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SPECIAL TOPIC — Ion beam modification of materials and applications

Effect of helium concentration on irradiation damage of Fe-ion
irradiated SIMP steel at 300 ◦C and 450 ◦C∗

Zhen Yang(杨振)1,†, Junyuan Yang(杨浚源)2, Qing Liao(廖庆)2,
Shuai Xu(徐帅)2, and Bingsheng Li(李炳生)2,‡
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SIMP steel is newly developed fully martensitic steel for lead-cooled fast reactors and accelerator-driven systems.
It is important to evaluate its radiation resistance via high flux neutron irradiation, where dense He atoms can be formed
via (n, α) transmutation reaction. Co-irradiation with Fe and He ions, instead of neutron, was performed. Specimens
were irradiated with 6.4-MeV Fe ions to the damage dose of 5 dpa at a depth of 600 nm. Three different helium injection
ratios of 60-appm He/dpa (dpa: displacements per atom), 200-appm He/dpa and 600-appm He/dpa at a depth of 600 nm,
were performed. Two different irradiation temperatures of 300 ◦C and 450 ◦C were carried out. The effect of helium
concentration on the microstructure of Fe-irradiated SIMP steel was investigated. Microstructural damage was observed
using transmission electron microscopy. The formed dislocation loops and bubbles depended on the helium injection ratio
and irradiation temperature. Lots of dislocation loops and helium bubbles were homogeneously distributed at 300 ◦C, but
not at 450 ◦C. The causes of observed effects are discussed.

Keywords: martensitic steels, Fe and He co-irradiation, microstructure, transmission electron microscopy

PACS: 61.80.–x, 61.80.Jh, 68.37.Lp, 78.40.Kc DOI: 10.1088/1674-1056/abd6f9

1. Introduction
To reduce the total amount of carbon dioxide in air, it is

inevitable to develop clean energies. Nuclear energy, in par-
ticular, fusion energy is regarded as one of the candidates.
To date, only fission of heavy elements techniques, like ura-
nium, thorium, and plutonium, have been practical applica-
tions. Light elements in fusion technology, like deuterium and
tritium, are also being actively developed. With a rapid de-
velopment of fission energy plants in China, more and more
nuclear wastes are produced to give many negative influences
for human. To dispose long-lived nuclear wastes in deep ge-
ological repository is not sustainable in the long term. To
satisfy sustainable development of nuclear-power systems, it
is urgent to use an effective and secure method to solve the
nuclear waste as soon as possible. In 2011, Chine Academy
of Sciences proposed a strategic project of advanced nuclear
fission energy in the future (named ADS: accelerator-driven
system).[1] In this project, a high-power proton accelerator
provides a high energy and intense current of proton to collide
with spallation target, in order to produce high-intensity neu-
trons by the (p, n) transmutation reaction. Subsequently, neu-
tron will accelerate transmutation of nuclear wastes to reach
two important aims. First, it can greatly improve the fuel
burnup, from 3.5%–5% (so far) to 95% (in future). Hence,

the limited uranium resource will be used longer. Secondly,
the long-lived radionuclide (hundreds of thousands of years)
will become short-lived radionuclide (decades), and then these
short-lived radionuclides will be easily disposed. Liquid lead-
bismuth eutectic (LBE) is regarded as the primary candidate
material for spallation target and coolant.[2] Due to a strong
corrosion phenomenon when containment materials contact
LBE, it is important to reduce corrosion rate of containment
materials.[3–5] The formed protective oxide scale on the mate-
rial surface can prohibit Pb, Bi, and O atoms from penetrating
into the substrate. It has been reported that Si element is easy
to be oxidized to form a dense oxide scale.[6] Considering the
advantage and disadvantage of Si in ferritc-martensitic steels,
a new type of reduced activation ferritic-martensitic steel,
SIMP steel with 1.4-wt% Si, was cooperatively fabricated by
the Institute of Modern Physics, Chinese Academy of Sciences
(CAS) and Institute of Metal Research, CAS.[7] Due to strong
neutron irradiation and serious LEB corrosion, it is important
to evaluate the radiation resistance and corrosion mechanism
of SIMP steel. Numerous helium atoms can be formed by the
(n, α) transmutation reaction. Due to a very low solubility
of helium atoms in ferritic-martensitic alloys, helium atoms
easily migrate and accumulate into vacancies to form bubbles,
which induce helium embrittlement and lattice swelling.[8–12]
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The helium production rate varies from 0.1-appm He/dpa to
100-appm He/dpa (dpa: displacements per atom), based on
the intensity of neutron-irradiation.[13] The increase in neu-
tron irradiation will enhance the helium production rate. In
ADS system, neutron flux is very large because of the high
power of neutron. The helium production rate can reach val-
ues of 100-appm He/dpa. The effect of the helium produc-
tion rate on the microstructure in neutron-irradiated steels is a
subject of extensive ongoing research.[14–17] The performance
of SIMP steel in radiation environment with high production
rates of helium therefore deserves utmost attention. Our re-
cent result showed the irradiation hardness of the Fe and He
co-irradiated SIMP steel increases with increasing helium in-
jection ratio at 300-◦C irradiation, rather than at 450 ◦C.[18] So
far, the microstructure of Fe and He co-irradiated SIMP steel
has not been sufficiently investigated. In this study, we used
Fe ions to simulate lattice disorder produced by neutron. Three
different helium injection ratios, 60-appm He/dpa, 200-appm
He/dpa, and 600-appm He/dpa respectively, were carried out.
The lattice disorder was analyzed by transmission electron mi-
croscopy (TEM). The present research results are important to
enable to evaluate the influence of helium concentration on the
evolution of lattice disorder in the application surroundings,
such as intense neutron irradiation.

2. Experimental process
The nominal chemical composition of SIMP steel is

shown in Table 1. The material structure was analyzed by elec-
tron backscattering diffraction (EBSD), and the results were
present in our previous article (see Fig. 8 in Ref. [18]). SIMP
steel has fully martensitic structure with a mean grain size of
1.05 µm.

Table 1. Nominal composition of SIMP steel (in unit wt%).

Steels Fe C Cr P Si V Mn Nb W

SIMP Bal 0.2 10.7 0.004 1.4 0.2 0.5 0.01 1.2
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Fig. 1. The depth profiles of the displacement damage produced by Fe-ion
irradiation and the implanted helium injection rate in Fe–Cr alloys simulated
by SRIM-2008. The TEM observation region is located at depths ranging
from 250 nm to 750 nm where dense helium atoms are deposited.

The sample was cut into 5 mm × 3 mm × 1 mm dimen-
sions by a wire electrical discharge machining, and then the
sample surface was polished by sandpapers and diamond spray
to reach mirror polish. Fe and He co-irradiation experiment
was performed at the dual-Beam Material Irradiation Facility
for Energy Technology (DuET) at the Institute of Advanced
Energy, Kyoto University. 6.4-MeV Fe3+ ions provided by
a 1.7-MeV tandem accelerator with a simultaneous implanta-
tion of energy-degraded 1.0-MeV He+ ions from a 1.0-MV
Singletron Accelerator (the helium beam went through three
different thicknesses of aluminum films), in order to provide a
uniform distribution of helium atoms in a certain depth range
(see Fig. 1). The irradiation temperatures were well controlled
at 300± 5 ◦C and 450± 5 ◦C measured by an infrared ther-
mometer. The fluence of Fe ions was 1.65× 1016 ions/cm2.
The Monte–Carlo code Stopping and Range of Ions in Mat-
ter (SRIM-2008) quick cascade simulation was used to simu-
late depth profiles of the Fe irradiation-induced displacement
damage and the implanted helium concentration (using the
threshold displacement energy of 40 eV and the density of
7.86 g/cm3),[19] as shown in Fig. 1. At a depth of 600 nm, the
nominal displacement damage rate and nominal displacement
damage were 3× 10−4 dpa/s and 5 dpa, respectively. Three
different helium injection ratios, 60-appm He/dpa, 200-appm
He/dpa, and 600-appm He/dpa respectively, were performed.

The microstructure of the irradiated sample was observed
by a JEOL 2010 TEM operated at 200 kV. A double-tilt
holder was used to fulfill kinematical bright-field and dynam-
ical two-beam, as well as weak-beam dark field diffraction
conditions. In order to observe damage distribution in depth,
cross-sectional TEM samples were prepared. Hitachi 2000 fo-
cused ion beam system was used to fabricate cross-sectional
TEM samples. After Ga ions thinning, the damage induced by
Ga ions during FIB fabrication was removed by electrochem-
ical polishing for 8 ms–15 ms at −45 ◦C (5% perchloric acid
+95% alcohol). The region at depth ranging from 250 nm to
750 nm was characterized by TEM. Convergent beam electron
diffraction (CBED) method was used to measure the thick-
ness of observed samples. The size and number density of
the observed dislocation loops and bubbles were calculated by
the Nano Measurement software. The measurement error is a
±20%.

3. Results and discussion
Under the kinematic diffraction condition, the irradiation-

induced lattice defects exhibit black contrast. Figures 2(a)–
2(c) show that high densities of black spots are observed in
the depth range from 250 nm to 750 nm, indicating many lat-
tice defects formed by Fe and He co-irradiation. These lattice
defects are almost homogeneously distributed in the observed
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region. Except for black spots, many defects exhibiting the el-
liptical contrast were observed in Figs. 2(a)–2(c). According
to the previous report of the ion-irradiated Fe–Cr alloys at tem-
perature 300 ◦C, most of the observed elliptical defects belong
to dislocation loops with Burgers vector of 𝑏=(1/2)〈111〉.[20]

In addition, the observed black spots can be regarded as the
initial growth stage of (1/2)〈111〉 loops. The size distribution
and number density of the observed (1/2)〈111〉 loops were

measured, and the results are presented in Fig. 4. Besides
the observed dislocation loops, many helium bubbles were ob-
served in the damaged region. The formed bubbles are ob-
served under the under-focused condition based on Fresnel
contrast.[21] It can be seen that the large and heterogeneous
distribution of bubbles in the Fe and He co-irradiated SIMP
steel to 60-appm He/dpa, while the small and homogenous dis-
tribution of bubbles with increasing the helium injection ratio.

(a) (b)
(c)

(d) (e) (f)

100 nm 100 nm 100 nm

50 nm100 nm100 nm

g/↼ ↽
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g/↼↽

z/[ ]

g/↼↽

z/[ ]

Fig. 2. Bright-field XTEM micrographs of irradiation-induced dislocation loops located at depths ranging from 250 nm to 750 nm in the Fe and He
co-irradiated SIMP steel at 300 ◦C to 60-appm He/dpa (a), 200-appm He/dpa, (b) and 600-appm He/dpa (c). Photographs were taken near [001] or
[-111] zone axis under the kinematic diffraction condition, 𝑔 = (-110) or (110). Bright-field XTEM micrographs of bubbles are formed in the Fe and He
co-irradiated SIMP steel to 60 appm He/dpa (d), 200-appm He/dpa (e), and 600-appm He/dpa (f). The micrograph was imaged under the under-focused
view with ∆ f =−512 nm. The sample surface is vertical upward.

Compared to 3000-◦C irradiation, the observed disloca-
tion loops after 450-◦C irradiation grown significantly. The
observed dislocation loops are mixed of 〈100〉 loops and
(1/2)〈111〉 loops.[20] Many tangled dislocations are observed
in Figs. 3(a)–3(c). In addition, a high number of bubbles are
observed and these bubbles are inclined to nucleate at disloca-
tions, precipitate-matrix interfaces and grain boundaries, con-
sistent with other reports.[22–24] The heterogeneous distribu-
tion of bubbles demonstrates that vacancies rapidly migrate at
450 ◦C. Vacancies migrate and coalesce into voids, which in-
duce void swelling. It has been reported that the maximum
swelling of ferritic-martensitic steels occurs during ion irradi-
ation at near 475 ◦C.[25] When the helium injection ratio is
600-appm He/dpa, bubble sizes significantly increase. The
size distributions of observed dislocation loops and bubbles
were measured and the results are given in Fig. 5.

Figure 4 shows the size distribution of observed
(1/2)〈111〉 loops and bubbles in the Fe and He co-irradiated
SIMP steel at 300 ◦C to different He injection ratios. It can
be seen that the mean sizes of Frank loops and bubbles de-
crease with increasing the He injection ratio, while the num-
ber density of these defects increases, as shown in Fig. 6(a). In
particular, a high number density of bubbles was formed after
helium injection with 600-appm He/dpa.

Figure 5 shows the size distribution of observed disloca-
tion loops and bubbles in the Fe and He co-irradiated SIMP
steel at 450 ◦C to different He injection ratios. It can be seen
that the mean size of dislocation loops is the largest in the
Fe and He co-irradiated SIMP steel at 450 ◦C to 60-appm
He/dpa. However, the number density of dislocation loops is
the largest in the Fe and He co-irradiated SIMP steel at 450 ◦C
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to 200-appm He/dpa. The number density in the Fe and He
co-irradiated SIMP steel at 450 ◦C to 60-appm He/dpa and
600 appm He/dpa is not obviously different. It should be noted
that many tangled dislocations were formed during 450-◦C ir-

radiation. This result demonstrates that self-interstitials and
vacancies rapidly migrate at 450 ◦C, resulting in insignificant
irradiation hardening.[18] The dislocation loops are not clearly
distinguished due to the influence of tangled dislocations.

100 nm 100 nm 100 nm

100 nm100 nm50 nm

g/↼  ↽

z/[ ]

g/↼  ↽

z/[ ]

g/↼  ↽

z/[ ]

Fig. 3. Bright-field XTEM micrographs of irradiation-induced dislocation loops located at depths ranging from 250 nm to 750 nm in the Fe and He
co-irradiated SIMP steel at 450 ◦C to 60-appm He/dpa (a), 200-appm He/dpa (b), and 600-appm He/dpa (c). Photographs were taken near [-111] zone
axis under the kinematic diffraction condition, 𝑔 = (-1-10). Bright-field XTEM micrographs of bubbles are formed in Fe and He co-irradiated SIMP
steel to 60-appm He/dpa (d), 200-appm He/dpa (e), and 600-appm He/dpa (f). The local areas of images (d), (e), and (f) are magnified as shown in the
insets with the same scale of 20 nm. The micrograph was imaged under the under-focused view with ∆ f =−512 nm. The sample surface is in vertical
upward direction.
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Fig. 4. Size distribution of observed dislocation loops in the Fe and He co-irradiated SIMP steel at 300 ◦C to 60-appm He/dpa (a), 200-appm He/dpa (b),
and 600-appm He/dpa (c); size distribution of observed bubbles in the Fe and He co-irradiated SIMP steel at 300 ◦C to 60-appm He/dpa (d), 200-appm
He/dpa (e), and 600-appm He/dpa (f).
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mean size: 19.57+2.8 nm
density: 3.95+1.4T1021 m-3 
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Fig. 5. Size distribution of observed dislocation loops in the Fe and He co-irradiated SIMP steel at 450 ◦C to 60-appm He/dpa (a), 200-appm He/dpa (b),
and 600-appm He/dpa (c); size distribution of observed bubbles in the Fe and He co-irradiated SIMP steel at 300 ◦C to 60-appm He/dpa (d), 200-appm
He/dpa (e), and 600-appm He/dpa (f).

Therefore, the measured size and number density of dis-
location loops shown in Figs. 5(a)–5(c) only give a general
trend. To get a weak kinematic diffraction condition, the sam-
ple was tilted to several degrees along x or y axis. In this con-
dition, where dislocation loops and tangled dislocations have
weak contrasts, only bubbles are observed under the under-
focused condition. The mean size and number density of the
observed bubbles increase with increasing the He injection ra-
tio, as shown in Fig. 6(b).
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Fig. 6. The plot of mean size and number density of observed bubbles as a
function of He injection ratio at 300 ◦C (a) and 450 ◦C (b).

In comparison between the sample under 300-◦C irradia-
tion and the sample under 450-◦C irradiation, there are two
differences of the microstructure. First, the mean sizes of

the observed dislocation loops and bubbles at 300-◦C irradi-
ation are smaller than that at 450-◦C irradiation, except large
bubbles formed in the Fe and He co-irradiated SIMP steel at
300 ◦C to 60-appm He/dpa. Meanwhile, the number densities
of the observed dislocation loops and bubbles at 300-◦C irra-
diation are larger than that at 450-◦C irradiation. It has been
reported that the change in the number density of He bubble
nuclei, dN/dt, is related to the concentration of He atoms,
c(t), where t is time.[26] dN/dt increases with increasing c,
while it decreases with increasing the diffusion coefficient of
He atoms. In addition, because the interstitials and vacancies
have faster migration rates at 450 ◦C than at 300 ◦C, the rapid
migration of interstitials and vacancies induced some lattice
defect annealing. Other defects grown via absorbing intersti-
tials to form large dislocation loops and tangled dislocations,
or absorbed vacancies to form large bubbles. Secondly, the
effect of the helium injection ratio on the formation of the
observed dislocation loops and bubbles is significant at 300-
◦C irradiation, rather than at 450-◦C irradiation. Due to the
low dynamic annealing at 300-◦C irradiation, there are many
survived irradiation-induced vacancies. Because of the strong
binding of He atom with vacancies, these survival vacancies
provide positions for helium accumulation to form bubbles.[26]

Increasing helium injection ratio, more helium atoms are in-
jected. These helium atoms migrate and accumulate into va-
cancies to form bubbles. When vacancies are decorated by
helium atoms, vacancies will be difficult to migrate.[27] As
a result, survived interstitials rapid migrate and coalesce into
clusters, such as point defects and dislocation loops, as shown
in Fig. 2. At 450-◦C irradiation, dynamic annealing is evident,
irradiation-induced Frankel pairs recover immediately. There-
fore, the number density of the observed dislocation loops de-
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creases obviously. However, increasing helium injection ratio
to 600-appm He/dpa, some vacancies are decorated by helium
atoms, resulting in the increase in survived vacancies. Helium
atoms migrate and accumulate into these vacancies to form
bubbles. At 450 ◦C, vacancies can easily migrate and coa-
lesce, resulting in the growth of bubbles with increasing the He
injection ratio. In addition, the influence of gain boundaries,
precipitate-matrix interfaces, dislocations on the nucleation of
bubbles cannot be ignored. The heterogeneous distribution
of bubbles formed at 450-◦C irradiation can be observed in
Figs. 3(d)–3(e). Lots of bubbles are formed along dislocations
and in grain boundary planes. The dynamic annealing and the
heterogeneous distribution of bubbles induce a weak relation-
ship between the He injection ratio and the formed dislocation
loops.

A schematic diagram demonstrating the dislocation loops
formed at 300 ◦C and 450 ◦C to different He injection ratios
is shown in Fig. 7. The mean size of the dislocation loops de-
creases, while their density increases with increasing He injec-
tion ratio at 300-◦C irradiation. However, the influence of He
concentration on dislocation loops is less pronounced, when
Fe and He co-irradiation was performed at 450 ◦C. The present
experimental results demonstrate that the lattice swelling esti-
mated by He irradiation is larger than that of neutron irradi-
ation. However, it is smaller via Fe irradiation than that of
neutron irradiation. In addition, the number density of the
observed dislocation loops increases with increasing the he-
lium injection ratio at 300 ◦C, rather than 450-◦C irradiation.
This result indicates that irradiation hardening increases with
increasing the helium injection ratio at 300 ◦C, which is con-
sistent with our recent report.[18]

60 appm He/dpa 200 appm He/dpa 600 appm He/dpa

3
0
0
 C

4
5
0
 C

Fig. 7. A schematic diagram showing Fe and He co-irradiation-induced dis-
location loops at 300 ◦C and 450 ◦C to 60-appm He/dpa, 200-appm He/dpa,
and 600-appm He/dpa.

4. Conclusion
In conclusion, we have investigated the effect of helium

concentration on the microstructure of Fe-irradiated SIMP

steel at 300 ◦C and 450 ◦C to a dose of 5 dpa with 60-
appm He/dpa, 200-appm He/dpa, and 600-appm He/dpa re-
spectively. The formed dislocation loops and bubbles were
characterized by TEM. The mean sizes of dislocation loops
and bubbles decrease, while their number density increases
with increasing helium injection ratio when the irradiation was
performed at 300 ◦C. At 450-◦C irradiation, the mean size and
number density of bubbles increase with increasing helium in-
jection ratio. However, the influence of the helium injection
ratio on dislocation loops seems to play only a negligible role.
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