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[1] Mitsuru Uesaka, Issei Ozawa, Yudhitya.Kusumawati, Yuki Mitsuya, Tomooki Shiba, “On-site Quantitative
Nuclear Fuel Debris Analysis by Portable 950 keV / 3.95 MeV X-ray / Neutron Sources in Fukushima”, Modern
Environmental Science and Engineering, MESE20190922-1, 2020.
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[1] Mitsuru Uesaka, Katsuhiro Dobashi, Yuki Mitsuya, Jian Yang, Joichi Kusano, “Highway Bridge Inspection by
3.95MeV X-ray/Neutron Source”, Computational Optimization Techniques and Applications, IntechOpen, 2021, DOI:
http://dx.doi.org/10.5772/intechopen.96959.
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[1] ‘AmEIL fh, BARBT /154 2020 R oK%, HEARE (2020).

[2] Stephen R Wells et al., Journal of Physics B 54 (2021) 045002 (6 pages).

[3] Yoshihiro Iwata et al., Journal of Quantitative Spectroscopy & Radiative Transfer 265 (2021) 107549 (7 pages).
[4] & H=EIL fil, 25 18 RIRACIARYERIGE S, HEAFEZR (2021).
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Developing method to analyze the behaviors of point defects
influenced by dose rate
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Abstract: Method was developed to study flux effects by combined irradiation. As a first step, alloys were irradiated at 400 °C,
and then subsequently irradiated at 300 “C with low dose rate. Loops and black dots were successfully compared at the same
location before and after the subsequent irradiation.

Keyword: combined irradiation,; stainless steel; foil irradiation

1 _Introduction

The effects of irradiation dose rate are tightly connected with the behaviors of point defects, which is almost impossible to
be observed directly by experimental tools available. In our previous work, with the powerful tool of in-situ TEM (transmission
electron microscopy) linked with HIT accelerator, we successfully discussed the behavior of point defects by observing the
growth of dislocation loops during irradiation. Such methodology could also be utilized to discuss the effects of dose rate,
however, there are some limitations currently. To be precise, the complexity of in-situ experiments is limiting the range of
irradiation temperature, dose and dose rate applicable in in-situ experiments.

We plan to further extend the capacity of HIT facility and in-situ experiments by applying the combined irradiation
concept. Combined irradiation is the combination of pre-irradiation and subsequent irradiation. The pre-irradiation is usually
performed on bulk specimens, and desired density and size of loops are created in bulk specimens by tuning irradiation
parameter. Then, foil specimens are picked up from pre-irradiated bulks for subsequent irradiation. Subsequent irradiation is
usually preformed in in-situ TEM chamber, with limitations in irradiation parameters. In this work, we plan to not only preform
subsequent irradiation in in-situ TEM chamber, but also in bulk irradiation chamber to achieve wider range of irradiation
temperature, dose and dose rate. We first created interstitial-type loops (i-loops) in stainless steels by pre-irradiation, and then

used these i-loops as indicators of point defect behavior in the subsequent irradiation with different dose rate.

2.Experimental

Two model alloys of 316L stainless steel was used in this work, namely Low Si alloy
(Fe-16.9Cr-13.0Ni-2.29Mo-1.00Mn-0Si) and Base Si alloy (Fe-17.3Cr-13.2Ni-2.36Mo0-0.88Mn-0.42Si). The major difference
between the two alloys was the Si content.

The pre-irradiation was performed by irradiating 3 MeV Fe?* ions on bulk specimen at 400 °C to 0.7 dpa. Irrdiation dose
was calculated by SRIM-2013, and the calculated dose was an average value from Onm depth to damage peak. Cross-section
TEM foil specimen was prepared by focused ion beam (FIB) followed by electro-chemical polishing. The TEM foil was
observed under TEM to confirm the irradiation defects formed in the pre-irradiation.

The subsequent irradiation was performed by installing the observed TEM foil into the specimen chamber for irradiation
again. The irradiation ion was 1 MeV Fe?*, temperature was 300 °C and dose was 0.2 dpa. As a starting point to study the flux
effects, the foil specimens were irradiated at the low dose rate of 2x10° dpa/s. After the subsequent irradiation, the foil

specimen was observed by TEM again.



3. Results and Discussion [g“m) fg=<zno>

Method was developed to prepare foil specimens thin
enough for TEM observation, but also thick enough that
the foils will not break during the subsequent irradiation.
And we found that when the thin area is small in size,
then the durability of the foil specimen will be much
enhanced. Fig.1 shows results of TEM observation before
subsequent irradiation and after subsequent irradiation. It
was found that the foil specimen successfully survived the
subsequent irradiation. Oxidization of foil surface was

inevitable, but it was still possible to distinguish the

irradiation defects. Foil cracking or curving was not
observed. As shown in Fig. 1, it was easy to compare the  Fig. 1 TEM dark field images of (a), (b) Low Si alloy and (o),
irradiation defects in the same location before and after (d) Base Si alloy. (a) and (c) was observed before subsequent

the subsequent irradiation. irradiation; (c) and (d) was after subsequent irradiation.

Before the subsequent irradiation, the loops were
larger in size in Low Si alloy than that in Base Si alloy. This is consistent with our previous results. The loop growth during the
subsequent irradiation was observable, but not much distinct. Since the subsequent irradiation was performed at 300 °C, the
new irradiation defects formed in the subsequent irradiation were all in the form of black dots. Although the number density of
loops was higher in Base Si alloy (Fig. 1 (c)) than that in Low Si alloy (Fig. 1 (a)), the number density of those newly-formed
black dots were much higher in Low Si alloy (Fig. 1 (b)) than that in Base Si alloy (Fig. 1 (d)). It indicates the effects of Si were
different under the two temperatures. The newly-formed black dots were not uniformly distributed, indicating their formation

was influenced by the pre-existing loops.

4. Conclusions

Method was developed to study flux effects by combined irradiation. As a first step, Low Si and Base Si alloy were
irradiated at 400 °C to 0.7 dpa, and then subsequently irradiated at 300 °C to 0.2 dpa with the low dose rate of 2x10-° dpa/s. The
comparison at the same location before and after the subsequent irradiation was proved to be successful. The newly-formed
black dots in the subsequent irradiation were not uniformly distributed, and their number density were much higher in Low Si
alloy than that in Base Si alloy. Further study of high flux irradiation is being performed, and will be compared with the results

here to discuss flux effects.
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To clarify the instability behavior of M23Cs under irradiation, the ion irradiation at elevated temperatures from 573-623 K was
conducted into the reduced activation ferritic/martensitic steels (F82H). A bilayer contrast of the particle consisting of an
amorphous-rim phase and inner crystalline core of M23Cs was observed after irradiation. From the high-resolution electron
microscope observation, the chemical disordering of particle was observed in the irradiated specimen.

F—7—F : radiation-induced amorphization, chemical disordering, M,3sCs, HAADF, F82H,

1. AX

F82H (Fe-8Cr-2W, V, Ta) steel is one of the candidate structural materials for fusion reactors. Research and

development of F82H steel for optimizing the material design and fabrication procedure for the fusion DEMO-blanket system
has been conducted for 30 years. In this material, the nano-scale fine particles such as MX (M: Taand V, X: C and N) and
M23Cs (M: Cr, Fe, and W) are co-precipitated, the irradiation resistance and thermal stability of these particles are very
important factors to maintain their excellent mechanical property at severe high temperature and irradiation environments.
Several efforts have been made to investigate the stability of these particles under irradiation, e.g., the crystal to amorphous
transformation known as the radiation-induced amorphization (RIA) was reported in M23Cs under neutron irradiation at 573 K
even at a relatively lower dose condition. Although this formation behavior has not been well understood, this result suggests
that the competing reaction between the amorphization of M23Cs and the formation of the laves phase has to be considered
under the reactor environment. In our previous studies, the RIA of MxCs under ion-accelerator irradiations with various
temperatures and dose conditions was conducted to clarify the feature of amorphization of M23Cs. As a result, the critical dose
to amorphization was estimated as ~1.0 dpa (displacement per atom) under the 2.8 MeV-Fe™ at room temperature (RT)
irradiation, and this critical dose increases with an increase in irradiation temperature. Besides, the amorphization of the particle
could be observed in the irradiation temperature below 623 K. Despite the fact that various RIA behaviors have been
experimentally confirmed, elucidation of the RIA mechanism still remains an open question, which is necessary in order to
predict the instability behavior of M23Cs under a fusion reactor environment.
Therefore, the purpose of the present study is to clarify the RIA mechanism of M3Cg in F82H steel under the cascade damage
condition. lon accelerator irradiation was utilized in this study to introduce cascade damage into the material, it will help us to
do this research because the irradiation parameters such as the irradiation dose and temperature condition can be accurately
controlled. Although the main elements of M23Cs in F82H steel are Fe, Cr, and C, but a small amount of W, V, and Ta atoms
are also contained. Thus, the effect of minor elements of Mx3Cs especially W on the RIA behavior was systematically
investigated in this study using in both conventional selected area electron diffraction and high-resolution electron microscopy
observation.

The chemical compositions of F82H specimen is
Fe-0.1C-7.88Cr-1.78W-0.19V-0.09Ta-0.45Mn-0.022Al-0.0010-0.001N. Specimens with a size of 1 x 3 x 5 mm?® were
prepared for the ion irradiation. They were firstly cut from the bulk specimen, and subsequently grinded with emery papers.
The surface was further mirror-finished by polishing with alumina slurry (0.25 pm) and colloidal silica suspensions (50 nm).
Finally, the deformed layer induced by mechanical polishing was removed by electrochemically etching in a solution.

The iron beam irradiation at 573, 598, and 623 K was conducted. The depth profile of irradiation damage was evaluated with
SRIM calculation. The irradiation damage of each specimen was designated as the dose at the depth of 1.0 pm away from the
surface, which is 20 dpa. After irradiation, cross-sectional transmission electron microscopy (TEM) observation was conducted
to investigate microstructural changes due to irradiation.

A standard lift-out method using the focused ion beam (FIB) technique was applied to prepare the thin TEM specimens. Then,
the two-step low energy Ar ion milling which is 1.0 and 0.3 kV in working voltage was performed before TEM observation to
eliminate the artificial defects induced by FIB processing. TEM observation and scanning transmission electron
microscopy-energy dispersive X-ray spectrometry (STEM-EDS) were conducted on JEOL JEM-2100 and FEI Titan3 G2
microscopes (Titan3), Titan3 is a probe spherical aberration-corrected (Cs-corrected) microscope was utilized for the
atomic-scale observation, the image resolution, probe size, and convergence semi-angle of electron probe, were 70 pm, <0.1
nm, and 17.9 mrad, respectively. The working voltage for JEM-2100 and Titan3 were respectively 200- and 300-keV. Bright
field (BF), dark field (DF), and annular dark filed (ADF) observations with the selective area electron diffraction (SAED)



analysis were utilized to evaluate the morphological change of the particles.

As the results, a bilayer contrasted M33Cg can be clearly observed in all the specimens. SAED analyses showed the
appearance of both diffraction spot and halo ring in specimens of 573 and 598 K, in which the interplanar spacing of the
halo-ring is calculated to be approximately consistent with (333) of M»3Cs. DF observation exposed from the halo-ring showed
its consistency with an outside layer surrounding the core, revealing the amorphization at the out-layer and leaving still
crystalline at the core-layer in M23Cg. Despite that no clear halo-ring was observed from the SAED in the specimen of 623 K,
the DF-image taken from g=422 showed an obvious low contrast layer on the surrounding of M23Cs particle. The d-spacing
of (422) reflection was close in value to the (333) halo-ring, indicating that a similar RIA phenomenon occurred in this
specimen. In addition, the absence of the halo-ring at 623 K suggests that the RIA in M»3Cg particle might be weakened or
delayed by an increase in temperature. To summarize, the RIA of M33Cs in F82H steel under irradiation at <623 K shows a
bilayer contrast, consisting of an amorphous-rim phase and inner crystalline core, to be specific.

In the high-resolution electron microscopy (HREM) micrographs observation of un-irradiated and irradiated specimen, the
long-range periodic sequence of atoms was observed in both specimens although the brightness of each column is clearly
different before and after irradiation, indicated that the chemical disordering of Mx:Cs lattice would steadily occur upon
irradiation. Furthermore, no structural change between the center region and interface between particle and matrix is confirmed,
extra structures such as the re-precipitation of secondary phases were not identified at the interface between the crystal and
amorphous regions. Thus, indicated that the chemical disordering of precipitates is one of the factors in instability, but not a
trigger for the formation of core/shell structures.

From the past literature, the amorphous domain in size of 2-3 nm was observed in the compound of CayLag(SiO4)sO2 under
1.5 MeV-Kr* irradiation at 300 K with in-situ observation. The formation of amorphous domain was explained by a large
amount of irradiation defects that survived in the cooling process after collision cascade event, and the concentration of
irradiation defects reached the critical level, locally. However, the amorphous domain feature was not observed in our study. It
suggests that most of the atoms returned back to the lattice positions during the cooling process after the collision cascade in
M23Cse. This discrepancy might be attributed to a fewer number of point defects formed in M23Cg in comparison with the
complicated oxide system. On the other hand, although the feature of point defect in M23Cs is still unclear, assuming that the
defects formed under the present irradiation are disappeared following simple rules, this assumption could provide a rational
explanation for the presence of a local amorphous domain in M23Cs particle.

In this study, to clarify the RIA behaviors of M2;Cs particle in F82H steel, the detailed TEM observations using both
the conventional STEM analysis, atomic structure characterization were conducted. The main results of this study are
summarized as follows:
® The RIA behavior of M2Cs was confirmed in the irradiated F82H specimen, the feature of RIA-particle was a bilayer
structured consisting of crystalline core and amorphous shell was observed, indicating that RIA preferentially occurred at
the interface between the particle and matrix.

® The chemical disordering of irradiated M23Ce Was observed, revealed that the chemical disordering was mitigated at the
amorphous-crystal interface region in comparison with the center of the particle.
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Irradiation effects in advanced martensitic steels and ODS steels
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A ferritic/martensitc steel named as SIMP steel with the addition of Si and a ODS-FeCrAl steel with the
addition of Al are under developing in China for the potential applications in China lead-bismuth-cooled
fast reactors. Ion irradiation experiments are planned to be performed at room temperature (RT) and
573 K at High-Fluence Irradiation Facility, the University of Tokyo (HIT). The irradiation hardening

behavior and microstructural evolutions of these two steels will be investigated.

Keyword : ion irradiation; ferritic/martensitic steel; oxide dispersion strengthened steel; microstructural

evolution

1. Introduction

The Lead-cooled Fast Reactors (LFRs) are chosen as one of the promising candidates in the
advanced Gen IV fission reactors featured with a fast neutron spectrum, high temperature operation,
and cooling by either molten lead or lead-bismuth eutectic (LBE). In addition, accelerator driven
subcritical (ADS) system has been recognized to be the most promising technology for safely treating the
nuclear wastes by now. Correspondingly, a ferritic/martensitc steel named as SIMP steel with the
addition of Si and a ODS-FeCrAl steel with the addition of Al are under the developing in China, which

with a relative good compatibility with LBE for the possible application in these nuclear systems.

2. The purpose
It has been recognized that, under the irradiation temperature below 623 K, besides of the

formation of dislocation loops, precipitates of a'-phase and soluterich clusters consisting of such as
carbon, manganese and silicon will be occurred, which will suppress the plastic deformation and provide
significant contribution to the total irradiation hardening.

These steels with the high Cr or Si contents, and their behavior under neutron and ion irradiation of
are still scared studied. Thus, it is necessary to investigate their hardening behavior and microstructure
evolutions during the ion irradiation at room temperature to about 573 K. Then, the effects of Si, Cr and
Al and their underlying mechanism will be clarified.

The chemical compositions of SIMP and ODS-FeCrAl steels are shown in Tab. 1. The SIMP steel
was melted in 5-ton vacuum induction furnace and followed by hot-forging and hot-rolling into the
plates. While the ODS-FeCrAl steel was fabricated by powder metallurgical method with a series of

procedures including mechanical alloying, hot isostatic pressing, hot forging and hot rolling.



Tab. 1 Chemical compositions of SIMP and ODS-FeCrAl steels (wt%)

Steels C Cr w Mn Si Ta \Y S P Ti Y,03 Fe
SIMP 0.20 1054 126 045 122 015 020 0.003 0.003 - - Bal.
ODS-FeCrAl 014 8091 140 041 - 005 019 - - 0.26 0.35 Bal.

3. Results and discussion

Irradiation experiment using 2.8-MeV Fe2* ion beam at HIT is planned for both steels at RT and
573K, up to various irradiation doses. Followed by irradiation, detailed microstructural characterization
will be conducted to reveal the evolution of the irradiation defect formation and the stability of the
precipitates. Unfortunately, due to the COVID-19 pandemic, the irradiation experiments were not

implemented on time. It will be conducted at the available period in the next year.
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Developing method to analyze the behaviors of point defects
influenced by dose rate
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The method of combined irradiation was utilized to differentiate the nucleation, growth, and shrinkage of dislocation loops at
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different irradiation fluxes. The diffusion of point defects to sinks (pre-existing loops) was hindered by high-flux irradiation,
which was the major contributor to the different microstructure.

*—")— K : combined irradiation; stainless steel; foil irradiation.

1 _Introduction

It is well known that the effects of irradiation flux is an important factor when considering the ageing of materials in
nuclear reactors, especially when accelerated experiments of irradiation are utilized to evaluate the ageing process. Although
many studies were conducted previously to study the flux effect, consensus was not reached yet. A major reason was that
literature works were mainly focusing on the macroscopic or statistical parameters of the irradiated materials, whereas the
development of each individual defect under different fluxes cannot be observed. In-situ TEM (transmission electron
microscopy) linked with HIT accelerator is a powerful tool with high temporal resolution; however, the parameters can hardly
be tuned largely due to the complexity of the full set of facility.

To solve the problem, a combined irradiation method was developed to study the flux effects in the previous year of 2019.
Combined irradiation means the specimen is irradiated twice. The first irradiation is performed on bulk specimen, and the
second irradiation is performed on the foil specimen which is picked up from the irradiated bulk. In 2019, low-flux irradiation
was attempted in the second irradiation, and the results proved the combined irradiation method was practical. In the year of
2020, the method was further improved. High-flux irradiation was added, irradiation parameters and specimen parameters was

improved, flux and temperature control was enhanced, and heating effects were discussed by adding a control specimen.

2.Experimental

Similar to the year of 2019, two model alloys of 316L stainless steel were used in this work, namely Low Si (LS) alloy
(Fe-16.9Cr-13.0Ni-2.29Mo-1.00Mn-0Si) and Base Si (BA) alloy (Fe-17.3Cr-13.2Ni-2.36M0-0.88Mn-0.42Si). Si content was
tuned because Si is believed to influence the diffusion of point defects, closely linked with the effects of irradiation flux.

In the first irradiation, bulk specimens were irradiated by 3 MeV Fe?* ions at 450 °C to 0.4 dpa. Irrdiation dose was
calculated by SRIM-2013, and the calculated dose was an average value from 0 nm depth to damage peak. The high energy of
3 MeV was selected to create deeper depth of the damage peak, making it easier for the foil preparation afterwards. The
irradiation condition of 450 °C and 0.4 dpa was selected to create large and sparse dislocation loops, which were used as the
indicators of point defect behavior in the second irradiation. TEM foils were picked up by focused ion beam, and the
morphology of the dislocation loops were recorded by TEM.

In the second irradiation, the observed TEM foils were installed into the conventional specimen chamber for additional
irradiation. Since the foils were thin (approximately 130 — 200 nm), the ion energy need not be high. We selected 1 MeV Fe?*,
making it comparable to in-situ irradiation results. The temperature was 400 °C and the dose was 0.2 dpa. Two fluxes was

selected. In the low-flux case, the irradiation time was 13560 s to reach 0.2 dpa (~1.5x10° dpa/s in dose rate, 1.5x10%°



ion/(cm?xs) in flux); in the high-flux case, the irradiation time was 260 s (~7.6x10* dpa/s in dose rate, 8.0x10™ ion/(cm?xs) in
flux) and 270 s (~7.5x10* dpa/s in dose rate, 7.9x10" ion/(cm?xs) in flux) for the LS and BA foils, respectively. A flux
difference of ~50 times was achieved in the second irradiation. It took ~90 min to heat the foil specimens from room
temperature to 400 °C before the second irradiation. A LS foil specimen was extracted from the irradiated bulk as a control
specimen to confirm the possible annealing effects of the second irradiation. This specimen was not irradiated during the
second irradiation, but the same heating process as the LS foil irradiated by HF was carried out. After the subsequent irradiation,

the foil specimen was observed by TEM again.

_Results and Di ion

Large loops were created by the first irradiation, just as
expected (Fig. 1 (a) and (c)). In the control specimen, no nucleated
defect was observed, and the change in the size of the resized defects
was very slight, which may have resulted from the deviation in the
TEM observation conditions and size measurement. Defect
disappearance was observed, but in low density. It indicated that the
process of heating up and cooling down did not play a dominate role

in the defect evolution.

In the second irradiation, the nucleation and growth of defects

was largely different between the high flux and low flux case (Fig. 1 . L .
Fig.1 The defect evolution in the second irradiation

(b) and (d)). The growth of pre-existing loops was more distinct in .
at (b) low flux and (d) high flux

the low flux case, whereas the density of newly-nucleated defects
was dramatically higher in the high flux case. It was implied that the diffusion of point defects to sinks (pre-existing loops) was

hindered by high-flux irradiation.

4._conclusions

The method of combined irradiation was utilized to differentiate the nucleation, growth, and shrinkage of dislocation loops
at different irradiation fluxes. The method proved successful, and the influence of the heating process was quantitatively
estimated by applying the control specimen. Loop growth was more distinct at low flux, whereas the density of

newly-nucleated defects was higher at high flux. The diffusion of point defects to sinks was hindered by high-flux irradiation.
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Abstract: A multi-directional cold rolling process and subsequent annealing were developed to obtain uniform recrystallized
microstructure of 12Cr oxide dispersion strengthened (ODS) steel. Microstructural evolution and hardness changes of cold

rolled 12Cr ODS steel under 1073 — 1373 K annealing were investigated.

Keywords: ODS steel; Multi-directional cold rolling; Recrystallization; Microstructure; Oxide particles

1. Introduction

Oxide dispersion strengthened (ODS) steel is considered as candidate materials for fuel cladding in fast breeder reactors
and structural components in fusion reactors, because of its proper high-temperature strength, and good irradiation damage
resistance. This alloy is generally produced by powder metallurgy including mechanical alloying, canning, degassing, and
consolidation by hot extrusion or hot isotopic pressing, and shaped by forging and/or rolling in combination with heat
treatments. Elongated fine grains with preferred orientation and high density of dislocations were formed during these shaping
processing, giving rise to anisotropic mechanical properties, hardening and thus poor workability. Recrystallization process was
suggested to handle those problems for ODS ferritic steels. However, it was found that recrystallization cannot take place even
annealing at 1473 K, above which the micrometer-scale pores were observed. Aiming at reducing the recrystallization
temperature below 1473 K, large plastic deformation is necessary to increase the stored energy that is the driving force for
recrystallization during following annealing. A multi-directional cold rolling process with ~60% thickness reduction was
developed in the previous study. In the present study, further thickness reductions up to ~90% were performed, and the

microstructural evolution and hardness changes after annealing in the 1073 — 1373 K range have been investigated.

2. Experimental methods

About 6.4 mm thick plate-shaped 12Cr ODS steel with nominal composition of Fe-12Cr-2W-0.3Ti-0.25Y ;03 (Wt%) was
fabricated by mechanical alloying, hot extrusion at 1423 K, hot forging at 1423 K, annealing at 1373 K for 1 h, cold rolling
with a thickness reduction of ~40% and final annealing at 1323 K for 1 h with air cooling. Regarding the multi-directional cold
rolling process, ~3 mm specimens were prepared by cutting through the original normal direction (ND)-transverse direction
(TD) section from the as-fabricated plate. Then, specimens were cold rolled on the original ND-TD section with various
thickness reductions of ~60%, 75%, and 90%, getting corresponding final thickness of about 1.2 mm, 0.75 mm, and 0.3 mm,
respectively. Hereafter, these specimens were marked as CR60, CR75 and CR90. Finally, specimens were isochronally
annealed from 1073 K to 1373 K for 3 h in a vacuum.

Microstructure was characterized by field emission scanning electron microscope equipped with an electron backscatter
diffraction (EBSD) device. Transmission electron microscope (TEM) was also used to evaluate the microstructure under an
accelerating voltage of 200 kV. TEM discs with a diameter of 3 mm were punched out, mechanically ground down to about 80
um, and polished by Struers Tenupol-5 in an electrolyte 5 vol% HCIO, + 95 vol% CH;COOH at room temperature. The

average size of more than 600 oxide particles was estimated in several TEM micrographs.



Vickers hardness tests were performed under a load of 1 kg for a dwell time of 15 s. The hardness value was averaged by

measuring 15 random positions.

3. Results and discussion

EBSD results showed that most of original grain orientations were changed from <011> direction to <111> direction after
the multi-directional cold rolling. Besides, the hardness increased with increasing of the thickness reduction ratios, indicating
that the higher thickness reduction induced the more stored energy in the matrix.

With respect to the annealed microstructure, recovery was observed after annealing up to 1273 K, while recrystallization
occurred at 1373 K in CR60. For CR75, recrystallization took place at 1273 K that is lower than that of CR60, suggesting that
higher thickness reduction stimulates recrystallization to occur at a lower temperature, and a thickness reduction higher than
75% is necessary to trigger recrystallization at 1273 K. Furthermore, partial recrystallization was observed in CR90 at both
1073 K and 1173 K, resulting in recrystallized bands along the rolling direction with almost equiaxed grains. It indicates that
there were preferential nucleation sites in the cold rolled state, which were not uniformly distributed during recrystallization.
According to TEM observations on annealed CR90, the oxide particle size was gradually increased from 2.2 + 0.5 nm at 1073
Kto 3.3 £ 1.0 nmat 1373 K, which is comparable with that of as-fabricated specimen, i.e. 3.5 £ 0.7 nm. Moreover, the number
density of oxide particle was increased by one order of magnitude with annealing temperature up to 1273 K, remained at the
same order (10 m3) up to 1373 K, suggesting that the oxide particles can be re-precipitated after subsequent annealing.

Regarding the hardness after annealing, CR60 was gradually decreased with increasing annealing temperature to 1273 K,
and evidently dropped at 1373 K, which were ascribed to recovery, and recrystallization, respectively. As for CR75 and CR90,
it slightly decreased with heating up to 1173 K, significantly dropped at 1273 K, and slightly further decreased at 1373 K. In
the all cold rolled specimens with 60%~90% thickness reduction, recrystallization can occur at 1373 K, which is 300 K lower

than that of as-fabricated specimen.

4. Summary and future work
In this study, multi-directional cold rolling with 60% — 90% thickness reductions and subsequent 1073 — 1373 K

annealing were employed for 12Cr ODS steel. Comparing with the as-fabricated specimen, the multi-directional cold rolling
facilitates the onset of recrystallization at a relatively lower temperature. Recrystallized microstructure can be obtained at 1273
K for a thickness reduction above 75%. As for annealed CR90, the oxide particle size was gradually increased from 2.2 £ 0.5
nm at 1073 K to 3.3 £ 1.0 nm at 1373 K, which is comparable with that of as-fabricated specimen. The hardness of cold rolled
specimens evidently decreased after annealing due to occurrence of recrystallization.

The recrystallized specimens will be used to carry out ion irradiation experiments to investigate the stability of oxide

particles under irradiation in the next fiscal year.

Achievements
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[2] Jingjie Shen, et al., Nuclear Materials and Energy 25, 100792 (2020).
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2020H-13 Study on the heavy ion induced defect and surface

microstructural changes effect on retention in tungsten

Gon-Ho Kim. Ki-Baek Roh, Myeong-Geon Lee
Seoul National University

To simulate cascade defect induced by self-ion (W) and neutron, 2.8 MeV W ion was irradiated on tungsten. The

retention property of damaged tungsten was measured with TDS after D ion and D gas irradiation.
F—"— K : Tungsten, Divertor, Retention, Self-ion damage, Safety limit

1. EX

(The specific figure with data is not included in this report because it is still under the discussion. Please excuse of it.)

For the investigation of plasma facing material property such as the defects generated by self-ion (W) is simulated by
using heavy ion irradiation on tungsten. It causes the change of retention rate with introducing the incident hydrogen ions on
PFM. The defects created by irradiation of heavy ions affects the hydrogen isotope trapping sites. Those properties are
necessary to determine the lifetime, dust release rate and safety limit of plasma facing material. Thus, this experiment focuses
on the investigation of heavy ion induced defect formation and the related static hydrogen retention rate of tungsten.

The hydrogen ion transport in tungsten such as diffusion, trapping and nucleation is determined by the defects such as
vacancy, vacancy cluster and grain boundary. The vacancies and vacancy clusters are created in the subsurface of tungsten by
heavy ion irradiation on the purpose of the simulation of the neutron and self-ion irradiation. To choose the fusion plasma
condition, we irradiated 2.8 MeV W2+ ion beam on the pure W up to 0.7 dpa. After the heavy ion irradiation, deuterium ion
was irradiated with our facility, SNU-ECR to make hydrogen-isotope retain in tungsten. Also, for the comparison the damaged
tungsten is exposed to 1 atm deuterium gas for 1 hour at several hundreds kelvin temperature condition. After that, retention of
the tungsten is measured with SNU-TDS in our group. The retention properties were measured in 7 days after the hydrogen
isotope irradiation to reach saturation condition of static retention. For the specimen condition, the tungsten specimens are
polished to the mirror surface (Ra~16 nm).

The total retention amount was measured along dpa condition on the ion-driven retained tungsten. The total retention
amount was saturated before 1 dpa, so the defect concentration in tungsten is expected to be saturated before 1 dpa condition.
The additional analysis is under discussion on the individual peak. The exposure temperature was variable for the gas retention.
The total retention amount at the gas-driven retention was linearly decreased at the exposure temperature from 400 K to 850 K.
The results will be cross validated with the MD simulation results.
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