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The swelling behavior of ferritic/martensitic steels (FC92-B/-N, HT9, and Gr.92) was investigated following 3.5
MeV Fe™ ™ ion irradiation. Tested alloys were helium-pre-implanted up to the peak contents of 120 and 240 appm
with He/dpa ratio of 1 appm/dpa at room temperature and then exposed to self-ion beam to the peak damage
conditions of 120 and 240 dpa at 475 °C. Field-emission transmission electron microscopy was used to char-
acterize the cavity evolution. FC92-B exhibited the highest resistance to swelling among the irradiated alloys.
The final volumetric swelling of FC92-B reached 1.3 % at 70 dpa and 2.9 % at 140 dpa. On the other hand, HT9
exhibited the highest swelling, reaching 7.4 % at 140 dpa. Comparing the present swelling results at 140 dpa/
140 appm He with swelling data at 280 dpa/280 appm He from our previous study, it was observed that Gr.92
and FC92-N swelled more at 140 dpa/140 appm He than at 280 dpa/280 appm He. This negative correlation
between swelling and dose in Gr.92 and FC92—N is primarily attributed to the helium-associated swelling sup-
pression at higher helium concentration of 280 appm. A bimodal cavity size distribution appeared only in Gr.92
and FC92-N at 280 dpa/280 appm. This result demonstrates that the excess amount of helium over 200 appm
promoted early-stabilization of new-born cavities, resulting in preferentially enhanced cavity nucleation, while
impeding the growth of nucleated cavities. An inhibition in cavity growth possibly led to an extended duration of

nucleation-dominant stages, finally suppressing swelling in ion-irradiated Gr.92 and FC92-N alloys.

1. Introduction

In-core components in the advanced-type reactor concepts, such as
the sodium-cooled fast reactor (SFR), will be exposed to the harsh ser-
vice conditions of high temperature to 700 °C and intense radiation
damage levels over 200 dpa [1]. It is thus essential to understand the
radiation response of the component materials at a high-dose regime.
However, there exist some challenges to examine under-radiation be-
haviors of the core materials using the test reactors due to their low
damage rate and high residual radioactivity after in-reactor neutron
irradiation [2]. In this regard, the accelerator-based irradiating method
has been spotlighted as the surrogate for neutron irradiation in that it
can provide high radiation damage rate, and in turn, time-/-
cost-efficiency. No (or little) residual activities as well as controllability
of irradiating parameters make this accelerator-based irradiating
methodology more favorable [3,4].

Ferritic/martensitic steel (F/M steel) has been considered as a
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leading candidate for cladding materials in the SFR systems [5]. His-
torically, this type of high Cr steel alloys have exhibited not only the
excellent high-temperature thermophysical characteristics [6], but also
the promising radiation resistance after its initial testing at the Fast Flux
Test Facility (FFTF) [5]. In addition, the compatibility of F/M steels with
sodium makes them desirable for the usage as a cladding material in the
sodium-cooled fast reactor (SFR) systems [7]. Alloys FC92-B/-N are
9Cr-0.5Mo-2W F/M steels developed by the Korea Atomic Energy
Research Institute (KAERI) for the SFR application. They exhibited >30
% improved creep properties at 650 °C as compared to that of HT9 and
finally chosen as the final candidate for a fuel cladding material in the
Prototype Gen-IV Sodium-cooled Fast Reactor (PGSFR) [8]. They un-
derwent the in-reactor irradiation utilizing the BOR-60 in Russia from
2014 to 2019 and then radiation damage achieved after 6-year irradi-
ation in BOR-60 was estimated to reach only ~75 dpa due to the
intrinsic characteristics of low damage rate.

Therefore, this study aims to investigate the swelling behaviors of
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newly-developed F/M steels at higher radiation damage conditions than
75 dpa, with a focus on cavity evolution, utilizing heavy ion accelerator
and field-emission transmission electron microscopy (FE-TEM). Irradi-
ation was conducted by combining 3.5 MeV self-ion beam irradiation at
475 °C up to the peak radiation damage levels of 120 and 240 dpa with
helium ion pre-implantation of 1 appm/dpa at the room temperature.
Two commercial alloys of HT9 (84425) and Grade 92 (Gr.92) were
tested as the reference under the same irradiating conditions to
comparatively assess the swelling resistance of FC92 series.

2. Materials and methods
2.1. Sample preparation

Table 1 provides the nominal compositions of the four tested alloys
in weight percent. As-received F/M steel plates were provided by the
KAERI and electrical-discharge machined into smaller cubes measuring
1 mmW x 1 mmL x 1 mmT. These cubes were subjected to heat treat-
ment at 1000 °C/30 min/air-cooling, and subsequently tempered at
750 °C/60 min/air-cooling to room temperature. Prior to irradiation,
the surface of the heat-treated alloy specimens was flattened up to
#4000 SiC papers, followed by a stepwise polishing procedure involving
6, 3, 1, and 0.25 pm diamond suspensions and 0.02 pm colloidal silica
suspension.

2.2. Ion-beam irradiation and post-irradiation characterization

Two self-ion irradiation experiments were conducted to two peak
damage conditions of 120 and 240 dpa at 475 °C. The 1st experiment
involved Fe™™ ion irradiation on the two FC92 steels to achieve 120 dpa,
with the pre-implanted helium contents reaching up to 120 appm He.
The 2nd experiment extended the irradiation to four steels, including the
two FC92 steels as well as reference steels (HT9 and Gr.92), aiming for
240 dpa with pre-implanted helium contents up to 240 appm He. Prior
to self-ion irradiation, raster-scanning type helium ions were loaded
onto the specimens at room temperature, using a 400-kV ion accelerator
in the accelerator laboratory of Texas A&M University. The pre-
implanted helium contents were varied from O appm at the surface to
120 and 240 appm at 1000 nm depth, respectively, achieved by altering
the beam energy to maintain a He/dpa ratio of 1 appm/dpa. The helium
implantation ratio of 1 appm/dpa was intended to emulate the con-
current neutron-induced (n, o) reactions occurring in fast reactor sys-
tems [9]. Subsequently, 3.5-MeV defocused Fe™™ jon irradiation was
sequentially applied to the same surface using a 1.7-MV lonex Tandetron
Accelerator. Throughout the Fe'™ ion irradiation, sample temperature
was continuously monitored at both the sample surface and the
sample-mounted heating stage, maintaining it at 475 °C with an

Table 1
Nominal chemical compositions (wt%) of the tested ferritic/martensitic steels of
HT9, Gr.92, FC92-B, and FC92-N.

HT9 Gr.92 FC92-B FC92-N

B - 0.004 0.02 0.01
C 0.21 0.10 0.07 0.07
N 0.006 0.042 0.02 0.08
Si 0.21 0.45 - -

P - 0.02 - -

S - 0.009 - -

v 0.33 0.20 0.2 0.2
Cr 11.8 9 9 9
Mn 0.50 0.44 - -
Fe Bal. Bal. Bal. Bal.
Ni 0.51 0.042 0.45 0.45
Nb - 0.072 0.2 0.2
Mo 1.03 0.47 0.5 0.5
Ta - - 0.05 0.05
w 0.24 1.6 2 2
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uncertainty of less than +15 °C. The target radiation damages were 120
and 240 dpa at 1000 nm depth, respectively, while the damage rate was
maintained as 1.7x10~2 dpa/s for both target conditions. All tested al-
loys were irradiated simultaneously during each irradiation session to
avoid the fluctuation in irradiating parameters such as dose rate and
temperature. The ion fluence required to achieve the nominal radiation
damage was calculated by utilizing the Stopping and Range of ions In
Matter (SRIM)-2013 code, employing the “ion distribution and quick
calculation of damage” option [10], with a displacement threshold en-
ergy of 40 eV, as recommended by ASTM standard [11,12]. Fig. 1 shows
the SRIM-predicted radiation damage and implanted Fe ions profiles in
3.5 MeV Fe'™ ion-irradiated FC92-B, obtained after five repetitions
while altering the random number seed to compensate for statistical
fluctuations.

In order to mitigate spatial inhomogeneity in cavity evolution, more
than three TEM specimens were lifted-out from the ion-irradiated sur-
face subjected to ion irradiation. The specimens were prepared using a
focused ion beam (FIB, FEI Helios 450 HP), ensuring the thickness of
~100 + 10 nm, determined through a log-ratio model employing elec-
tron energy loss spectroscopy (EELS) [13]. TEM imaging was conducted
under scanning-TEM (STEM) mode using FE-TEM (FEI Titan G2 equip-
ped with ChemiSTEM Cs Probe.) Bright-field (BF) and high-angle
annular dark-field (HAADF) images were simultaneously obtained at
the STEM mode with magnifications of 14 k, 57 k, and 110 k. To char-
acterize depth-dependent cavity evolution, each HAADF image was
divided into 100-nm-thick bins and processed using ImageJ (FIJI). The
area of each bubble was measured assuming spherical geometry to
calculate its pseudo-diameters. In this process, the distance from the
surface to the center of each bubble was considered as the position of the
bubble even though some of the examined bubbles evolved spanning
across two adjacent bins. Swelling was calculated per every single
100-nm bin by the following equation (rj: the cavity radius, N: the
number of cavities, A: the examined area, and t: TEM sample thickness):

Error propagation was conducted on measurement concerning the
measurement of cavity diameter and swelling. Given a magnification of
110 k in STEM mode, the resolution of STEM images was determined to
be 0.8 nm. Consequently, the absolute error in size measurement was
estimated as 0.4 nm/pixel, half of unit pixel size. Another error source
arises from an inherent 10 % uncertainty associated with the measure-
ment of TEM specimen thickness measurement using EELS [13]. These
errors, pertaining to the measurement of cavity size and sample
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Fig. 1. SRIM-estimated radiation damage (black solid line) and Fe implantation
profiles (red solid line) in 3.5 MeV Fe ' ion irradiated FC92-B to peak radiation
damage of 120 dpa. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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thickness, were applied to a calculation on swelling.

A visual inspection on the high-angle annular dark field (HAADF)
images in Fig. 2—-4 reveals that fine and ellipsoidal (or near-spherical)
voids and bubbles are present within the first 300 nm of all alloys.
This dpa-independent cavity evolution can be attributed to the prox-
imity to the free surface, primarily resulting from the defect imbalance
in the near-surface region [14], and/or outward Cr segregation toward
the surface [15]. Thus, the midrange depth region of 400-700 nm was
chosen to avoid the free surface effects in the near-surface region and
injected interstitial effects near the radiation damage peak [16,17].

For the simplicity and brevity in further discussion, a local dpa for
the examined 400-700 nm region has been determined by averaging the
SRIM-calculation at both ends of 400 and 700 nm depth. The estimated
damage between 400 and 700 nm ranges over 58.6-80.5 dpa and
60.0-79.5 dpa for FC92-B and FC92-N, respectively, in cases of peak
dose of 120 dpa; 117.2-161.0 dpa, 120.0-159.0 dpa, 116.4-160.8 dpa,
and 117.4-160.1 dpa in FC92-B, FC92-N, HT9, and Gr.92, respectively,
in cases of peak dose of 240 dpa. As a result, hereinafter, 70 and 140 dpa
represents the average dpa in 400-700 nm region for the 120 and 240
peak dpa cases, respectively. The deviation among all combinations of

(a) HAADF from FC92-B (120 dpa)

Irradiation direction

500 nm
=
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the four alloys and two target damage conditions is found to be less than
1 %.

3. Results

HT9 is composed of tempered martensite with a minor fraction of
retained §-ferrite, whereas the FC92 series and Gr.92 consist solely of
fully tempered martensite without any &-ferrite. Average grain size
(ferret diameter) was measured as 9.21 pm for HT9, 7.49 pm for Gr.92,
9.69 pm for FC92-B, and 8.94 pm for FC92-N. Lath lengths ranged from
~600 to 1200 nm and lath widths varied from ~200 to ~700 nm for
every tested alloy. Notably, FC92-B exhibited the largest lath structures
among the tested alloys. Representative Cr/V-EDS scans, overlaid on
with HAADF images from the unirradiated steel alloys, are depicted in
the supplementary material (S1). In HT9 and Gr.92, grain boundaries
were predominantly adorned with Cr-rich clusters (indicated by yellow
arrows in S1), corresponding to My3Cg precipitates formed along the
grain boundaries. In contrast, minimal or no Cr or C clusters were
observed in the EDS images of the FC92 series. Instead, V-/Nb-rich
carbonitrides (indicated by red arrows in S1) were found within the laths

300 nm

MAG: 57000 x HV: 200.0 kV WD: -1.0 fmmr—

MAG: 57000 x HV: 200.0 kV WD: -1.0 Ammr

Fig. 2. Low-magnification HAADF and BF images of FC92-B and -N irradiated by 3.5 MeV Fe' " ion to 120 dpa/120 appm He at 475 °C (He/dpa ratio: 1 appm/dpa):
(a) BF and (b) HAADF obtained from irradiated FC92-B; (c) BF and (d) HAADF obtained from irradiated FC92-N. The irradiation direction in each TEM image is
marked with a yellow arrow. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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of FC92 steel alloys. This phenomenon is likely due to the comparable
atomic abundance of B and N, resulting in a uniform distribution of fine-
sized My3Cg precipitates along the prior austenite grain boundaries
(PAGBs) and MX carbonitrides inside subgrains. B suppresses the
coarsening of pre-formed My3Cq, While N facilitates MX carbonitride
formation. More details regarding the unirradiated microstructures and
swelling behaviors at a higher peak radiation damage level of 480 dpa
are outlined in our previous study, referenced as Ref. [18].

Fig. 2-4 show cross-sectional BF and HAADF STEM images of 3.5
MeV Fe'™ ion irradiated steel alloys (Fig. 2: FC92-B and -N irradiated to

(a) BF from FC92-B (240 dpa)
Irradiation

S00 nm

(c) BF from FC92-N (240 dpa)
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120 dpa; Fig. 3: FC92-B and -N irradiated to 240 dpa; Fig. 4: HT9 and
Gr.92 irradiated to 240 dpa.) The regions highlighted by red-boxes in
each low-magnification image on the left-hand side were further
magnified into the higher-magnification (>57 k) HAADF image on the
right-hand side. Within the damaged zone of the irradiated steels,
numerous small-sized cavities are observed, accompanied by densely-
entangled dislocation lines/loops, distinct from unirradiated bulk re-
gion. The depth of the radiation-damaged reached 1.5 pm, well
matching with the SRIM-expected ion range. Table 2-3 provide the
summaries of the examined cavities within the range of 400-700 nm in

Irradiation direction §

300 nm
MAG: 57000 x HV: 200.0 kV WD: -1.0 fimm |

MAG: 57000 x HV: 200.0 kV WD: -1.0 fomm—— |

Fig. 3. Low-magnification HAADF and BF images of FC92-B and -N irradiated by 3.5 MeV Fe' " ion to 240 dpa/240 appm He at 475 °C (He/dpa ratio: 1 appm/dpa):
(a) BF and (b) HAADF obtained from irradiated FC92-B; (c) BF and (d) HAADF obtained from irradiated FC92-N. The irradiation direction in each TEM image is
marked with a yellow arrow. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Low-magnification HAADF and BF images of FC92-B and -N irradiated by 3.5 MeV Fe' " ion to 240 dpa/240 appm He at 475 °C (He/dpa ratio: 1 appm/dpa):
(a) BF and (b) HAADF obtained from irradiated HT9; (c) BF and (d) HAADF obtained from irradiated Gr.92. The irradiation direction in each TEM image is marked
with a yellow arrow. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2

Summary of cavities observed in 400-700 nm depth region (dpa level: 70 dpa,
pre-implanted helium level: 70 appm) of FC92 steels irradiated by 3.5 MeV Fe™"
ion up to 120 dpa with He implantation of 1 appm/dpa.

Table 3

Summary of cavities observed in 400-700 nm depth region (dpa level: 140 dpa,
pre-implanted helium level: 140 appm) of F/M steels irradiated by 3.5 MeV Fe ™
ion up to 240 dpa with He implantation of 1 appm/dpa.

Alloy FC92-B FC92-N Alloy HT9 Gr.92 FC92-B FC92-N
Number of voids & bubbles (the entire examined 246 149 Number of voids & bubbles (the 162 101 79 128
area, pm?) (2.02) (1.88) examined area, pm?) (0.99) 0.73) (1.83) (1.83)
Swelling (%) over the entire damaged area 1.0 0.5 Swelling (%) over the entire 3.9 2.7 1.4 2.0
Number of cavities in 100 nm bins 400-500 26 27 damaged area
(400-700 nm) 500-600 30 28 Number of cavities in 400-500 13 38 16 13
600-700 30 19 100 nm bins 500-600 16 38 12 9
Void and bubble number density (10%°/m®) 18.8 16.9 (400-700 nm) 600-700 18 31 9 14
in 400-700 nm depth region Void and bubble number density 21.2 39.8 8.7 11.6
Average diameter (nm) of void & bubbles 19.9 18.2 (102%/m3)
in 400-700 nm depth region in 400-700 nm depth region
Swelling (%) in 400-700 nm depth region 1.1 0.8 Average diameter (nm) of void & 32.7 24.6 34.3 33.6
bubbles
in 400-700 nm depth region
the irradiated steels: Table 2 details swelling characterization in FC92 Swelling (%) in 400-700 nm depth 7.4 6.3 29 3.6

steels at 70 dpa/70 appm He; Table 3 outlines swelling characterization
in HT9, Gr.92, FC92-B, and FC92-N at 140 dpa/140 appm He.

4119
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3.1. Cavity evolution in FC92 steels at 70 and 140 dpa

Fig. 5a shows cavity number density distribution in the FC92-B and
-N irradiated to 120 and 240 dpa as a function of depth. All four com-
binations of two alloys/two doses exhibited similarity in their bimodal
number density distribution. In the first 0-300 nm region, all cases
exhibited a large population of small-sized cavities. This dpa-insensitive
cavity evolution in the near-surface region can be an artifact from the
defect imbalance from forward scattering along the ion path [14,19].
After 300 nm, the number density continuously increased to its peak,
followed by a gradual decrease towards the observed depth’s end. This
reflects the injected interstitial effect near the radiation damage peak at
~1000 nm. Across the examined range of 400-700 nm, at least 50 %
higher cavity population was observed at 70 dpa compared to 140 dpa
for both FC92 alloys. Alloy-by-alloy comparison at two given dpa con-
ditions demonstrates a higher number density in FC92-B than in
FC92-N at 70 dpa. However, at 140 dpa, FC92-N showed a higher
number density than FC92-B. Thus, a clear conclusion regarding
comparative ability of the two FC92 steels in suppressing cavity nucle-
ation cannot be drawn from these findings.

Fig. 5b plots the average cavity diameter distribution in FC92 alloys
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Fig. 5. Depth-dependent cavity (a) number density and (b) size distribution in
FC92 steels under 3.5 MeV Fe' " ion irradiation to the peak dose of 120 and 240
dpa at 475 °C (He/dpa ratio: 1 appm/dpa.).
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as a function of depth. Both FC92 alloys showed similar trends in their
size distributions. The observed diameter showed a steady increase,
reaching a peak at ~600-800 nm before decreasing. Between 400 and
700 nm, larger-sized cavities were found at 140 dpa than at 70 dpa.
Across all alloy types, an increase in dose from 70 to 140 dpa yielded a
nearly a twofold increase in the maximum and average cavity sizes.
Specifically, the maximum in size measured was 35.8 nm for FC92-B
and 64.2 nm for FC92-N at 70 dpa, while it increased to 64.2 nm FC92-
Bfor FC92-N, it was 32.5 nm at 70 dpa and 59.2 nm at 140 dpa. Average
size of the examined diameters within the 400-700 nm range was 20.2
nm at 70 dpa and 34.3 nm at 140 dpa for FC92-B; 17.2 nm at 70 dpa and
33.6 nm at 140 dpa for FC92-N, respectively. Notably, FC92-B exhibited
slightly larger cavity size than FC92-N for both 70 and 140 dpa condi-
tions. Normalized cavity size distributions in FC92 alloys at 70 and 140
dpa are presented in Fig. 6. For both alloys, the most prevalent voids had
medial sizes for both dose conditions. The size distributions at 140 dpa
were centered at larger diameters than those of 70 dpa, reflecting the
larger average diameters at 140 dpa. Some large-sized cavities of >50
nmD were exclusively found at 140 dpa, indicating more active cavity
growth at higher dose of 140 dpa. However, the coexistence of small-
sized cavities (<10 nmD) even at a low ratio indicates that there still
has been a weak cavity nucleation.

Fig. 7 plots a depth-dependent swelling distribution over the entire
damaged region in the FC92 alloys irradiated to two peak doses of 120
and 240 dpa. All steels exhibited unimodal swelling curves, resembling
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Fig. 6. Normalized cavity size distribution in 3.5 MeV Fe' ™" ion irradiated FC92

steels at 70 and 140 dpa (He/dpa ratio: 1 appm/dpa, irradiation tempera-
ture: 475 °C.).
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the SRIM-estimated radiation damage profile but with a shift toward the
surface. Swelling monotonically increased from the surface, reaching its
maximum at the 700-900 nm region, followed by a decrease. Fig. 8
compares the swelling of the irradiated F/M steels at 70 and 140 dpa. At
70 dpa, FC92-N less swelled than FC92-B as swelling reached 1.3 % in
FC92-B and 0.8 % in FC92-N. The lower swelling in FC92-N at 70 dpa
can be attributed to both suppressed cavity nucleation and growth.
Conversely, at 140 dpa, FC92-B less swelled than FC92-N with swelling
of 2.9 % in FC92-B and 3.6 % in FC92-N. This lower swelling in FC92-B
at 140 dpa primarily stems from a lower cavity number density, as the
difference in average cavity diameter between two alloys remained less
than 1 nm. Both FC92 alloys exhibited higher volumetric swelling at 140
dpa compared to 70 dpa. The higher degree of swelling observed at 140
dpa for both FC92 alloys, despite the lower cavity number density,
suggests that swelling at given dose condition primarily depends on
cavity growth rather than nucleation. In other words, radiation resis-
tance of the FC92 series has been shifted from being influenced by cavity
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Fig. 8. A comparison in the swelling of 3.5 MeV Fe' ™ ion irradiated steels at

70, 140, and 280 dpa with 70, 120 and 240 appm He, respectively (He/dpa
ratio: 1 appm/dpa, irradiation temperature: 475 °C.).
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nucleation to being driven by growth, supported by a very weak cavity
nucleation at 140 dpa from Fig. 14.

3.2. Cavity evolution in the irradiated four F/M steels at 140 dpa

Fig. 9a shows the cavity number density distribution in the two FC92
series and two reference alloys irradiated to a peak damage of 240 dpa.
All four alloys displayed similar bimodal patterns in their density dis-
tributions, although the density peaks occurred at different depths
among the alloys. In the near-surface region (0-400 nm), a large pop-
ulation of cavities was observed, marking their first density peak. After
the first 400 nm depth, all alloys exhibited an increase in number den-
sity, leading to the second peak observed at 700-800 nm in HT9,
500-600 nm in Gr.92, 400-500 nm in FC92-B, and 600-700 nm in
FC92-N. Notably, FC92 steel alloys demonstrated lower density than
HT9 and Gr.92 throughout the entire irradiated region. Between 400
and 700 nm, Gr.92 had the largest number density of cavities, con-
taining over double the number of cavities observed in HT9. HT9 fol-
lowed with the second largest density, nearly twice those of FC92 series.

Fig. 9b plots the cavity average diameter distribution in the four
alloys irradiated to 240 dpa versus a depth. Cavity sizes increased from
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the surface to the alloys’ peaks at differential depth bins: 600-700 nm in
HT9, 300-400 nm in Gr.92, 700-800 nm in FC92-B, and 700-800 nm in
FC92-N. After that, the average size continuously decreased in all four
alloys. Within the 400-700 nm region, the maximum cavity size was
measured as 79.6 nm in HT9, 74.3 nm in Gr.92, 64.2 nm in FC92-B, and
59.2 nm in FC92-N; the average size was 32.7 nm in HT9, 24.6 nm in
Gr.92, 34.3 nm in FC92-B and 33.6 nm in FC92-N. On average, FC92
steels had higher size than the other two reference steels. However, it is
noteworthy that both HT9 and Gr.92 steels exhibited maximum di-
ameters exceeding those of FC92 steels by more than 10 nm. Cavity size
distributions between 400 and 700 nm of irradiated steels are normal-
ized in Fig. 10. All tested alloys exhibited similar size distributions in the
form of a typical Gaussian distribution. Some voids in HT9 and Gr.92
exhibited diameter far from the average, indicating more progressed
growth behavior. The majority of cavities in HT9 and FC92 steels were
centered around diameters of 50-60 nm with a sparse population of
small-sized cavities having a diameter of <10 nm. Gr.92 exhibited a
relatively higher abundance of small-sized cavities of <10 nmD. How-
ever, as depicted in Fig. 14, most of cavities in the small-sized group
were already sized above 4 nm in radius. Considering the critical radius
is approximately estimated at 2 nm in ion-irradiated F/M steels, this
implies that Gr.92 already exhibited a mature growth-dominated cavity
behaviors over nucleation, similar to the other three alloys, supported by
a tail at higher diameters exceeding 40 nm.
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Fig. 10. Normalized cavity size distribution in 3.5 MeV Fe'" ion irradiated

ferritic/martensitic steels at 140 dpa (implanted He/dpa ratio: 1 appm/dpa,
irradiation temperature: 475 °C.).
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Swelling in the four alloys irradiated to 240 dpa is provided as a
function of depth in Fig. 11. All steels exhibited unimodal swelling
profiles over the irradiated region. The entire swelling observed across
the damaged region was attained as 3.9 % in HT9, 2.7 % in Gr.92, 1.4 %
in FC92-B, and 2.0 % in FC92-N; whereas the swelling within 400-700
nm depth region reached as 7.4 % in HT9, 6.3 % in Gr.92, 2.9 % in
FC92-B, and 3.6 % in FC92-N. Between 400 and 700 nm, HT9 and Gr.92
swelled almost twice or more as compared to FC92 alloys. This higher
swelling in two reference steels can be attributed to higher cavity
number density as well as a few larger-sized cavities measuring over 80
nmD. This is because HT9 and Gr.92 had similar (or slightly smaller)
average cavity size to FC92 series over the examined region. Conse-
quently, it can be inferred that the swelling resistance between alloys
still predominantly relies on the suppression of cavity nucleation while
also exhibiting some dependence on cavity growth. While the grain size
of alloy Gr.92 and FC92-N remains smaller compared to other alloys, no
clear correlation with swelling results has yet been found. Previous
studies reported that the introduction of MX precipitates can indeed
increase high-temperature creep resistance [20,21], and some have
suggested that MX precipitate may also serve as effective defect anni-
hilation sites [22]. Therefore, one plausible interpretation is that MX
precipitates within lath structure of the FC92 alloys may help suppress
swelling. However, definite experimental evidence is still lacking
regarding the sink strength of MX precipitate and coherency of this kind
of precipitate within the matrix. Thus, further research is essential to
explore the efficacy of the precipitate/matrix interface in MX pre-
cipitates in enhancing irradiation resistance, given that swelling is
determined by a confluence of various microstructural characteristics,
including but not limited to grain size and MX precipitates.

4. Discussion

4.1. A comparison in swelling behaviors of the four steels between at 140
and 280 dpa

Cavity evolution in the HT9, Gr.92, FC92-B, and FC92-N at 140 dpa
is compared to swelling data at 480 peak dpa from Ref. [18]. Both
ion-irradiation experiments were conducted on the same four alloys
under identical beam-irradiating conditions, encompassing factors such
as ion source, beam flux/energy/type, He/dpa ratio, and temperature.
The only differences between the two studies were the total ion fluence
and implanted helium concentration. To determine a local dpa for the
400-700 nm region in F/M steels irradiated to the peak 480 dpa, a
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Fig. 11. Depth-dependent swelling distribution in 3.5 MeV Fe' ™ ion irradiated
ferritic/martensitic steels (Peak radiation damage: 240 dpa, implanted He/dpa
ratio: 1 appm/dpa, irradiation temperature: 475 °C.).
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method described in section 2.2 was employed. For this midrange region
in the four steels irradiated to 480 dpa, radiation damage falls within a
range of approximately 235-320 dpa, with a deviation of less than 3 %
among the alloys. Thus, the pre-implanted helium content also ranges
from 235 to 320 appm. This estimation resulted in a calculated dose of
280 dpa, with corresponding implanted helium contents of 280 appm.

Fig. 12 presents a comparison of the average diameter and number
density of cavities at 140 dpa, along with those observed at 280 dpa. At
140 dpa, average cavity diameter for HT9, Gr.92, FC92-B, and FC92-N
was measured as 32.7 nm, 24.6 nm, 34.3 nm, and 33.6 nm at 140 dpa.
Comparatively, at 280 dpa, the average diameters increased to 48.8 nm,
33.5 nm, 40.0 nm, and 36.0 nm, respectively. The difference in average
cavity diameter between 140 and 280 dpa ranged from 2.4 nm for
FC92-N to 16.1 nm for HT9, indicating a more pronounced cavity
growth at the higher dose of 280 dpa. Cavity density for all alloys
irradiated at 140 dpa/140 appm He, with the exception of FC92-B, was
higher than that observed at 280 dpa/280 appm He. In both HT9 and
FC92-N, the number density was almost 50 % higher at 140 dpa
compared to 280 dpa, whereas in FC92-N, it was 10 % higher at 140
dpa. Only FC92-B had an increase in number density from 140 to 280
dpa. Overall, an increase in dose resulted in an increase in size and a
decrease in number density.

Fig. 13 compares the normalized cavity size distribution between
140 and 280 dpa. Among the cases, only Gr.92 and FC92-N at 280 dpa/
280 appm He developed a bimodal cavity size distribution, character-
ized by a relevant abundance of small-sized (<10 nmD) cavities.
Conversely, the other cases all followed the Gaussian-like unimodal
distribution, regardless of radiation damage. Fig. 14 provides a more
detailed comparison of the normalized size distribution of cavities with a
radius smaller than 10 nm. It is important to highlight that Gr.92 and
FC92-N at 280 dpa/280 appm He exhibited fundametally different
cavity behaviors by forming very small-sized cavities with radii of <2
nm, distinct from other alloy/dpa (or helium contents) combinations. In
HT9, Gr.92, and FC92-N at 280 dpa, over half of small-sized cavity
groups (<10 nmD) were sized below 2 nm. In contrast, other doses or
alloys predominantly exhibited cavity radii exceeding 5 nm, with very
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few cavities below 2 nm. While this study does not involve specific
calculations related to the critical radius based on the chemical com-
positions and irradiating parameters, generally, the critical radius of
cavities in irradiated ferritic/martensitic steels remains within the range
of tenths to 10 nm. Thus, critical radius of 2 nm was chosen in this study,
based on the theoretical estimates of ~1.9 nm by Monterrosa [23] and
~2 nm by Hishinuma and Mansur [24], as well as
experimentally-measured result of ~2.5 nm by Holton [25]. As evi-
denced from Figs. 13 and 14, it can be inferred that a significant amount
of cavities in Gr.92 and FC92-N at 280 dpa were sized around (or below)
critical radius. Meanwhile, the small-sized cavities in HT9 appreared to
have little to no significance on swelling behavior at 240 dpa due to their
very small proportion compared to the overall examined cavities.
Therefore, all the combinations, except Gr.92 and FC92-N at 280
dpa/280 appm He, display cavity behavior of which most of cavities
exceed a critical size for continuous growth.

Fig. 8 presents a comparison of the swelling behavior at 140 dpa/
140 appm He in HT9, Gr.92, FC92-B, and FC92-N with that at 280 dpa/
280 appm He. The volumetric swelling in the four alloys at 280 dpa/280
appm He is referred as 9.0 % for HT9, 2.9 % for Gr.92, 5.4 % for FC92-B,
and 1.7 % for FC92-N; that at 140 dpa/140 appm was 7.4 % in HT9, 6.3
% in Gr.92, 2.9 % in FC92-B, and 3.6 % in FC92-N. A comparison of
swelling levels between 140 and 280 dpa reveals noteworthy distinc-
tions: FC92-N and Gr.92 exhibited greater swelling at the lower dose of
140 dpa/140 appm He, while HT9 and FC92-B displayed higher
swelling levels at the higher dose of 280 dpa/280 appm He. As noted
above, all alloys consistently demonstrated an increase in average size
and a decrease in number density with the dose increment of 140 dpa,
except for the observed increase in number density observed in FC92-B.
Thus, this increase in average size primarily contributes to an increase in
swelling in HT9; while in the case of FC92-B, both increases in number
density and size concurrently acted as contributing factors to the in-
crease in swelling. Conversely, despite exhibiting similar cavity
behavior to HT9, the Gr.92 and FC92-N group experienced a reduction
in swelling with an increasing dose. This reduction is attributed, as
shown in Figs. 13 and 14, to a substantial proportion of the examined
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cavities consisting mainly of small voids with a radius below 2 nm.

4.2. The occurrence of a bimodal cavity size distribution in Gr.92 and
FC92-N at 280 dpa/280 appm He

A bimodal size distribution was exclusively found in Gr.92 and
FC92-N at 280 dpa/280 appm He. The gas-associated bimodal size
distribution typically refers to a combined observation of two cavity
groups: (1) a dense concentration of gas-stabilized cavities at small sizes
below (or around) critical radius, which do not grow with increasing
irradiation dose, and (2) another population showing bias-driven
growth at larger sizes, with only a restricted number of cavities found
between two groups [24]. Early theoretical work by Hishinuma and
Mansur on critical radius and bimodal cavity size distribution posited
that an appearance of bimodal distribution must align a reduction in
critical radius in the presence of helium [24]. In a self-ion irradiation
study on T91 irradiated to 356 dpa by Monterrosa [23], the presence of a
bimodal cavity size distribution was solely observed in high helium
content levels of 100 and 1000 appm He, coinciding with suppressed
swelling compared to their counterparts with lower helium levels of 0, 1,
and 10 appm. After conducting a simulation study based on Hishinuma
and Mansur’s theory, Monterossa suggested a range of ~50-400
He/cavity as a pratcial threshold to form a bimodal distribution. Most
recently, Lin investigated void and bubble evolution in 8-MeV Ni®* ion
irradiated Fe and Fe-3Cr/-10Cr/-14Cr ferritic alloys to 30 dpa with two
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different He/dpa ratio of 0.1 and 10 appm He/dpa at varying temper-
atures from 400 to 550 °C [26]. A bimodal size distribution was
observed at temperature above 470 °C in the case of 10 appm He/dpa,
regardless of chromium content, but was absent in 0.1 appm He/dpa. In
a further detailed analysis on Fe and Fe-10Cr ferritic alloys at 30
dpa/500 °C with He implantation rates of 0.1, 10, and 50 appm He/dpa
[27], Lin showed that the size of void-like cavities (<2 nm) decreased
with increasing He/dpa, while that of bubble-like (>2 nm) cavities
remained constant. Notably, only voids were observed for 0.1 appm
He/dpa. As a result, a bimodal size distribution was observed in 10 and
50 appm He/dpa cases for Fe and Fe-10Cr alloys, but not found in 0.1
appm He/dpa cases. In summary, as elucidated in the above-mentioned
literature, it can be inferred that the occurrence of a bimodal size dis-
tribution is unequivocally dependent on the quantity of helium and is
observed only under conditions of relatively high helium content.

A bimodal size distribution, characterized by a prevalence of small-
sized cavities in Gr.92 and FC92-N at 280 dpa/280 appm He, may
signify a prolonged duration of the incubation/transient regime [28,29].
This indicates a delayed shift occurred in Gr.92 and FC92-N from a stage
primilary governed by cavity nucleation to one where cavity growth
takes precedence. In contrast, other combinations in dose/alloy com-
binations had already transitioned towards a stage where mature cavity
growth predominates over nucleation, significantly surpassing a critical
radius of around 2 nm. However, any overstatement in the alloy-specific
details on the material chemistry should be avoided here, as HT9 and
FC92-B exhibited mature growth behavior, and swelling data still re-
mains inadequate to explain this differential response by alloys.
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4.3. The effect of pre-implanted helium on swelling suppression

Gr.92 and FC92-N exhibit a negative correlation between dose and
swelling, wherein higher degree of swelling occurred at lower dose of
140 dpa/140 appm He compared to 280 dpa/280 appm He. This finding
suggests a potential swelling suppression at higher dose of 280 dpa/280
appm He. Previous experimental studies have highlighted that intro-
ducing insoluble gas atoms before/during irradiation often suppresses
swelling in ion-irradiated metals and alloys [15,23,30]. The implanted
helium atoms, due to their strong binding energy to vacancies, primarily
stabilize vacancy clusters, serving as the nucleation sites for voids [31,
32]. According to theory, these helium-stabilized vacancy clusters fail to
reach the critical radius for continuous growth, thereby enhancing early
cavity nucleation and impeding the growth of cavities formed earlier,
consequently suppressing swelling [29]. An early study by Farrell et al.
investigated the effect of helium implantation on swelling using three
different helium injection modes: no helium, helium pre-injection, and
helium co-injection [30]. Irradiation was conducted utilizing 4 MeV
Ni*™" ions on 17Cr-17Ni-2.5Mo austenitic alloy at 625 °C, reaching a
dose of 70 dpa. Helium pre-implantation delayed the growth of void
diameter, facilitating increased number density and less swelling
compared to the other two cases. Farrell postulated that the inhibited
swelling behavior in the helium pre-implanted case likely resulted from
early nucleation/stabilization of the voids, preventing them from
reaching a size sufficient to act as a biased sink for adjacent vacancies.
Recent experimental approaches have systematically explored the effect
of implanted helium atoms on cavity evolution at high radiation damage
levels. Getto compared swelling behaviors in 5-MeV self-ion irradiated
HT9 up to 375 dpa between pre-implanted helium contents of 0, 1, 10,
and 100 appm across a broad temperature range of 400-480 °C [15]. At
440 °C and 188 dpa, an increasing helium content from 10 appm He to
100 appm He resulted in increased void number density and decreased
diameter. Consequently, HT9 swelled to 0.13 % at 100 appm He, which
is lower than 0.22 % at 10 appm He. Getto attributed this suppressed
swelling at high helium contents to helium-assisted early stabilization of
voids, which resulted in a promotion in void nucleation and inhibition in
the growth of nucleated cavities, in accordance with Farrell’s findings.
Monterrosa conducted a comparative study on swelling evolution in 5.0
and 4.4 MeV Fe™ ™ ion irradiated T91 steels to 350 dpa at pre-implanted
helium levels of 0, 1, 10, 100, and 1000 appm [23]. Between 45 and 356
dpa, a consistent trend was found in cavity behaviors, where an increase
in helium contents led to a reduction in cavity size and an increase in
density. At 300 dpa, swelling reached at least 2.7 % for 0-10 appm cases,
while remaining below 0.61 % for 100 and 1000 appm cases. Similarly,
at 365 dpa, swelling reached at least 3.5 % for lower helium levels of
0-10 appm cases, compared to only 0.78 % and 0.15 % for 100 and
1000 appm cases, respectively. Monterrosa proposed that helium trap-
ping and/or alteration of cavity and dislocation bias likely contribute to
the suppression in swelling at high helium levels exceeding 100 appm,
based on sink strength calculation from cavities and dislocations.
Furthermore, Lin conducted a comparative study on Fe and Fe-10Cr
ferritic alloys dual-beam irradiated (8 MeV Ni** and 3.5 MeV He?*) to
30 dpa with He implantation rates of 0.1, 10, and 50 appm He/dpa at
500 °C [27]. As the helium production rate increased from 0.1 to 50
appm/dpa, cavity size decreased by ~60 %, while the density peaked at
intermediate 10 appm/dpa. As a result, swelling peaked at 10
appm/dpa, approximating helium content between 300 and 400 appm.
These studies collectively demonstrate that the addition of helium
exceeding 100 appm tends to suppress swelling by triggering less cavity
growth as well as higher cavity number density.

Thus, one plausible conclusion can be made here: an excess amount
of pre-implanted helium exceeding 200 appm can be the primary factor
contributing to the suppressed swelling in Gr.92 and FC92-N at higher
dose of 280 dpa. The distinctive occurrence of a bimodal size distribu-
tion further supports the interpretation of helium-associated swelling
suppression in Gr.92 and FC92-N. While a bimodal size distribution is
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not always inherent to the suppression of swelling, ongoing cavity
nucleation in Gr.92 and FC92-N (not observed in other cases), expressed
as a high population of small cavities having radius of ~2 nm, indicates
an extension in the duration of transient regimes. This further
strengthens the explanation that higher levels of ~280 appm He can be
attributed to the inhibited cavity growth; as a result, suppressed swelling
even an increment in dose of 140 dpa. This interpretation aligns well
with the expected effect of high-concentration helium from literature
[15,23,27,30], which encompasses the restriction of the growth of
pre-existing cavities and the promotion of nucleation in newly-formed
cavities, thereby impeding swelling behavior. Therefore, consideration
should be given to the inhibition of cavity growth induced by an excess
amount of pre-implanted helium when designing similar ion-irradiation
experiments. Although a clear onset point, where the implanted helium
atoms begin to suppress swelling by hindering cavity growth, remains
indeterminate, employing the dpa-following helium concentration
approach may lead to unexpected helium-induced growth inhibition
within the range of 100-200 appm He, as demonstrated in this study and
corroborated by existing literature.

5. Conclusion

The radiation response of FC92 steels was comparatively studied
alongside HT9 and Gr.92 utilizing heavy ion accelerator. The irradiation
was performed up to 120 and 240 dpa, employing 3.5 MeV Fe™ ™ ion at
475 °C, with a helium pre-implantation of 1 appm/dpa. Post-irradiation
microstructure characterization was carried out, with a particular focus
on cavity evolution, utilizing FE-TEM. The results of the present swelling
were compared with our previous work on swelling behaviors in HT9,
Gr.92, and FC92 series irradiated to 480 dpa at 475 °C, with a pre-
implanted helium content of 1 appm/dpa.

(1) FC92 steel exhibited excellent swelling resistance after irradia-
tion to 240 dpa, showing less swelling compared to HT9 and
Gr.92. The volumetric swelling in the irradiated alloys reached
1.3 % in FC92-B and 0.8 % in FC92-N at 70 dpa, while it reached
7.4 % in HT9, 6.3 % in Gr.92, 2.9 % in FC92-B, and 3.6 % in
FC92-N at 140 dpa, respectively. This lower swelling in FC92
series can be attributed to the suppression of both cavity nucle-
ation and growth.

(2) After comparing the swelling behaviors at 140 dpa/140 appm He
with swelling data at 280 dpa/280 appm He, it was observed that
Gr.92 and FC92-N exhibited greater swelling at the 140 dpa/140
appm He condition than at the 280 dpa/280 appm He condition,
despite the dose increment of 140 dpa. These two alloys exhibited
the higher population ratio of small-sized cavities around the
critical radius at 280 dpa/280 appm He, resulting in the bimodal
cavity size distribution. In contrast, other dose/alloy combina-
tions followed the Gaussian-like unimodal size distribution with
only a sparse population of small-sized cavities. This negative
correlation between dose and swelling can be attributed to the
suppressed swelling at 280 dpa/280 appm He, as a result of
helium-associated enhancement of cavity nucleation and inhibi-
tion of cavity growth.
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