutron radiation
damage simulation by charged-particle irradiation, December 2, 2009,
West Conshohocken, USA, p.1

Borodin V A and Vladimirov P 'V 2009 J. Nucl. Mater. 386-388 106
Bennetch J 1, Sattler M L, Schiestle Horton L L, Horton J A and Jesser
W A 1979 J. Nucl. Mater. 85-86 665

Jublot-Leclerc S, Lescoat M -L., Fortuna F, Legras L, Li X and Gentils
A 2015 J. Nucl. Mater. 466 646

Was G S 2007 Fundamentals of Radiation Materials Science: Metals
and Alloys (New York: Springer)

Wang C, Ren C, Zhang W, Gong H F, Huai P, Zhu Z Y, Deng H Q and
Hu W Y 2015 Comput. Mater. Sci. 107 54

Trinkaus H and Singh B N 2003 J. Nucl. Mater. 323 229

Gao J, Huang H F, Liu X, Wang C B, Stubbins J F and Li Y 2018
Scripta Mater. 147 93

Li N, Nastasi M and Misra A 2012 Int. J. Plasticity 32-33 1


https://www.oecd-nea.org/science/rd/presentations/2-2.pdf
https://www.oecd-nea.org/science/rd/presentations/2-2.pdf
https://www.oecd-nea.org/science/rd/presentations/2-2.pdf
https://doi.org/10.1088/1674-1056/abf039
https://doi.org/10.1088/1674-1056/abf039
https://doi.org/10.1016/j.pnucene.2006.07.005
http://dx.doi.org/10.1016/j.jnucmat.2017.06.005
https://doi.org/10.1088/1674-1056/abf924
https://doi.org/10.1088/1674-1056/abf924
http://dx.doi.org/10.1016/j.nucengdes.2009.12.033
http://dx.doi.org/10.1016/j.actamat.2012.11.004
http://dx.doi.org/10.1016/S0022-3115(99)00075-6
https://doi.org/10.1016/S1369-7021(09)70294-9
https://doi.org/10.1088/1674-1056/abff48
https://doi.org/10.1088/1674-1056/abff48
https://doi.org/10.1016/j.matdes.2015.10.147
https://doi.org/10.1016/j.jnucmat.2020.152419
https://doi.org/10.1016/j.jnucmat.2020.152419
https://doi.org/10.1016/j.jnucmat.2019.07.032
https://doi.org/10.1016/j.jmst.2021.08.071
https://doi.org/10.1016/j.jmst.2021.08.071
http://dx.doi.org/10.1016/j.jnucmat.2021.152855
http://dx.doi.org/10.1016/j.jnucmat.2019.02.022
http://dx.doi.org/10.1016/j.jnucmat.2019.02.022
http://dx.doi.org/10.2320/matertrans.M2014075
http://dx.doi.org/10.1016/j.jnucmat.2019.07.032
http://dx.doi.org/10.1016/j.jnucmat.2019.07.032
http://dx.doi.org/10.1016/j.jnucmat.2014.09.019
http://dx.doi.org/10.1016/j.jnucmat.2014.09.019
http://dx.doi.org/10.1016/j.matdes.2016.10.024
http://dx.doi.org/10.1016/j.nimb.2010.02.091
http://dx.doi.org/10.1016/j.nimb.2010.02.091
https://www.mendeley.com/catalogue/47b7949d-219b-3e85-84cb-74e420cce250/
https://www.mendeley.com/catalogue/47b7949d-219b-3e85-84cb-74e420cce250/
https://www.mendeley.com/catalogue/47b7949d-219b-3e85-84cb-74e420cce250/
http://dx.doi.org/10.1016/j.jnucmat.2008.12.070
http://dx.doi.org/10.1016/0022-3115(79)90336-2
http://dx.doi.org/10.1016/j.jnucmat.2015.09.013
http://dx.doi.org/10.1016/S1369-7021(07)70250-X
http://dx.doi.org/10.1016/S1369-7021(07)70250-X
http://dx.doi.org/10.1016/j.commatsci.2015.05.017
http://dx.doi.org/10.1016/j.jnucmat.2003.09.001
http://dx.doi.org/10.1016/j.scriptamat.2018.01.006
http://dx.doi.org/10.1016/j.scriptamat.2018.01.006
http://dx.doi.org/10.1016/j.ijplas.2011.12.007

	1. Introduction
	2. Materials and methods
	3. Results and discussion
	4. Conclusion
	References

