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Ferritic-martensitic steels and ODS steels are attractive candidates for structural materials in advanced nuclear-power
systems due to their good swelling resistance. Four kinds of steels, F§2H, 15Cr-ODS, SIMP and T91, are investigated in
this study. We take 6.4 MeV Fe?* ions and energy-degraded 1.0 MeV He' ions in the irradiation of these materials to 5 dpa
and 60 appm He/dpa, 200 appm He/dpa and 600 appm He/dpa at 300 °C and 450 °C, respectively. The bubble formation
and distribution are investigated by transmission electron microscopy (TEM). Formation and distribution of the bubbles in
the four investigated steels are compared. The influence of irradiation temperature and helium injection ratio on bubble
formation is discussed. It is found that there appears to be homogenously distributed bubbles at 300 °C irradiation while

heterogeneously distributed bubbles at 450 °C irradiation.

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

PACS: 61.80.—x, 61.80.Jh, 68.37.Lp, 78.40.Kc

1. Introduction

The greenhouse effect is caused by the excessive carbon
dioxide in air. It is generally accepted that the greenhouse
effect is resulted from industrial activities, and it has a se-
vere effect on the natural environment and ecosystems. It is
therefore very important to decrease the total amount of car-
bon dioxide produced by the rapidly developing modern so-
ciety. It is well known that nuclear energy is regarded as a
kind of clean energy with nearly zero carbon emission. In
China, fission nuclear power is rapidly developing and far
more new nuclear power plants will be built in future. Cher-
nobyl and Fukushima nuclear accidents have called for new
concepts of nuclear reactors with a high level of inherent
safety. In order to avoid nuclear accidents and to use fuel
more efficiently through higher levels of burn-up, many new
concepts of nuclear-energy systems have been developed re-
cently, such as AP1000, HPR 1000, TMSR, ADS, fast reac-
tor, high-temperature gas-cooled reactor. In advanced nuclear
power systems, the structural materials suffered from more se-
rious problems, such as strong particle irradiation, high opera-
tion temperature, corrosion, loading stress. As a result, much
more pronounced degradation processes, such as the ductile-
to-brittle transition shift, creep, swelling, fatigue, cause a se-
vere degradation of material properties.['™* Some new ma-
terials are needed to satisfy the demand of advanced nuclear
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reactors.

Due to their good swelling resistance under neutron ir-
radiation, high thermal conductivity and low thermal ex-
pansion coefficient, iron-chromium-based alloys including
ferritic-martensitic (FM) steels and oxide dispersion strength-
ened (ODS) alloys are considered as some of the main can-
didate structural materials for advanced nuclear reactors.!>-%!
T91 and F82H steels, which belong to two primary FM steels,
have been extensively investigated by irradiation, including
neutron, ions and electron. SIMP steel, new developed FM
steel for the special environment of ADS, was designed and
fabricated by the Institute of Modern Physics and Institute
of Metal Research, Chinese Academy of Sciences.!”! Due to
some shortcomings of neutron irradiated new developed struc-
tural materials, such as high cost, strong radioactivity and
low irradiation dose (typical damage rate of displacements per
toms per second (dpa/s) is on the order of 10~8-107 dpa/s).
Therefore, using ion irradiation (~ 1075-102 dpa/s) emulates
neutron damage is a faster and efficient method. Many reports
of ions successfully replicated the features of the microstruc-
ture in neutron irradiated structural materials. 8101

In advanced nuclear reactor surroundings, structural ma-
terials suffered from intense neutron irradiation. A great
amount of He atoms are formed by the (n, ¢) nuclear reac-
tion. Due to a very low solubility in FM alloys, He atoms
easily migrate and accumulate in irradiation-induced vacancy
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H-141 Tt has been re-

clusters to form nano-scaled bubbles.!
ported that bubbles are easily formed on grain boundaries at
400 °C and above, resulting in grain boundary helium embrit-
tlement in the long-term survival of materials in nuclear power
systems.[!>] Below 400 °C, cavities are homogeneously dis-
tributed in grains, resulting in grain swelling and hardness. 6]
Therefore, it is important to investigate the formation of cav-
ities in FM alloys. Because neutron irradiation is often ac-
companied by generation of He atoms, it is necessary to use
dual- or triple-beam accelerators that provide heavy ions and
He ions simultaneously. It has been reported that He gener-
ation rate ranges 0.1-100 appm He/dpa (dpa: displacements
per atom) based on different nuclear reactors. Due to the main
component of FM steels is iron, Fe irradiation does not in-
troduce impurities. He atoms are provided by He' implan-
tation. Up to now, irradiation hardening via dual or triple
beams irradiation into FM steels has been investigated. For
example, Lee et al.!'”l investigated irradiation hardening in
9Cr-2WVTa steel via triple-beam irradiation (H, He and Fe)
at 80 °C, 200 °C and 350 °C to 50 dpa with He concentra-
tion of 200 appm He/dpa and H concentration of 1000 appm
H/dpa, and argued the increase in irradiation hardening in the
He and Fe co-irradiated sample compared to only Fe irradi-
ation at 200 °C. Similarly, Ando et al.l"® also investigated
irradiation hardening in Fe and He co-irradiated F82H steel at
360 °C to 33 dpa with 10 and 100 appm He/dpa, and found
more significant irradiation hardening in the dual-beam irradi-
ation. Takayama et al.!'”) investigated irradiation hardening of
F82H steel via Fe and He co-implantation at 290 °C to 3 dpa
and 100 appm He/dpa, and argued no significant influence
of implanted He atoms on the irradiation hardening. We re-
cently reported irradiation hardening caused by Fe and He co-
irradiated F82H, 15Cr-ODS, SIMP and T91 steels at 300 °C
and 450 °C to 5 dpa and three different He concentrations
(60 appm He/dpa, 200 appm He/dpa and 600 appm He/dpa),
and found the effect of He concentration and temperature on
irradiation hardening. " It is important to note that He/dpa ra-
tios between 80 and 100 are typical for spallation neutron tar-
get and numerous FM alloys including ODS steels, exposed to
such radiation environment, have been microstructurally char-
acterized by TEM and some advanced characterization meth-
ods in the past.[>!=2%] Nonetheless, the fixed He/dpa of the
spallation target does not enable to study the effect of this pa-
rameter, contrary to ion bombardment experiments.

Besides irradiation hardening, irradiation swelling is also
worth investigating. Irradiation swelling induced by neutron
or single beam ions has been widely investigated. Garner et
al.®*! investigated synergistic influence of displacement rate
and helium/dpa ratio on swelling of Fe-(9-12)Cr binary al-
loys in FFTF at 400 °C, and found the increase in swelling
rate with increasing dpa rate. The swelling rate ranges from

0.05%/dpa to 0.2%/dpa, which depends on the He generation
rate (appm He/dpa). Taller et al.'>! investigated bubble and
void nucleation in Fe and He co-irradiated T91 at 520 and
570 °C. They argued that bubble stability is related to irradi-
ation temperature (445-570 °C) and helium co-injection rate
(0—4 appm He/dpa). Li et al.'*®! investigated cavity swelling
induced by He or Kr irradiated SIMP and T91 steels at dif-
ferent temperatures, and found good swelling resistance of
SIMP steel. Wang et al.*”! investigated irradiation swelling in
a reduced-activation ferritic-martensitic steel irradiated by Fe
ions with 10 appm and 100 appm pre-implanted He at 460 °C,
and found the increase in C and Cr concentrations in FM steels
to precipitate (Fe, Cr),C during radiation to improve swelling
resistance. We recently investigated the cavity growth in Fe-
11 wt.%Cr alloy under in situ observation during high-voltage
electron irradiation, and found that the mean size of cavities

(28] However,

decreased when He atoms were pre-implanted.
to date, a comprehensive study of the bubble formation in FM
steel irradiated by Fe and He simultaneously is missing. Using
single beam ion irradiation cannot really simulate the effect of
neutron irradiation, although it enables to study a wide range
of He/dpa ratio, when using a depth sensitive characterization
technique.['?! Therefore, the aim of this study is to investigate
the bubble formation in four kinds of structural materials via
Fe and He co-irradiation at 300 °C and 450 °C with three dif-
ferent He concentrations (60 appm He/dpa, 200 appm He/dpa
and 600 appm He/dpa) by transmission electron microscopy
(TEM). The research results will be useful to elucidate the
effect of He concentration on swelling in nuclear structural
steels.

2. Experimental process

Table 1 presents the nominal composition of the present
experimental F82H, T91, SIMP and 15Cr-ODS steels. The
thermal treatment procedure is: F82H was normalized at
1040 °C for 30 min and tempered at 740 °C for 60 min. T91
was normalized at 1040 °C for 60 min and tempered at 760 °C
for 60 min. SIMP was normalized at 1050 °C for 30 min
and tempered at 760 °C for 90 min. ODS (Fe-15Cr) ferritic
steel was normalized at 1150 °C and tempered at 1150 °C for
60 min. All the specimens were cut into S mm X2 mm x 1 mm
in size. Surfaces of the samples were mechanically polished
with sandpapers (600-4000 grades), and then to fine mirror
finish with 0.1 pm diamond spray. Finally, the specimens were
electrochemical polishing at room temperature with 25 V and
20 s in a 5 vol.% perchloric acid and 95 vol.% methanol solu-
tion.

Dual-beam irradiation experiments were carried out at
DuET in Kyoto University. There were 6.4 MeV Fe’ ions
provided by a 1.7 MeV tandem accelerator with a simulta-
neous implantation of energy-degraded 1.0 MeV He' ions
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(through three different thicknesses of Al films) froma 1.0 MV
Singletron accelerator. In order to supply uniform ion fluence,
the beams were raster scanned. The irradiation temperatures
were well controlled at 300+ 5 °C and 450 °C45 °C and the ir-
radiation temperature was measured by an infrared thermome-
ter. Using the Monte—Carlo code Stopping and Range of Tons
in Matter (SRIM-2008) quick cascade simulations to calcu-
late depth profiles of the Fe irradiation-induced displacement
damage and the implanted helium (the threshold displacement

3),12% as shown

energy of 40 eV and the density of 7.86 g/cm
in Fig. 1. The nominal displacement damage rate, nominal dis-
placement damage were 3 x 10~* dpa/s and 5 dpa at a depth of
600 nm, respectively. In order to investigate the influence of
He concentration on bubble formation, we took three different

helium injection ratios of 60 appm He/dpa, 200 appm He/dpa

and 600 appm He/dpa.
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Fig. 1. Depth profiles of the displacement damage induced by 6.4 MeV
Fe irradiation to a fluence of 1.65 x 10! ions/cm? and the helium depo-
sition via 1.0 MeV He irradiation through an energy-degraded facility.

JEOL 2010 TEM operating at 200 keV was used to ob-
serve bubble distribution at depth ranging from approximately
350 nm to 700 nm. Cross-sectional TEM specimens were fab-
ricated by a Hitachi 2000 focused ion beam (FIB) system. The
irradiated surface was protected via deposited a tungsten film
with 1-2 um thickness. The fabrication process of XTEM was
described in our previous article.!?°! The thickness of observed
zone was measured by convergent beam electron diffraction
(CBED) method. The size and number density of the observed
cavities were measured by Nano Measurer software.

3. Results and discussion

Figure 2 shows an over-viewed image of bubble distribu-
tion in Fe and He co-irradiated F82H to 600 appm He/dpa at
450 °C. Cavities exhibit bright spots with a round geometry
under the under-focused condition. It can be seen that cavi-
ties are observed from the near sample surface to a depth of
1280 nm, which is consistent with the helium deposition sim-
ulated by SRIM-2008. Cavities are observed in grain interi-
ors, along dislocations, on lath boundaries and at precipitate-

matrix interfaces. Bubbles are almost homogeneously dis-

tributed with depth due to the uniform helium concentration
in this region. Therefore, in this article, the cavity formation
and distribution in the depth ranging from about 200 to 500 nm
were investigated.

depth (nm)

" 200 nm

Fig. 2. The bubble distribution in the Fe and He co-irradiated F82H
steel characterized by XTEM. The XTEM bright-field image shows
bubble distribution with depth in Fe and He co-irradiated F82H to
600 appm He/dpa at 450 °C. Cavities are observed from the sample
surface to a depth of about 1280 nm under the under-focused condition
with Af = —512 nm. The sample surface is located on left.

Figure 3 shows the bubble formation in the near surface
region of Fe and He co-irradiation at 300 °C. Bubbles are
scattered distributed in four steels when He injection ratio is
60 appm He/dpa. The number of observed cavities increases
with the increasing He injection ratio. At 600 appm He/dpa,
a high density of nano-sized bubbles is homogeneously dis-
tributed in grain interiors. The size and distribution of ob-
served bubbles are similar among these steels. It is demon-
strated that the influence of oxide particles on bubble nucle-
ation decreases with the increasing helium concentration. The
size distribution and number density of observed bubbles are
analyzed, as shown in Fig. 4.

Figure 4 shows the bubble size distribution in these four
steels after Fe and He co-irradiation at 300 °C. It shows a
skewed distribution in these figures. At 60 appm He/dpa, the
size of observed bubbles is the largest in SIMP, next to T91. It
is the smallest in 15Cr-ODS. Increasing helium injection ratio,
the average size of observed bubbles decreases, while the num-
ber density significantly increases from 10>> m =3 to 10?3 m—3.
At 600 appm He/dpa, the diameter of observed bubbles in the
F82H, 15Cr-ODS and T91 is in the range of 1 to 4 nm. Only a
few large bubbles with a diameter of about 7 nm are observed
in the SIMP. It can be seen that the average size of observed
bubbles does not have a significant change with increasing he-
lium injection ratio in the 15Cr-ODS, unlike in the SIMP and
T91. It can be accounted for oxide particles, acting as sinks
for radiation-induced defects and/or helium and can control
bubble nucleation and growth. The average size of observed
bubbles decreases with increasing helium concentration. It is
demonstrated that helium atoms can restrict vacancy diffusion,
and nano-scaled bubbles were homogeneously formed in the
helium deposition region. This result is consistent with other

reports. [16:30]
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200 appm He/dpa

(e)

100 _nm

Fig. 3. XTEM bright-field images under the under-focused condition showing bubble formation in the Fe and He co-irradiated F82H (a, e, 1),
15Cr-ODS (b, f, j), SIMP (c, g, k) and T91 (d, h 1) to 60 appm He/dpa (a, b, ¢, d), 200 appm He/dpa (e, f, g, h) and 600 appm He/dpa (i, j, k, 1),
respectively. The experiment was performed at 300 °C. Note that the 15Cr-ODS shown in (b) was observed under the over-focused condition
that bubbles present dark fringes.
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Fig. 4. Size distribution of observed bubbles in the Fe and He co-irradiated F82H, 15Cr-ODS, SIMP and T91 with different He injection ratios at 300 °C.

Figure 5 shows the cavity formation in the near surface region of Fe and He co-irradiation into four kinds of steels at 450 °C.
Nano-scaled bubbles exhibit bright dots under the under-focused condition. For F82H, SIMP and T91, some bubbles appeared
as pearl-like distribution, where dislocations were observed by two-beam bright-field condition.
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200 appm He/dpa

Fig. 5. XTEM bright-field images under under-focused condition showing bubble formation in the Fe and He co-irradiated F82H (a, e, i), 15Cr-ODS
(b, £, j), SIMP (c, g, k) and T91 (d, h 1) to 60 appm He/dpa (a, b, c, d), 200 appm He/dpa (e, f, g, h) and 600 appm He/dpa (i, j, k, 1), respectively. Note
that (a, b, c¢) have the same scale as (d); while (e, f, g) have the same scale as (h); and (i, k) have the same scale as (I). The experiment was performed at
450 °C. Note that (b) was imaged under the over-focused condition with Af = 304 nm.

OF

slocations (

Iath boundary

100 i ’

\\
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Fig. 6. XTEM images of bubble formation of the Fe and He co-
irradiated F82H to 600 appm He/dpa at 450 °C, bubbles at lath bound-
aries viewed by the under-focused condition (a) and the over-focused
condition (b), along dislocations (c) and at a carbide precipitate-matrix
interface (d).

In addition, bubbles are easily observed at both grain
boundaries and lath boundaries and precipitate-matrix inter-
faces, such as a high density of bubbles lying along two lath
boundaries shown in Fig. 6. This result indicates that bubbles
are preferential to nucleate along dislocations, at precipitate-

matrix interfaces and lath boundaries at 450 °C, but not at
300 °C. It is attributed to the fact that small helium-vacancy
clusters are no longer thermally stable and thus some he-
lium atoms diffuse inside the material. These helium atoms
at 450 °C diffused easily to reach microstructural sinks, such
as dislocations, grain boundaries. The sink strength for he-
lium atoms depends on helium-defect binding energy. The
large binding energy indicates the strong sink strength. First
principle calculations have demonstrated the binding energy
of He atoms with vacancies that ranges from 0.78 eV to
3.16 eV.3! Vacancies can be produced by irradiation and me-
chanical alloying, such as grain boundaries and precipitate-
matrix interface.!'>! In addition, the binding energies of he-
lium atoms with an edge dislocation, such as 2.3 eV for
a perfect dislocation loops and 1.0 eV for a screw disloca-
tion line.l3?33] When vacancies trap helium atoms to form
vacancy-helium clusters, the vacancies would drag He atoms
to grain boundaries, lath boundaries, precipitate-matrix inter-
faces and dislocations based on migration and coalescence
mechanism.

Figure 7 shows bubble distribution in the Fe and He co-
irradiated 15Cr-ODS to 200 appm He/dpa at 450 °C. Helium
bubbles were formed at the surface of oxide particles. Fewer
bubbles were observed on grain boundaries. It is usually seen
that the cohesion intensity of grain boundaries decreases sig-
nificantly when dense helium bubbles formed on grain bound-
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aries, resulting in occurrence of helium embrittlement during
deformation. Oxide particles have a large surface area that
can efficiently trap vacancy-helium clusters, in order to reduce
the number of vacancy-helium clusters on grain boundaries.
Therefore, a high-number density of bubbles was found at the
surface of oxide particles. This result demonstrates that 15Cr-
ODS steel has a good ability of resistant helium embrittlement
at elevated operational temperatures. It has been reported that
15Cr-ODS steel is regarded as the main candidate material

used in future fusion reactors and advanced fission systems. [34]

50 nm

Fig. 7. XTEM images of bubble formation of the Fe and He co-
irradiated 15Cr-ODS to 200 appm He/dpa at 450 °C, bubbles formed
on the surface of oxide particles viewed by the under-focused condition
(a) and the over-focused condition (b), on grain boundaries and disloca-
tions (c, d). Oxide particles exhibit hexahedron and sphere shape with
dark contrasts.

The size and number density of the observed bubbles
shown in Fig. 5 were analyzed, as shown in Fig. 8. Similar
to the case of 300 °C irradiation, it also shows a skewed dis-
tribution in these figures. The average size of observed bub-
bles increases with increasing helium injection ratio, except
for 15Cr-ODS. This trend is contrary to the case of 300 °C ir-
radiation. According to the critical bubble model concept, the
bubble growth rate can be expressed as!*!

& _Lpc,-pa —Dvcvexp<27 —pgﬂ LW

dr r r
where D, and Dj are vacancy and interstitial diffusion coeffi-
cient, respectively, Cy and Cj are vacancy and interstitial con-
centration, €2 is the atomic volume, 7y is the surface energy,
and p, is the inner pressure of bubbles, which is given by
p = 3kmkT /4rr?, with K being the real gas compressibility
factor. The growth of the bubble depends on the arrival of
vacancies to the bubble. On the contrary, the reduction in bub-
ble radius r depends on the arrival of interstitial to the bubble.

Bubbles also emit vacancies under high temperature, resulting
in shrinkage at a rate given by the capillary approximation as

dr 2y
m = D,Cyexp (r — pg> . 2)

Growth stability and instability conditions depend on the
dr/dt =0, when

2
DyCy — D;C, — DyCyexp (:’ _ pg) —0. 3)
The change in defect concentration of interstitials and vacan-
cies with time can be expressed as

dC(,-’V)
dr

=Ko — KiyGi (Cy +Cy 1) — k(zi,v)D(i,v)C(i,v), 4)

where k(zi,v) is the sink strength for interstitials or vacan-
cies, respectively. Kp is the production rate of defects, and
KiyCi (Cy +Cy 1) is the annihilation of the point defects due
to thermal recovery. The growth of bubbles increases with
increasing Dy and p,. Because the migration energies of va-
cancies and interstitials are 0.62 eV and 0.35 eV,*% respec-
tively, vacancies and interstitials can rapidly diffuse at 450 °C,
resulting in the increasing value of Ki,C; (Cy +Cy ). Thus,
the concentrations of residual interstitials and vacancies are
available for defect nucleation decrease. However, vacancies
can efficiently trap helium atoms to form vacancy-helium clus-
ters, which can stabilize vacancies, in order to avoid vacancy-
interstitial recombination. With increasing helium injection
ratio, more helium atoms are introduced in the damaged re-
gion. These helium atoms can stabilize Fe irradiation-induced
vacancies, and therefore more vacancies are available to par-
ticipate in bubble nucleation. In addition, the gas pressure in-
creases with increasing helium atoms. Increasing helium gas
pressure can enhance the growth of bubbles. The rapid growth
of vacancy-helium clusters at 450 °C induces the increase in
average size of bubbles with increasing helium injection ratio.
On the contrary, the growth rate of vacancy-helium clusters is
slow at 300 °C. Increasing helium injection ratio, it can form
more vacancy-helium clusters. These vacancy-helium clus-
ters grew slowly at 300 °C, resulting in a high number den-
sity of bubbles with 2-3 nm diameter. In comparison with
300 °C irradiation, the number density decreases, while the
average size increases after 450 °C irradiation. It can be at-
tributed to increasing dynamic annealing at 450 °C. Our recent
article!?”! reported that the irradiation hardening is almost neg-
ligible at 450 °C irradiation, while it increases almost 100%
at 300 °C irradiation. It is interesting to note why the aver-
age size of observed bubbles in the Fe and He co-irradiated
SIMP and T91 to 60 appm He/dpa at 300 °C is larger than
Fe and He co-irradiation to the same helium injection ratio
at 450 °C. It may be attributed to the influence of dislocation
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loops. At 300 °C irradiation, most of the dislocation loops be-
long to interstitial type.'3’) There is a high density of disloca-
tion loops formed after Fe and He co-irradiation. Irradiation-
induced interstitials participate in forming dislocation loops,
meanwhile irradiation-induced vacancies participate in bubble
nucleation. Dislocation loops can sink for helium atoms, re-
sulting in the increase in helium gas pressure that can accel-

Figs. 3(c) and 3(d). In these four kinds of steels, only 15Cr-
ODS has an insignificant change of the size distribution with
irradiation temperature and helium injection ratio. Oxide par-
ticles can explain this phenomenon that vacancy diffusion can
be retarded by oxide particles, resulting in a lower swelling

rate after neutron irradiation compared to ferritic-martensitic

erate bubble growth. Therefore, large bubbles are found in  steels.[3341]
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Fig. 8. Size distribution of observed bubbles in the Fe and He co-irradiated F82H, 15Cr-ODS, SIMP and T91 with different He injection ratios

at 450 °C.
4. Conclusions

We have investigated the formation of He bubbles in the
Fe and He co-irradiated F82H, 15Cr-ODS, SIMP and T91 at
300 °C and 450 °C. In order to investigate the influence of
the helium injection ratio on bubble formation, three different
helium injection ratios, 60 appm He/dpa, 200 appm He/dpa
and 600 appm He/dpa, were carried out. It is determined
that irradiation temperature and helium injection ratio signif-
icantly influence the size distribution and number density of
bubbles.

number density decreases with increasing irradiation temper-

The average size of bubbles increases, while their

ature. At 300 °C irradiation, bubbles are homogenously dis-
tributed. The average size of bubbles decreases with increas-
ing helium injection ratio. It is contrary to the case of 450 °C
irradiation. Bubbles are heterogeneously distributed in the Fe
and He co-irradiated F82H, SIMP and T91 at 450 °C, such as
the preferential bubble nucleation on grain boundaries, precip-
itates and dislocations due to the strong sink strength of helium
atoms at these sites. Few bubbles are observed on grain bound-

aries of the Fe and He co-irradiated ODS at 450 °C. There are
numerous oxide particles that can retard vacancy migration in
ODS, and thus the changes of bubble size and bubble density
are less significant than other three FM steels. In comparison
with F82H, SIMP and T91, 15Cr-ODS has a better swelling
resistance.
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