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1. Introduction

The development of robust materials and the
establishment of reliable system management are
essential for the safe and efficient operation of
advanced nuclear energy systems. This section
addresses the mission of establishing maintenance
management methodologies as well as materials R &
D for advanced nuclear energy systems such as fusion
and fission reactors. Our research interests include:

(1) Theory, modeling, numerical simulation, and
data-driven science & technology of irradiated
materials: Radiation damage processes of materials
during irradiation occur at various time and length
scales. To understand these processes, so-called
multiscale viewpoint and statistical arguments are
required. In this section, efforts are made to model
material behavior during irradiation complementarily
using several computational techniques such as MD,
ab-initio calculations, kinetic Monte-Carlo, rate-
equation analysis, FEM and CFD. Recently, additional
efforts have also been devoted to this research using
machine learning, Al, and data-driven techniques.

(2) Plant integrity analysis: Structural integrity of a
reactor pressure vessel (RPV) during pressurized
thermal shock (PTS) events is of critical importance in
the quantitative assessment of reactor safety. We
evaluate this using 3D CFD and FEM. The risk of the
RPV function loss is quantified and then is proposed
as an indicator available for optimizing maintenance
strategy.

(3) Effects of irradiation on the microstructure and
mechanical property changes of materials: High
energy particle irradiation leads to the formation of
oversaturated interstitials and vacancies. The behavior
of those defects is responsible for the evolution of the
microstructure, which may cause degradation of the
mechanical properties of the material. The elucidation
of the behavior of point defects is essential for
understanding the mechanisms responsible for the
changes in mechanical properties. In our study, the
microstructure evolution under high energy particle
irradiation has been investigated experimentally and
computationally.

2. Size distribution of defect cluster production in
irradiated materials

In materials of fusion reactor components, high
energy neutrons entering the material collide with

many target atoms, initiating displacement cascade
processes. This process produces locally dense
athermal point defects within the material, some of the
point defects aggregate to form defect clusters. This
has a profound effect on the material’s microscopic
composition and structure thus altering its mechanical
properties. Therefore, it is important to investigate the
impact of these processes in the design and selection
of component materials. However, the displacement
cascade process occurs on an extremely short
timescale of several tens of picoseconds, it is very
difficult to observe it experimentally. As such,
computer simulation techniques are often employed
instead. Among them, molecular dynamics (MD) is
one of the most powerful tools. In this study, the
factors influencing the generation of clusters were
investigated through the MD simulation of the
collision cascade in Fe.

Fig.1 shows a snapshot of the displacement cascade
in Fe at 0.2 ps, which is initiated from a PKA with a
kinetic energy of 50 keV. It can be seen from this
figure that the nucleation of an SIA loop (marked by
green line) is formed at a relatively early stages. The
formation of such cascade clusters is thought to have
a major impact on the subsequent microstructural
developlement, making it difficult to develop fusion
reactor materials with excellent radition resistance.

Fig. 1: Evolution of displacement cascades in Fe

3. Effect of irradiation environments on
microstructural evolution in Fe during irradiation

Many studies have been done so far using
numerical simulations to develop tools to predict
material degradation under irradiation. However,
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many conventional predictions mainly evaluate the
“average” behavior of the changes due to irradiation
without taking into account the effects of fluctuations.
The fracture behavior of a material does not depend on
the average behavior of the material, but rather is
dominated by the material’s property at its weakest
point. Therefore, it is important to focus on
fluctuations in defect microstructural evolutions.

In this study, the fluctuations in defect generation
and associated microstructural changes caused by
irradiation are focused. The probability distribution
function (PDF) of the number of point defects and that
of the number of cascade clusters are obtained as a
function of recoil energy using our molecular
dynamics simulations (MD). The recoil energy
spectrum for a specific neutron irradiation facility, e.g.,
high flux isotope reactor (HFIR) in ORNL, is then
obtained using the nuclear library JENDL constructed
by JAEA. Using these data evaluated here, the average
and fluctuations of point defect generation rate and
those of cascade cluster generation rate are evaluated
individually for the specific irradiation facility. These
generation rates are furthermore employed as a source
term in the rate theory equations to evaluate the
microstructural  changes of materials during
irradiation. Our calculation results showed that the
fluctuation in microstructural changes is highly
dependent on irradiation conditions; for example, the
coefficient of variation in concentrations of defect
clusters accumulated varies by up to 40 % in HFIR.
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4. Modeling of SiC materials for application in
nuclear energy system: first principles calculations

Since its excellent properties such as high strength
and low induced radioactivity, SiC materials are being
developed and validated as nuclear materials.
However, before practical application in nuclear
reactors, it is necessary to study the effects of high
temperature and irradiation environment of nuclear
systems on the properties of SiC materials.

To simulate the radiation damage behavior of
materials using molecular dynamics methods, a

reliable potential function is required. However, it is
known that the Tersoff, MEAM, and GW potential
functions widely used in molecular dynamics
simulations of SiC materials are inconsistent with
highly accurate first principles calculations. Therefore,
it is necessary to develop new potential functions that
can accurately describe the interactions between
atoms.

On the other hand, with the development of
artificial intelligence technology, neural networks
have been proven to be able to construct high-
precision potential functions and apply them to
material modeling research. Therefore, in order to
conduct reliable molecular dynamics simulations of
irradiation behavior, this study used a high-precision
first principles calculation method to calculate the
total potential energy of SiC materials and provided
teaching data for constructing neural network
potential energy functions.

First principles calculation was carried out by
supercomputer system using SIESTA code. We
constructed 3C-SiC model with 216 atoms composed
of 3 X3 X3 supercells and approximated the exchange
interaction of electrons using generalized gradient
approximation. To obtain a good generalization ability
for the neural network potential function to be
developed, not only the calculation of the perfect
crystal SiC but also the cases for different lattice
constants, vacancies and interstitial atoms were
calculated. A total of 149 calculations were conducted.
As input parameters for the neural network potential
function, atomic coordinates, energy and force have
been calculated and extracted.

Fig. 3: 3C-SiC perfect crvstals.

5. Application of AI technology to the image
analysis for nuclear materials development

TEM image analysis of post-irradiation metals has
often been conducted in the field of nuclear material
development research, where an interpretation of
imges is different unfortunately from person to person.
To avoid this gap, a new attempt is being made to
apply the state-of-the art Al technology to the image
analysis. If this attempt progresses successfully, it
should be possible to bridge the gap between the skill
levels of skilled and novice users.

_58_



Financial Support

1. Grant-in-Aid for Scientific Research

Fr TANLh, FEEMFSE(C), R JIHEEY O e RE
fili s EEAR IS L BRI A B B D B WD E N E & DT
% 2

EERS, SROTIE(A), BRALAE THEMZ 10 42
PSR ATRE AR N T 2 0 LB & D0
pge (Zrifa)

2. Others

A TNy, ET-RHEB O TEPR SRR, BRER K,
JR 1858 71 A - — NHREIC L D808 7wl
BEZEE)~ DR

BN EERE, B E IR ELASAE kL X — R IR R
DEEEYE B AT AR, [
OY AL T FT 47 AT K DA OER |
(BF 4T X =R SFH R FE T
e Ty AMFLE B LIRS 3 ook
AT OBHAE ) D—E6)

RS, RS (B, FEBER

Publications

J. Wang, Y. Hatano, T. Toyama, T. Hinoki, K. Yabuuchi,
Y. Zhang, B. Ma, A.V. Spitsyn, N.P. Bobyr, K. Inoue, Y.
Nagai, Irradiation effects on binary tungsten alloys at
elevated temperatures: Vacancy cluster formation, pre-
cipitation of alloying elements and irradiation hardening,
Materials & Design, 229, 111899, 2023

X. Yuan, S. Kondo, K. Yabuuchi, Y. Ogino, R. Kasada,
Effects of grain boundary volume fraction on the
threshold dose of irradiation-induced SiC amorphization
at 30 °C, Journal of the European Ceramic Society, 43,
12, 5125-5135, 2023

Y. Watanabe, K. Morishita, T. Nozawa, H. Tanigawa,
Irradiation temperature and dose rate dependence of
void swelling in RAFM steel during irradiation: Reac-

tion rate theory analysis, Fusion Engineering and Design,
194, 113899, 2023

Y. Oya, N. Inozume, Y. Hoshino, N. Yoshida, T. Hinoki,
K. Yabuuchi, Y. Hatano, Q. Zhou, F. Sun, R. Kolasinski,
C.N. Taylor, M. Shimada, Thermal annealing effect on
D retention for damaged W-10%Re alloy, Fusion Engi-
neering and Design, 196, 113981, 2023

T. Nagasaka, M.I. Kobayashi, T. Tanaka, S. Takayama,
H. Noto, J. Shen, T. Hinoki, K. Yabuuchi, K. Tanabe, R.
Kasada, S. Kondo, S. Nogami, H. Kurita, N. Hashimoto,
Y. Yamauchi, Y. Oya, T. Chikada, Y. Hatano, K.
Katayama, M. Oya, N. Oono, Y. Mori, Ultrahigh-Flux
Concerting Materials, Plasma and Fusion Research, 18,
2505085, 2023

F. Liu, H. Yu, X. Yi, S. Deng, S. Li, K. Yabuuchi, S.
Ohnuki, Microstructure evolution of y-Al,Os/FeAl trit-
ium permeation barrier coatings under 6.4 MeV Fe** ion
irradiation, Nuclear Materials and Energy, 38, 101627,
2024

Presentations

WA —RB, MANFIE, & o), i EfE, =ik
71, *a T AhA N KBGEMO Y — T —FELSI
TOFIGH, # 20 [\ RO KRB AT
L) R Y T A (3R B AR R E S PN
HEELY) |, FUET VY, 2023.6.29-30

P E < B, SR, FasEs, & Tmsh, 71—
7T == T T B E b IE O AL AR
AE, HALRESEEEH 19 BIFEinkEs, A kFe
JIIN 2 > 78 %, 2023.8.29

PG, P S < B, BRSEE, hipms, & Fi,
BT 2 O T B A B35 O 1 BE AL BRGEE,
HARETFRE 19 BIFHRERS, B4R
&y N4 2023.8.29

FHE, SHEES, boE, ENEERE, R,
7 mIZR D RUEREKIICEET 5 1B 15T
fili, HAREFRE 19 FEiREHE S, "L
JINF ¥ > 734, 2023.8.29

Fr T FnB), LG, BREE, vE)IS < 6, PihEs,
MR TI2RBIT D Fe WNOIEEMHr K oA pliic BY
T HHATHURHE, HAREFEE 19 BIF#HS,
ALK ZAAEINF v > 73X, 2023.8.29

K. Okamoto, K. Okamoto, K. Morishita, M. Ikegami, T.
Miyasaka, Development of New Semiconductor Power
Control Device Aming for Carbon Neutrality — Manu-
facture of Perovskite Distar -, The 14th International
Symposium of Advanced Energy Science, Kyoto Uni-
versity, Uji campus, Kyoto, Japan, 2023.8.30

Y. Matsukawa, H. Fujieda, K. Yabuuchi, K. Morishita, H.
Muta, Determining the conditions of heat treatments for
extending the lifetime of nuclear reactors (2), The 14th
International Symposium of Advanced Energy Science,
Kyoto University, Uji campus, Kyoto, Japan, 2023.8.30

_59_



H. Yoshikawa, K. Morishita, S. Kobayashi, Y. Tsujikura,
A. Gofuku, T. Matsuoka, M. Abe, J. Nitta, Y. Kuroe, D.
Li, K. Demachi, Experimental study on the advanced
methods of fault diagnosis and reliability evaluation to
be applied for complex energy systems, The 14th Inter-
national Symposium of Advanced Energy Science,
Kyoto University, Uji campus, Kyoto, Japan, 2023.8.30

Y. Chen, K. Morishita, Mechsnisms for the generatio of
large-size clusters in cascade collisions: Insights from
molecular dynamics simulations, The 14th International
Symposium of Advanced Energy Science, Kyoto Uni-
versity, Uji campus, Kyoto, Japan, 2023.8.30

L. Zhu, Y. Chen, B. Wang, K. Morishita, Statistical as-
sessment of athermal point defect production in iron
during neutron irradiation, The 14th International Sym-
posium of Advanced Energy Science, Kyoto University,
Uji campus, Kyoto, Japan, 2023.8.30

Chen Yuting, £ FAn%), HEEHE LRI L D2 KEM Y 7
AH—HRD A T = XN T DR B
YIialb—valr (FR¥—) , BREFNERS
2023 KO KRS, LA HERFZFHRILF ¥ /8K,
2023.9.6

HLRWL, VIS < 5, BEBE, R T, %7K
HFICRBITD Fe WD 2 7 oSS EICEET D HEF
IRl (R A% —) , BHARRETIE 2023 FFKD
2, HTERFEHRILF ¥ /3 4,2023.9.6

P &< 6, PUGEIN, B S, &R TALh, s
& AW BRI I P HE O S EACRGEE (KA % —) |
AR J1%4 2023 FRKO RS, 4l BRFH L
¥y /%, 2023.9.6

Chen Yuting, £ FH1%), U A — R L 5 KK
FE7 T AL —ERRD A T = X LT DM 5T
BOFY R alb—ay, ARFETHFE 2023 4
KORZ, Al BERFHRIF v 73 %,2023.9.7

B, 7)< 6, BEE, &R Tz, k7R
FFIZEBIT S Fe WD 2 7 aifiE 3 EICBET 5% 5
BRI, B AR %4 2023 FEMOKRE, 4R
KFHF ¥ /3%, 2023.9.7

P < B, SR, BB, B T, Mk
& T IRIHEAL T IR 00 B LRAE, B AR
R 2023 FROKR, Al BERERIF ¢ 23
2,2023.9.7

BTz, MEHRHBEETT U v 7 X 2R
DOE R, BARF 1155 2023 FFRRO KRS, 4
B RFHILF v /%, 2023.9.7

Y. Watanabe, K. Morishita, T. Nozawa, H. Tanigawa,
Multiscale computational modeling of helium effects on
cavity swelling in F82H steel under different irradiation
fields, 21st International Conference on Fusion Reactor
Materials (ICFRM-21), Granada/Spain, 2023.10.22-27

BRNEREE HOFZ2 R, TH-—Ek, TRES], TREAl
I, CVD IZ & % SiC REHIED T a2 A 7 4~
T4 7 A, HA MRS R KRS, FEXE S 7 —,
2023.11.14-16

PN, AR TR, BiEE s, IR, s
W7 T 2y S REEAE O BR S 2 S I A oo B
¥ ~HERY I 2L —va it h RS KRR Y
VT BLGO BB GIRAFMERMI~, & 40 BT X
< - KA SE A, T4 —7F - WhTIREER
At v #—,2023.11.27-30

I, B OoHoMEtyIar—ray, &
TS AEFESS 2[R 1 /58S - [ERSR 1 s 8eE 4
YA v — TR BB R e DO K
FrIA4,2023.12.5

Chen Yuting, 2 FFI5), KEALS 78 /175 HIC X
LERT O/LE A A — REEMNT, v —v
LY TAE—IFE TR T ) T T s T
AR = F T A v, 2024.1.30

il ASEE— B, WARWFIE, AR TFIEh, 2 K i 5178
T —H A RAH—LZDEME B ERBEFRR
AR, WK, 2024.3.4-8

AT — B8, FAWEE, R T, iy o
A S —OR%E, BRFREERE, 5K,
2024.3.14-16

o] A — B, [WARBEE, £ T, BEANES e
LED YERHHBIZ A 2 % — JE B Rl
S, T RE& A T A >, 2024.3.22-24

BLEWL, BHSE, I ES< 5, R FMS, 7R
HTIZRBIT D Fe WD 2 7 o iiiE3 I BE 9 2 5L,
H AR B OFES, TR, 2024.3.26-28

Y. Chen, K. Morishita, Statistical analysis of large size
clustergeneration mechanism using molecular dynamics
simulation, H A 1 N FHSFEOFES, T KE,
2024.3.26-28

EAaAh, SURWL, BRI, YR, R T, 8
—JRHEFRICESHF M SiC MEtoET Y
7, AARRTHhZEEFEOFER, E&KE,
2024.3.26-28

_60_





