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Abstract: Developing novel materials for nuclear reactors is a crucial research task. Due to the harsh conditions in the reactors, core
materials must possess exceptional high-temperature properties, including high strength, ductility, corrosion resistance, and irradiation
resistance. Additionally, the low neutron absorption cross-section and the neutron activation are also important considerations. It is
widely acknowledged that the choice of core material for a typical space nuclear reactor is primarily determined by the operation
temperature. Generally, with increasing the designed operation temperature of reactor, 316 stainless steel, nickel-based superalloys,
oxide-dispersion-strengthened (ODS) steel, refractory metals, and SiC ceramics are preferred in order. Besides, the high entropy
alloys attract extensive attention for nuclear applications. This review summaries the evolution of mechanical properties of different

material systems during irradiation process, providing guidance for the further research in irradiation resistance.
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With the increasingly fierce international competition, deep
space exploration becomes important strategic technology,
which is closely related to the exploration and application of
future space resources. Similar to most core technologies, the
continuous and stable supply of energy and power is a crucial
challenge for deep space exploration. Under complex space
environments, traditional nuclear power sources, such as
chemical fuels and solar batteries, have severe challenges.
Due to the high temperature, severe corrosion, and high doses
of ion bombardment in nuclear reactors during service',
materials with good irradiation resistance are characterized by
high melting point, low neutron absorption cross-section, and
low sputtering yield?. The latter two characteristics are the
vital bases for the material to maintain the structural stability
in the interaction with neutrons.

The core material of a typical space nuclear reactor is
mainly determined by the operation temperature”. When the
designed operation temperature of reactor is less than 900 K,
316 stainless steel is the preference'. When the designed
operation temperature of reactor is 1000—1200 K, the nickel-
based superalloys, such as Inconel-601%' and Hastelloy-X"
alloys, are preferred. Oxide-dispersion-strengthened (ODS)
steel” and niobium alloy® are more suitable when the
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operation temperature is 1200—1500 K. When the operation
temperature exceeds 1500 K, the refractory metals, such as
titanium-zirconium-molybdenum

alloys, molybdenum-

rhenium alloys, and tungsten-rhenium alloys, attract much
attention™. SiC ceramics are more suitable in higher
temperature environments. Additionally, the high entropy
alloys (HEAs) possess high structural stability and excellent
mechanical properties under irradiation environment, which

attract much attention in the nuclear field"”.
1 Stainless Steel

AISI 304 and 316 austenitic stainless steels have optimal
combination of strength, ductility, and corrosion resistance.
Huang et al''" proposed a deformation mode map of irradiated
316 stainless steels in true stress-dose space for tensile tests at
room temperature, as shown in Fig. 1", It can be seen that the
true stress for formation of extended stacking fault, twinning,
and plastic instability (necking) is dose-independent, and thus
it can be measured at un-irradiated state. With the dose of a
little displacement per atom (dpa), the yield stress reaches the
necking stress, namely PIS, and the uniform elongation is

1

quasi-null™™"?, The effect of tensile temperature on the

plasticity mechanisms after irradiation has been researched'”.
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Fig.1 Deformation mode map of 316 and 316LN stainless steels in
true stress-dose space!'” (PIS: plastic instability stress, onset

of necking; Y'S: yield stress; dpa: displacement per atom)

When the tensile temperature varies from —115 °C to 120 °C,
y—a transformation occurs in the austenitic steels, resulting in
the recapture ductility. Although the dose threshold of wave
initiation of the irradiated alloy at room temperature can
hardly be reached, the wave generation can be induced with
decreasing the tensile temperature!”. The formation of twins
and martensite laths after irradiation has been extensively
studied during tension at temperature higher than 300 °C.

Austenitic steels with excellent high-temperature strength
attract much attention as the structural materials of fusion
reactors. However, the austenitic steel has many deficiencies,
such as low thermal conductivity, weak radiation resistance,
inferior swelling performance, low activation requirements,
and low yield strength, which need to be improved by process
optimization or addition of specific elements.

Thus, a series of modified cast stainless steels based on the
standard 316L alloy have been developed and characterized.
The steels are modified by addition of nitrogen, manganese,
and copper to improve their mechanical performance under
both irradiated and un-irradiated conditions"*"”, The modified
cast steels exhibit less elemental inhomogeneity and
secondary phase formation, compared with the steels before
modification. The ferrite formation during casting and the
subsequent precipitation during ferrite reversion process are
effectively suppressed in the modified steels.

The reduced activation ferritic/martensitic (RAFM) steel is
usually used as the wall/cladding structural material for the
fusion engineering testing reactors"”, including the EUROQ97
steel, F82H steel, JRF-1 steel, and 9Cr2WVTa steel™* .. The
ultra-clean reduced activation martensitic steel can be
prepared by ultra-clean process preparation technology™”,
involving the vacuum induction melting combined with
protective atmosphere electroslag remelting duplex process, to
replace Ta element with the less active Ti element. The
prepared steel exhibits extremely strong precipitation phase,
good ductile-brittle transition temperature stability, and fine

irradiation resistance.

RAFM steel has better performance than the austenitic
stainless steel in the application of structural materials for
fusion reactor. RAFM steel has mature manufacturing process,
good weldability, fine radiation swelling resistance, fine
thermal stress factor, excellent corrosion resistance against
liquid metals, and available irradiation properties®. The
improved Fe-Cr-Mo RAFM steel has been widely researched
and found that the Mo, Ni, and Nb elements in the original
RAFM steel cannot meet the requirements of low activation,
which should be replaced by W, Ta, and V elements™.

The deuterium retention in RAFMs, castable nanostructured
alloys (CNAs), and ODS steels for the fusion reactor
application is widely studied. D" implantation at room
temperature and 10 keV followed by thermal desorption
spectroscopy (TDS) can quantitively measure the deuterium
retention. ODS steels have the largest deuterium retention
(sink strength) among various materials, which is almost one
order of magnitude higher than that of pure iron, 6 times
higher than that of RAFM, and 2—4 times higher than that of
CNA steels, as shown in Fig.2™". Most implanted deuterium is
desorbed when temperature is lower than 600 K, implying that
these trapping sites are weak. Additionally, the differences in
nanoparticles and grain/lath boundaries are
responsible for the differences in deuterium retention, while

primarily

other trapping sites (vacancy clusters, dislocations) have
relatively less contribution. The deuterium retention is not
linearly correlated to the sink strength of the materials. It is
concluded that the complicated nanostructures lead to the
enhanced deuterium retention of advanced steels for the fusion
reactor application.

Neither the mechanism of irradiation-induced damage in
stainless steels nor the interplay among the damage, clear
bands, twinning, and martensite formation is clear. Particu-
larly, the facts that the critical stresses for twinning, formation
of extended stacking fault, and necking are dose-independent,
whereas the microstructural evolution is dose-dependent
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Fig.2 Sink strength and normalized deuterium retention rate of
RAFM, CNA, ODS steels (normalized to the desorbed

deuterium from pure iron)?*”
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should also be investigated. The grain rotation in irradiated
steels during tensile tests should also be studied.

2 Ni-based Superalloys

Commercial Ni-based superalloys are commonly
considered for nuclear applications due to their excellent
mechanical properties and fine corrosion resistance at specific
reactor temperatures. Among those commercial Ni-based
alloys, Inconel 718 alloy possesses improved age-hardening
capability and comparable corrosion resistance, which can be
used as core components in light water reactors”. With
increasing the radiation dose, the alloy ductility is increased. A
irradiated  to
approximately 9 dpa has the yield strength of around 1 GPa
and elongation of approximately 19%". It is also found that
both the uniform and total elongation values are increased
with increasing the radiation dose from 2.5 dpa to 9.7 dpa, as
shown in Fig.3™". According to Ref.[24], the high-resolution
transmission electron microscopy (TEM) and energy
dispersive spectroscopy were conducted at atomic resolution

solution-annealed  Inconel 718  alloy

level. The stacking faults and vacancy clusters of nanometer
scale associated with H and He can be observed. These
radiation-induced defect structures may increase the strain-
hardening effect on material during deformation. Besides, the
ductility is increased with increasing the dose. The mechanical
performance of Inconel 718 alloy after irradiation to 9.7 dpa is
favorable, providing support to prolong the proton beam
window service lifetime with higher displacement dose levels.
After irradiation to approximately 9.7 dpa, the strength
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Fig.3 Relationship between uniform elongation and dose™!

remains, but the ductility decreases, which agrees with results
of irradiated SA 718 alloy™”.

The 625 Plus alloy is a commercial Ni-based alloy as
promising structural material for nuclear reactors. The long-
term thermal aging was conducted to clarify the
microstructure evolution of 625 Plus alloy under proton and
ion irradiation at 300 °C, as shown in Fig. 4. The <100>
zone of 625 Plus alloy was analyzed by selected area electron
diffraction (SAED) though TEM. Atom probe tomography
(APT) was also conducted for element distribution analyses.
Cascade mixing dominates during ion irradiation. The
comparison between alloys after solution and aging treatments
reveals the steady pattern of the secondary phase at nanoscale.
The phase separation, formation of Pt,Mo-type ordered phase

and y' phase, and solute clustering of Nb, Ti, Al, and Si all

Fig4 SAED patterns and APT element distribution results of <001> zone of 625 Plus alloy after proton irradiation to 1.5 dpa (a), 6 dpa (b), and

11 dpa (c) at 300 °CP
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occur in the solution-treated alloys after proton irradiation at
300 °C. With dose of 1.5—11 dpa, the presence of Pt,Mo-type
ordered phase can be clearly observed. With dose of 6 and 11
dpa, the superlattice spots of y phase can also be observed.
The Nb-rich clusters are uniformly distributed. Thus, the Al-
rich and Nb-rich clusters are precursors of Ni,(Ti, Al, Nb) y'
phase and Ni,(Nb, Mo, Ti, Al) " phase precipitates,
respectively. Si-rich clusters can be observed with dose of
1.5-11 dpa.

3 Refractory Alloys

Tungsten, niobium, molybdenum, and other refractory
metals have high melting points and low sputtering yields.
Therefore, the development of anti-irradiation materials attract
much attention.

3.1 Nb alloys

Niobium and its alloys are promising structural materials
for compact nuclear reactors at high temperature due to their
good ductility, high temperature strength, fine corrosion
resistance against most liquid metals or coolants, and low

[27]

density

Nemoto et al™

studied the mechanism of ultra-high irradia-
tion hardening on Nb by in-situ uniaxial tension and
compression tests. He bubbles in Nb promote the dislocation
nucleation. In addition, He bubbles with 1.2 nm in size jointly
form a multi-sided fracture surface, whereas those with 8.0
nm in size cause material failure due to elongation and
fragmentation. The theoretical hardening value is less than the
one-third of the experimental result. The huge difference in
theoretical and experimental results is caused by the ultra-high
irradiation hardening originating from a large number
undetectable He-vacancy (He-V) complexes with atom size.
The strong interactions between dislocations and high-density
He-V complexes result in the significant irradiation hardening
in Nb.

The high-temperature strength of pure Nb decreases above
1000 °C. The addition of Zr and C into Nb is an effective
method to enhance the material strength. Nb-1Zr-0.1C alloy is
also a promising structural material for compact nuclear
reactor at high temperature™. The defect structure evolves
within the grains after irradiation to the highest dose of 1x10"
particle/cm’, as shown in Fig.5. The planar defects, such as
dislocation loops, can be clearly observed. The size of the
dislocation loops is 3—10 nm, and the average dislocation loop
size is approximately 6 nm. Dislocation loops result from the
collapse of irradiation-induced defect clusters.

The relationship between engineering stress and plastic
strain of un-irradiated and irradiated Nb-1Zr-0.1C alloys is
shown in Fig.6™". It is apparent that the proton irradiation has
significant effect on the mechanical behavior of Nb-1Zr-0.1C
alloy. The yield strength and ultimate tensile strength of the
alloy are increased, whereas the ductility (uniform and total
elongation) is reduced after irradiation. Correspondingly, the
ultimate compressive strain ¢, and the ultimate tensile strain &,
of the un-irradiated alloy decreases from 5.00 and 9.7% to

50 nm

Fig.5 Bright-field (BF) TEM microstructures (the defect structure
evolves) of Nb-1Zr-0.1C alloy after irradiation to dose of 1x

10" particle/cm’ (dislocation loops are marked by arrows)™”

IS
(=3
S

(%]
(=
(=]

[
(=2
S

— Un-irradiated
—5x10" particle/cm’

—_
(=2
S

—5x10" particle/cm’

Engineering Stress/MPa

— 1x10" particle/cm’

0 . . : . .
0.00 0.02 0.04 0.06 0.08 0.10 0.12

Plastic Strain

Fig.6 Relationship between engineering stress and plastic strain for

un-irradiated and irradiated Nb-1Zr-0.1C alloys™”

0.34 and 1.8% when the dose is 1x10" particle/cm’,
respectively. This result infers the occurrence of irradiation
embrittle-ment in the Nb-1Zr-0.1C alloy.

3.2 Mo alloys

Molybdenum has a body-centered cubic (bcc) crystal
structure. No phase change occurs during the heating process
to melting point, which indicates the excellent high-temper-
ature structural stability and superior high-temperature perfor-
mance of molybdenum alloys®. However, the mechanical
properties of metals with bce structure at room temperature
are inferior, such as low plastic deformation ability and weak
process hardening ability™", even for the industrial-pure Mo.

The evolution of dislocation rings and the interaction of pre-
existing dislocation lines in molybdenum under He"
irradiation at 673 K and 30 keV were analyzed through in-situ
TEM and molecular dynamics simulations™*>". It is found that
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with increasing the helium dose, the density of dislocation
ring is increased rapidly and then slowly decreased to the
saturation value, whereas the average size of dislocation ring
is continuously increased until the upper limit. Pre-existing
dislocation lines inhibit the nucleation and growth of
dislocation rings, and the irradiation-induced dislocation rings
have a strong pegging effect on the dislocation lines, thereby
hindering the dislocation movement. As shown in Fig.7, both
1/2<111> and <100> loops are formed with the proportion of
60.2% and 39.8% at 3.95 x10" He'/cm’ (0.07 dpa), respec-

tively™

. The interaction process depends on the Burgers
vector, the plane of dislocation loop, the motion and reaction
kinetics of dislocation segments, and the external loading. The
simulated and experimental results of these phenomena are in
great agreement.

Since 1960, the molybdenum-rhenium alloy has become the
most commonly used core structural material®”. The addition
of Re element can greatly improve the high-temperature
strength, processing performance, welding performance, and
recrystallization temperature of solid-solution-strengthened

molybdenum alloy, and significantly reduce the toughness

transition temperature and anisotropy of molybdenum alloy,
thereby significantly improving the room-temperature mechan-
ical properties of molybdenum alloy. In addition,
molybdenum-rhenium alloy has good compatibility with
nuclear fuels, such as UO,, UN, UC, and alkali metals in heat
transfer media. Therefore, molybdenum-rhenium alloys attract
much attention as core materials for high-temperature heat
pipe reactor””.

The molybdenum-rhenium alloy can be roughly divided
into low rhenium alloy (rhenium content of 2wt%—15wt%),
medium rhenium alloy (rhenium content of 15wt%—30wt%),
and high rhenium alloy (thenium content of 30wt%—50wt%)"".
The irradiation damage degree of molybdenum rhenium alloys
is affected by the irradiation temperature and the rhenium
B Agarwal et al® studied the irradiation
damage, recrystallization, and stress release of Mo-2Re,
Mo-4Re, Mo-10Re, Mo-13Re, Mo-41Re, and Mo-41Re
molybdenum-rhenium alloys at 681 — 1072 K. When the
irradiation temperature is less than 874 K, the hardness of
molybdenum-rhenium alloy after irradiation is increased

content in the alloy

linearly with increasing the rhenium content. At the irradiation

Fig.7 Experimental (a,~h,) and simulated (a,—h,) evolutions of dislocation loops and pre-existing dislocation lines before (a,—a,) and after He"
irradiation with dose of 0.02 dpa (b,—b,), 0.04 dpa (c,—c,), 0.07 dpa (d,—d,), 0.11 dpa (e,—e,), 0.14 dpa (f,—f,), 0.21 dpa (g,—g,), and 0.28

dpa (h,~h,)"
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temperature of 1072 K, although the increase in hardness is
not that obvious with increasing the rhenium content, the
maximum hardness of the molybdenum-rhenium alloy after
irradiation is still twice larger than that of the alloy before
irradiation. The severe irradiation hardening of molybdenum-
rhenium alloys at irradiation temperatures less than 1000 K
reflects a significant decrease in plasticity of molybdenum-
rhenium alloys at low irradiation temperatures accompanied
by more severe grain boundary fractures™ *!
Fig.8.

The evolution

, as shown in

of dislocation rings in raw and
nanocrystalline Mo-5wt% Re alloys during irradiation was
analyzed by in-situ TEM characterization*'. Cyclic activation
of dislocation rings can be observed during Fe™ irradiation at
700 and 800 °C and 400 keV. The gradual disappearance of
dislocation lines towards the grain boundaries and the change
of the slip surface from [101] to [211] can be observed after in-
situ irradiation. There are three main pathways leading to the
disappearance of dislocation ring: the aggregation between
dislocation rings, the absorption of strong defects, and the
influence of surrounding dislocation rings. With increasing the
irradiation dose, the number of dislocation rings formed in the
coarse grains is gradually increased, the density of dislocation
lines is almost stable, whereas the number of dislocation rings
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produced in the nanocrystals is relatively small.
3.3 Walloys

As a typical refractory metal with high melting point and
low sputtering yield, tungsten is favored for plasma-facing ma-
terials (PFMs) in fusion devices under extreme conditions',
and its behavior under irradiation and He plasma interaction
has been extensively studied. He ion-beam irradiation damage
effects on the mirror-polished single-crystalline W samples
with {100}, {110} and {111} surface planes were discussed in
Ref.[43]. Irradiation was performed at room temperature and
40 keV with He" dose of 1x10' particle/cm’ followed by TDS
to approximately 1920 K. The microstructures of He-irra-
diated W alloy before and after TDS treatment were charac-
terized by scanning electron microscope (SEM) coupled with
transmission kikuchi diffraction (TKD) technique and TEM,
as shown in Fig. 9", Corresponding inverse pole figures
(IPFs) are also presented in Fig. 9. The He bubbles on
subsurface can be observed in all specimens. However, newly
formed <111>-oriented surface grains and surface blisters can
only be observed along W {100} and W {110} orientations.
These results reveal that the radiation damage, He thermal
desorption, and surface/subsurface evolution are all strongly
dependent on the crystallographic orientation. Related physi-
cal mechanisms are discussed based on the ion channeling
effects, He-vacancy interactions, and surface dif fusion.

The appearance of intermetallic Re precipitation with
concentration below the solubility limit is an obscure
phenomenon in neutron-irradiated W alloys. Ion irradiation
cannot produce intermetallic Re precipitation, indicating that
the neutron damage, microstructure evolution, and precipitate
formation can hardly be explained. Senkov et al** induced the
WRe and WRe, phases into W26Re alloy after Ne ion
irradiation at 350 keV and 500/800 °C. The precipitation of
these phases is related to the effects of cascade energy density
and ballistic mixing during high-energy self-ion irradiations,
resulting in the re-dissolution of precipitates. Fig.10 shows the
BF-TEM images of W26Re alloys before and after irradiation.
Single-phase crystallinity is confirmed by SAED patterns
along [113] zone axis. After irradiation at 800 °C to 5.0 dpa,

He-irradiated {111}

001

110 111

i NI X

Fig.9 SEM-TKD morphologies of different surface planes of He-irradiated thin foils of W alloys™*"
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100 nm,

Fig.10 BF-TEM images (a, ¢) and SAED patterns (b, d) of single-
phase crystal for W26Re alloys before (a—b) and after (c—d)
Ne ion irradiation at 350 keV and 800 °C with dose of 5.0

dpa (precipitates are indicated by arrows)!*!

the precipitates nucleate epitaxially, reflecting the relationship
between the matrix and precipitates.

The microstructure in W(Re, Ta) alloys exhibits a higher
dislocation ring density, compared with that in pure W. The
dislocation is increased sharply towards the damage saturation
with increasing the dose. Chen et al™”
temperature annealing of pure tungsten followed by
irradiation of W ions at 500—1200 °C. At temperatures of 800,
950, 1100, and 1400 °C, the pure tungsten after ion irradiation
(2 MeV W*, 500 °C, 1014 W'/cm’) was subjected to batch

isothermal annealing for 0.5—8 h. The dislocation rings with

performed the high-

diameter greater than 2—3 nm have the Bertrand vectors of 1/2
<111> and gap properties.

Dobbelstein et al*” performed the in-situ W* ion irradiation
at 150 keV on W-5wt% (Re, Ta, V) alloys, and studied the
effects of irradiation temperature, dose, alloying elements, and
grain orientation on the radiation damage and microstructure
evolution. For irradiation at 30—-1073 K, the defect in pure W

firstly appears at doses<0.01 dpa as a vacancy ring with
Bursell vector of b=1/2<111>. With increasing the irradiation
temperature, the number of retained defects is increased
sharply, and the maximum cluster size is increased from 1300
dot defects at 30 K to 2300 dot defects at 1073 K. The
evolution of damage microstructures at all irradiation
temperatures involves the defect cluster migration with
varying the dose from 0.1 dpa to 1.0 dpa. The mutual elastic
interactions occur during irradiation, leading to the spatial
inhomogeneities and loop reactions.

The loop defect size distributions of different W alloys after
irradiation to 1.0 dpa are shown in Fig.11“7. In pure W alloy,
the loop size is increased with increasing the irradiation
temperature. At 773 K, small loops with size of 4 nm
dominate; at 873 K, the loops with size of 4—5 nm dominate;
at 1073 K, the loops with size of 5—6 nm dominate. The
proportion of loops with size of 1-2 nm is decreased sharply
from 27.5% at 573 K to only 1.5% at 1073 K. In W-5Re alloy,
the variation trend of loop size distributions is similar to that
of pure W alloy at 773 and 873 K. The loops with size of 1-2
nm dominate in the W-5Re alloy at 773 and 873 K, which
accounts for approximately 35% of the total loops. However,
at 1073 K, the proportion of loops with 1-2 nm in size drops
to approximately 20%, and the maximum proportion of loops
is about 24% for the ones with 4-5 nm in size. At 1073 K, the
number of loops is much lower than that at 873 K, suggesting
that fewer loops nucleate at this temperature but more loop
growth occurs. The loop size distributions in W-5Ta alloy
slightly change under different irradiation temperatures. The
dominant loop size is 1—2 nm, and the proportion of these
loops is decreased from 42% to 30% with increasing the
irradiation temperatures. The proportion of loops with size of
4—-5 nm is increased from 6% to 11% with increasing the
irradiation temperature from 873 K to 1073 K. The loops with
8 nm in size can only be observed at 1073 K. Additionally, Ta
has a larger effect than Re on the restriction of loop growth

during irradiation™”.

4 SiC Composites

The application of SiC fiber-reinforced SiC ceramic
composites (SiC/SiC) in nuclear reactors becomes a research
hotspot, and its initial application is in the high-temperature

50 50 50
—p—W 573K a W-5Re 773 K b W-5Ta 773 K c

- —p—wW 873K ——W-5Re 1073 K | —B—W-5Ta 1073 K
g Le
=
3 20F 20 20
=9

10F 10} 10F

0

1-2 3-4 5-6 7-8  9-10 >10 0 1-2 3-4

Loop Size/nm

Fig.11 Loop size distributions along <001> axis in pure W (a), W-5Re (b), and W-5Ta (c) alloys after irradiation to 1.0 dpa
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gas-cooled reactors. Although the fracture strength (measured
by proportional ultimate stress) decreases after irradiation at
300 °C, it barely changes after irradiation at 500 and 800 °C.
When the pure SiC and SiC/SiC composites are treated by
irradiation at 500—1000 ° C with dose of 70 dpa, the high
strength, good dimensional stability, and even the excellent
compatibility in liquid Pb-Li at 1100 °C of SiC composites
can be maintained.

Han et al® studied the irradiation resistance of SiC/SiC
composites by Au ion irradiations at 10 MeV and 350 °C with
surface doses of 1-50 dpa. The irradiation-induced axial and
radial shrinkage of SiC-fibers was discussed, as shown in
Fig. 12. After irradiation to 50 dpa, the net fiber shrinkage
reaches 2.8%+0.3%. The primary cause of SiC-fiber shrinkage
in SiC/SiC composites is the loss of pre-existing carbon
packets, which account for 2% — 3% fiber in un-irradiated
composite. The volume of carbon packet is decreased with
increasing the dose, and the carbon packet is basically
completely lost after irradiation to 50 dpa. In addition, the
irradiation-induced swelling of 1%+0.5% can be observed in
the matrix after irradiation to 50 dpa. In this case, the
multilayer pyrolytic-carbon (PyC) interface in the composite
has high irradiation resistance, thereby maintaining its
morphology and graphitic nature, and presenting no signs of
amorphization. Additionally, the Raman spectroscopy results
reveal that the saturation state of a TEM-invisible disorder for
both the ultra-fine grains of fiber and the larger SiC-matrix
grains after irradiation to 1 dpa. However, the formation of
TEM-visible defects, such as dislocation loops, can only be
detected in the larger matrix grains, thereby revealing a
potential role of grain size on defect accumulation in SiC

Irradiation induced Si3CO-f1ber shrinkage
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composites.

The irradiation resistance of SiC/SiC composites is mainly
determined by the purity and crystallinity of the materials. The
lower the material purity and crystallinity, the more the
structural defects after and the worse the
irradiance resistance of material. Conversely, the higher the
purity and crystallinity, the better the structural stability, and
the better the properties under irradiation envorpment.

5 HEAs

irradiation,

HEAs usually have equal atomic ratios of the principal
elements with face-centered cubic (fcc) single phase, bce
1 Compared with the
high-temperature

and fine

single phase, or fcctbee poly-phase
traditional alloys, HEAs have better

properties, excellent corrosion resistance,
irradiance resistance™. The general element composition of

ion

HEAs can be simply divided into two categories: the ones
with 3D-transition group metals (Co, Cr, Cu, Fe, Mn, Ni, Ti,
V) as the main constituent elements, and the ones with
refractory metals (W, Mo, Nb, Ti, Ta, Zr, Cr, Hf) as the main
B Although the
superior HEAs can maintain good mechanical properties
below 600 ° C (strong work hardening effect, high yield
strength), which are similar to Ni-based alloys, the mechanical
properties are significantly reduced once the temperature
reaches 800 ° C™. In order to prepare HEA with excellent
high-temperature mechanical properties, El-Genk et al®
prepared WMoTaNb (p=13.75 g/cm’) and WMoTaNb-V (p=
12.36 g/cm’) alloys with bce single phase structure, which
attract widespread attention due to their stable mechanical
properties at even 1600 °C. Various alloys have been designed

constituent elements (refractory HEAs)

No significant damage to PyC interface
by irradiation
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to improve their high-temperature mechanical properties, and
the considered elements gradually change to the fourth
subgroup (Ti, Zr, Hf), the fifth subgroup (V, Nb, Ta), the sixth
subgroup (Cr, Mo, W), and non-refractory (Al, Si, Co, Ni)
elements™.

To evaluate the potential of HEAs for nuclear applications,
the properties of Al ,CoCrFeNi and CoCrFeMnNi HEAs
were compared with those of conventional 316H stainless
steel after irradiation to 1 dpa with 1 MeV krypton ions at
500 °CP, After irradiation, the ordered L1, nanoparticles with
high density can be observed in Al ,CoCrFeNi HEA.
However, no phase transformation occurs in CoCrFeMnNi
HEA and 316H stainless steel. As shown in Fig. 13" and
Fig. 14" small defect clusters and dislocation loops can be
observed in all three materials after irradiation. No voids can
be observed, which may be due to the insufficient vacancy
mobility and the relatively low irradiation dose. Since the thin
foil specimens have wedge shape, the size and density of
defects can be directly affected by the TEM observation. The
areal density of defect clusters in the 2D TEM version is
proportional to the foil thickness, but it is not identical to that
in the 3D observation version.

Fig.13 shows the dark-field TEM images of Al ,CoCrFeNi
HEA, CoCrFeMnNi HEA, and 316H stainless steel after
irradiation to 1 dpa with 1 MeV krypton ions at 500 °C. The
thickness of foil specimens was 80 nm. In this case, only
small defect clusters can be observed. For the Al ,CoCrFeNi
and CoCrFeMnNi HEAs, the high portion of defect clusters
can be recognized as stacking fault tetrahedra. The stacking
fault tetrahedra in Al ,CoCrFeNi HEA is slightly larger with
better configuration, compared with that in CoCrFeMnNi
HEA. For 316H stainless steel, only a few defect clusters are
stacking fault tetrahedra, as indicated by the red arrows in
Fig.13c. Other features do not have a well-defined shape and
are considered as dislocation loops. Moiré fringes on surface
oxides can be observed in CoCrFeMnNi HEA, which are
more obvious than those in the Al ,CoCrFeNi HEA and 316H
stainless steel.

When the foil thickness is more than 100 nm, large
dislocation loops of 40 nm in size appear uniformly, as shown

in Fig. 14", The loop size is larger than the black-spot defect
clusters in the thinner regions. The areal density of dislocation
loops is increased with increasing the foil thickness. For
Al,,CoCrFeNi HEA, a large number of small defect clusters
are still visible in the thick region, resulting in a bimodal size
distribution of defect clusters. For the CoCrFeMnNi HEA and
316H stainless steel, the bimodal distribution is not obvious.
When the foil thickness is 250 nm, no dislocation networks
can be observed. No quantitative measurement is conducted
on the stacking fault tetrahedra and small defect clusters in the
thick regions, because small defect clusters with size<2 nm
are difficult to detect in the foils with thickness>40 nm.
Refractory HEAs attract much attention due to their
excellent high-temperature mechanical properties. Since the
reactor core material serve under harsh conditions, including
high temperature, strong corrosion, and high-dose irradiation,
the WMoTaNb
temperature strength has great potential in the irradiation
field®. The energy for WMoTaNb and FeCoCrNi HEAs
during He irradiation is similar®”. Numerous studies prove

that FeCoCrNi HEAs have excellent irradiation resistance™,

refractory HEA with excellent high-

so WMoTaNb refractory HEAs are expected to have excellent
ionic irradiation properties.

The W-based refractory HEA with bec structure and
outstanding radiation resistance was designed by Wesemann et
al"”. The thin films have bimodal grain size distribution in
the nanocrystalline and ultrafine grains. A lamellar structure
of 4 nm in size can be observed by APT, as shown in
Fig. 15", Som black spots appear after thermal annealing at
elevated temperatures in W-based refractory HEA. It is
revealed that the black spots with secondary phase particles
are rich in Cr and V elements. As shown in Fig.15, no sign of
irradiation-created dislocation loops, even after dose to 8 dpa,
can be observed. Furthermore, the hardness of 14 GPa is
obtained for the as-deposited specimens with almost
negligible irradiation hardening effect. The formation of Cr-

and V-rich secondary phase particles can be predicted. The
point defects with equal-mobilities are the origin of the
exceptional radiation tolerance.

Fig.13  Weak-beam dark-field TEM images of Al ,CoCrFeNi HEA (a), CoCrFeMnNi HEA (b), and 316H stainless steel (c) after irradiation to 1
dpa with 1 MeV krypton ions at 500 °C (the thickness of foil specimen is 80 nm; the diffraction condition is g=[200] at <011> zone axis;

the red arrows indicate stacking fault tetrahedra in 316H stainless steel; the Morié fringes in CoCrFeMnNi HEA are oxides on the foil

surface) ™
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Al ,CoCrFeNi CoCrFeMnNi

150-200 nm 100-150 nm

200-250 nm

Fig.14 BF TEM images near <110> zone axis with g=[200] of Al ,CoCrFeNi HEA, CoCrFeMnNi HEA, and 316H stainless steel with different
thicknesses after irradiation to 1 dpa with 1 MeV krypton ions at 500°C"”
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Fig.15 APT analysis results of W-based refractory HEA after Cu" irradiation to 8 dpa at 3 MeV and 1050 K''”!
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6 Conclusions

1) Stainless steels with relatively low cost have good
irradiation-resistance at low temperature. Thus, a series of
modified cast stainless steels based on the standard 316L
stainless steel have been developed and characterized. These
steels are modified by nitrogen, manganese, and copper,
exhibiting smaller elemental inhomogeneity and better
structural stability during irradiation. As a potential steel
system, the reduced activation ferritic/martensitic (RAFM)
steel has better performance than the austenitic stainless steel
does as structural materials in the application of fusion
reactor. W, Ta, and V elements replace the Mo, Ni, and Nb
elements in RAFM to reduce the activation and to obtain the
relatively smaller deuterium retention.

2) Although Ni-based superalloys and high entropy alloys
possess good irradiation-resistance, the phase transformation
leads to the unstable structure and inferior mechanical
properties, which restricts their application at high temper-
atures. After the solid solution, Mo, W, Nb, and their alloys
with high melting points present excellent irradiation resis-
tance. However, Mo and W are fragile at room temperature.
The addition of Re element can improve the ductility of Mo
and W, but degrade their irradiation resistance by hardening
effect and the secondary phase precipitation.

3) SiC/SiC composite materials have excellent properties
and low activation characteristics. However, the practical
application of the SiC/SiC composite materials is restricted to
a certain extent by the seal preservation problem (minimize
the permeability of gas), production of materials, industrial
feasibility (welding process), and manufacturing cost.
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