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OBJECTIVES: High energy particles were irradiated
in crystalline solids, cause elastic and inelastic collisions,
and deposit their energies in crystal lattices to induce
crystal lattice defects. These defects change the
macroscopic properties of materials. In order to
investigate the mechanism of macroscopic property
changes in irradiated materials, irradiations of high
energy particles, such as fission neutrons, ions, electrons
and y rays have been carried out for several decades
years. However, the processes of defect production,
defect reaction and defect cluster formation are still not
fully understood. The same number of interstitials and
vacancies are formed by displacement damage under
high energy particle irradiation of crystalline materials.
If the two kinds of point defects behave symmetrically,
significant microstructural development by irradiation
damage would not be expected. Without exception, the
development starts and proceeds only when the balance
between interstitials and vacancies is broken for some
reasons. In fact, there are great varieties of sources of
asymmetry in the irradiated materials. Therefore, it is
important to understand the mechanism producing each
source of asymmetry to clarify the damage structural
development.
To perform these studies, irradiation experiments using
various kinds of high energy particles at wide range of
irradiation conditions are necessary. In the Research
Reactor Institute, there exist irradiation fields of neutrons,
ions, electrons and y rays from low to high temperatures.
Unfortunately, irradiation filed of neutrons is unavailable
in FY 2008.
RESULTS: The allotted research subject (ARS) and the
name of co-researches in each ARS are listed below. A
number of important data were already obtained.
Details are presented in this progress reports.
ARS-1
Coincidence Doppler broadening measurements of
positron annihilation in electron irradiated ZnO bulk
single crystal (1)

(K. Kuriyama, K. Matsumoto, Y. Suzuki, K. Kushida,
and Q. Xu)
ARS-2
Nano-cell fabrication using the behavior of point defects
induced by FIB

(M. Taniwaki, D.T. Giang and N. Nitta)

ARS-3

Study on formation and recovery of damage in crystalline
materials

(A. Kinomura, Y. Nakano, Q. Xu and T. Yoshiie)

ARS-4

Optical vibronic emission spectra for F, type centers in
neutron irradiated o-Al,O;

(Rahman Abu Zayed Mohammad Saliqur, T. Awata, Q.
Xu, N. Yamashita, Y. Inada, K. Oshima and K. Atobe)
ARS-5

Positron annihilation lifetime of ceramics irradiated by
30MeV electron using KURRI-LINAC

(M. Akiyoshi, H. Tsuchida, I. Takagi, T. Yoshiie, Q. Xu
and K. Sato)

ARS-6

Vacancy type defect in electron-irradiated high-purity
FZ-Si at 77K studied by positron annihilation

(Y. Nagai, H. Takamizawa, K. Inoue, M. Hatakeyama, N.
Tsuchiya, J. Yang, T. Toyama, T. Yoshiie, Q. Xu)

ARS-7

Defects study for bulk glassy alloys damaged by
irradiations

(F. Hori, Y. Fukumoto, A. Ishii, N. Taguchi, A. Iwase
Q.Xu and T.Yoshiie)

ARS-8

Microstructure of neutron irradiated vanadium alloys in a
liquid sodium environment

(K. Fukumoto, Y. Kuroyanagi, M. Narui, H. Matsui and
Q. Xu)

ARS-9

Damage evolution in neutron-irradiated metals during
neutron irradiation at elevated temperatures

(I. Mukouda, K. Yamakawa, T. Yoshiie , Q. Xu)

ARS-10

Effects of MA atmosphere on positron annihilation
properties of ODS alloys

(R. Kasada, S.H. Noh, J.H. Lee, A. Kimura, Q. Xu and T.
Yoshiie)

ARS-11

Formation of micro-voids by high-flux ion irradiation

(H. Tsuchida, H. Tanaka, A. Itoh, T. Yoshiie and Q. Xu)
ARS-12

Damage structures in austenitic stainless steels irradiated
with electrons

(K. Sato, T. Yoshiie, X.Z. Cao and Q. Xu)
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Coincidence Doppler Broadening Measurements of Positron Annihilation

in Electron Irradiated ZnO Bulk Single Crystal (I)

K. Kuriyama, K. Matsumoto, Y. Suzuki, K. Kushida®,
and Q. Xu?

College of Engineering and Research Center of lon
Beam Technology Hosei University

'Department of Arts and Science, Osaka Kyoiku
University

“Reserch Reactor Institute, Kyoto University

INTRODUCTION: ZnO, with a 3.37 eV direct band
gap and a large excitation binding energy of 60 meV, has
been widely used for many applications such as varistors,
and gas and ultra-violet light sensors. Recently, large
single crystals grown by hydrothermal method are
expected to offer many complementary and competitive
advantages to GaN. However, as-grown ZnO is
synthesized nearly always as an n-type material, and
residual impurities and native point defects in as-grown
samples are different between vapor phase and
hydrothermal methods. Electronic and structural
properties of native point defects, such as a vacancy and
an interstitial, in ZnO have been theoretically studied by
Van de Walle et al. [1]. In present study, irradiation effect
of 30 MeV electron-irradiated ZnQO is reported.
EXPERIMENTS: Electron irradiation was performed
at room temperature with 30 MeV electrons and a beam
current 18 1 Alem? using an electron linear accelerator
facility at Kyoto University Research Institute. The
irradiation  dose was 7.8 x 107  e/cm’
Electron-irradiation induced defects were estimated by
coincidence doppler broadening (CDB) measurements of
positron annihilation and photoluminescence (PL)
measurements with a 325 nm He-Cd laser as excitation
source at 20 K.

RESULTS: Figure 1shows the results of measurements
of positron annihilation. The small peak observed at
around P_~20x10°m,c suggests the presence of oxygen
vacancy (V,), because positrons are trapped by V, and
annihilate with the inner electrons in Zn atoms
neighboring V,. The spectra for 600-800°C annealed
ZnO show that V, annihilates by annealing. Furthermore,
Table 1 shows the positron lifetimes obtained by the
CDB measurements. The average positron lifetime of

as-irradiated ZnO is nearly equal to the reported value [2].

Figure 2 shows PL spectra. The PL intensity of the green
band emission (520 nm) related to V,, was larger than
that of the unirradiated sample. This shows that V, was
also artificially produced in ZnO by the electron
irradiation in consistency with CDB measurements.

Table 1. Positron lifetimes obtained by CDB
measurements.
Avarage lifetime (ps) ~ Long lifetime (ps)  Short lifetime (ps)
as-irradiated 1915 2244 1340
600°C annealed 121 2439 1638
800°C annealed 164.8 354.1 15722
un-irradiated 169.8 178.0 1053

Zn film

—e—  as-irradiated ZnO
1.25F —&— 800°C annealed ZnO
—A— 600°C annealed ZnO

Ratio to ZnO

0 5 ;n 15 20 25 30 35 40
P, (103m_c)

Fig. 1. The spectra of coincidence doppler broadening

measurement of positron annihilation for as-irradiated

Zn0, 600-800°C-annealed ZnO, and Zn film.
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Fig. 2. The PL spectra for unirradiated ZnO and
as-irradiated ZnO.

REFERENCES:

[1] A. Janotti and C. G. Van de Walle, Phys. Rev. B, 76
(2007) 165202.

[2] F. Tuomisto, D. C. Look, G. C. Farlow, Physica B,
401-402 (2007) 604-608.
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M. Taniwaki, D. T. Giang and N. Nitta®

Department of Environmental Systems Engineering, Ko-
chi University of Technology

'Department of Mechanical Engineering, Kobe Univer-
sity

1.Introduction : The idea of the nano-fabrication re-
ported in this article was derived from the authors’ recent
discovery regarding the ion implanted GaSb surface. A
characteristic cellular structure was observed on the im-
planted surface of GaSb heavily ion-implanted at about
150K. This cellular structure consisted of hollow cells
with fine dimensions of about 30 nm diameter and 250
nm height (high aspect ratio) and these cells were sepa-
rated by very thin walls (5-10 nm thickness). The au-
thors consider that this structure is formed due to the
behavior of Frenkel pairs (vacancies and interstitials)
induced by ion implantation. Vacancies will be mobile
and interstitials will be immobile at low temperature
(around liquid N, temperature). Then the vacancies
which survived from recombination with interstitials can
form voids and these voids can develop to the fine cells.
The characteristics of the discovered cell structure, fine-
ness, high aspect ratio and very thin partitioning walls,
will offer many advantages, if the technique is applied to
nano-device processing. Therefore, the authors propose
a new fabrication technique using focused ion beam to
form an ordered nano-cell structure. We have previ-
ously demonstrated the validity of this idea experimen-
tally. In this article, the authors report advanced ex-
perimental results and some valuable conclusions for this
nano-fabrication technique.

2. Nano-cell fabrication technique : This technique
consists of two processes, a top-down process and a bot-
tom-up process. The top-down process is for creating the
nuclei of the cells at our designed sites. Focused ions
are irradiated precisely on the designed spots. Numer-
ous interstitials and the same number of vacancies must
be induced around each irradiated point. Although most
of these point defects are annihilated by recombination,
some mobile interstitials will escape and some immobile
vacancies will remain at the spot.  Therefore, the vacan-
cies are accumulated at the implanted sites as the ion
irradiation continues.  As the result, voids form from the
vacancies at our designed spots when the vacancy con-
centration reaches a critical point.  The voids which are
created in this manner are nuclei for nano-cells. Sub-
sequently, as the next bottom-up process, an ordinary
broad-coverage ion irradiation is performed over the re-
gion covering the designed sites. This irradiation in-

Nano-Cell Fabrication Using the Behavior of Point Defects Induced by FIB

duces new vacancies and interstitials around the voids.
The existing voids absorb these newly created point de-
fects, especially the excess vacancies, therefore new void
formation is depressed around the voids.  Finally
nano-cells will be developed from the initially created
voids.

3. Critical number of Frenkel pairs : For the devel-
opment of the initial pattern into nano-cell structure, the
initial voids must absorb the Frenkel pairs, especially
vacancies, which are induced by subsequent ion irradia-
tion. Therefore it is considered that the initial voids
must have some critical volume, that is, some critical
number of Frenkel pairs (N) must be induced at a spot
during the first procedure. N is estimated from the
number of Frenkel pairs per one spot when the initial
pattern developed; It was 2.4x10®8 <N = 1.2x10°
from the 15 kV irradiation, and 4.8x10" <N= 2.6x10°
from the 30 kV. Therefore the critical number of Fren-
kel pairs when the initial pattern is fabricated needs to be
about 2.5x10°% ions per one spot. However, we had bet-
ter mention that this value may depend on the accelera-
tion voltage of Ga ion, because the cascade area changes
with acceleration voltage and then the concentration will
change.

4. Summary : Nano-cell fabrication by the novel tech-
nique proposed by the authors was performed using FIB,
and the experimental conditions needed for the nano-cell
lattice were obtained. The critical number of Frenkel
pairs of the initial implanted spot is about 2.5x10° ions
per one spot. The nano-cell two-dimensional lattice is
fabricated in the range between 50 and 150 nm cell in-
tervals. The structures with 30 nm and smaller intervals
did not develop in orderly array, which we attribute to
coalescence of the cascades. In conclusion, we showed
the validity of our proposed nano-fabrication technique
and clarified the range of the cell dimensions at the pre-
sent experimental condition.
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A. Kinomura, Y. Nakano!, Y. Hayashi*, Q. Xu' and
T. Yoshiie*

National Institute of Advanced Industrial Science and
Technology (AIST)
! Research Reactor Institute, Kyoto University

INTRODUCTION: Irradiation of energetic ions to
crystalline materials causes radiation damage that
substantially degrades material properties. Damaging
effects have been extensively studied in ion irradiation to
materials. However, it should be noted that residual
defects experimentally detected are often less than
primary defects theoretically calculated, implying that
both damaging and recovery processes coexist in
irradiation. A typical case of the recovery effect is ion
beam induced epitaxial crystallization in Si, where
implantation-induced amorphous layers are epitaxially
recrystallized under the ion beam irradiation at elevated
temperatures. It is important to investigate such
competing processes for the application of ion-beam
surface modification as well as for understanding
neutron-induced damage in nuclear power plants. This
study aims to investigate the radiation effects in
ion-irradiated crystalline materials.

EXPERIMENTS: Two types of experiments are
performed in this study: (1) Recovery of ion-implantation
induced damage by neutron irradiation in single
crystalline Si; (2) Damage introduction under ion
irradiation in pure metals. In the first experiment,
radiation damage was introduced in (100)-oriented
crystalline Si by self-ion (Si) implantation at 200 keV to
doses of 0.5-2x10™ Si/cm? These irradiations cause
heavily damaged or amorphous layers depending on the
ion dose. The damaged samples were then
neutron-irradiated in the Material Controlled Irradiation
Facility (Irradiation temperature >200 °C) or in the Core
Irradiation Facility (Irradiation temperature ~90 °C) at
KURRI. The irradiated/annealed samples were
characterized by Rutherford backscattering with
channeling (RBS/C). In the second experiment,
mirror-polished pure (99.99%) Fe and Ni substrates were
implanted with 150 keV Ar ions at room temperature or
elevated temperatures (300 — 500 °C). For comparison,
self-ion implantation was performed by the heavy-ion
accelerator at KURRI. Irradiated metals were analyzed
by positron annihilation spectroscopy. In both of
experiments, the number of displacements and their depth
distributions were calculated by the TRIM code.

Study on Formation and Recovery of Damage in Irradiated Crystalline Materials

RESULTS: For the experiment on neutron-induced
damage recovery, it is necessary to compare the
Si-implanted samples thermally annealed for the same
time as the neutron irradiation. At the moment, the
thermal annealing corresponding to the core-irradiation
samples is in preparation. For the experiment on the
ion-induced damage in pure metals, Ni samples were
irradiated with 60 keV Ni or Ar ions at room temperature
to a dose of 1x10™ cm?.  The beam current of Ni and
Ar ions were adjusted to obtain similar flux values
between two ions to exclude a flux effect. The
irradiated Ni samples were analyzed by positron lifetime
spectroscopy using a slow positron beam. Figure 1
shows the positron lifetime spectra obtained at a positron
energy of 3 keV. Since the ion-irradiated area (1 cm in
diameter) is slightly smaller than the spot size of the
positron beam, Kapton sheets were used to cover the
surrounding areas. The spectra from two ion species
looked similar in Fig. 1. Positron lifetimes originating
from the Ni samples (not from the Kapton sheets) were
calculated to be 0.20 and 0.22 ns for self-ion and Ar-ion
irradiations, respectively. The samples were analyzed
at positron energies of 2 and 5 keV in the same way. A
similar trend was observed for all the positron energies.
Considering about the depth distribution of damage in
each irradiation, the effect of ion species may be
sufficiently small.  As a next step, we plan to perform
the same experiments for Fe and to perform the
irradiation at elevated temperatures.
ACKNOWLEDGMENT: We would like to thank Dr. Y.
Ito (Wakasa-Wan Energy Research Center) and Dr. R.
Suzuki (AIST) for their assistance on this study.
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Fig. 1. Positron lifetime spectra of the Ni samples
irradiated with self-ion (Ni*) or Ar™.
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Rahman Abu Zayed Mohammad Saliqur',T. Awata’,
Q. Xu’, N. Yamashita*, Y. Inada" *, K. Oshima' and
K. Atobe"*

'Graduate School of Natural Science and Technology,
Okayama University

*Graduate School of Education, Naruto University of
Education

®Research Reactor Institute, Kyoto University
*Graduate School of Education, Okayama University

INTRODUCTION: Optical properties of the point
defects created by neutron bombardment in single crystal
a-AlLO; have been reported previously. These point de-
fects form to aggregate centers by annealing [1]. Al-
though prominent absorption and emission bands were
attributed to the F center and F" center, little has been
done on the F aggregate centers in this crystal. Present
work will focus on optical vibronic emission spectra as-
sociated with F aggregate center.

EXPERIMENTS: Single crystals of undoped alumi-
num oxide (a-Al,O3) samples grown by the Czochralski
technique were obtained from Kyoto Ceramics Co. The
typical size of the samples was 8x4x3 mm’. Impurity
analysis of samples showed Na, K, Si, Fe, and Mg<10
ppm. These samples were exposed to 2.8x10'® fast neu-
trons/cm® (>0.1MeV) at a flux of ®;= 3.9x10" neu-
trons/cm’s, at 360K using Hydraulic Exposure Tube
(HET) facility of Kyoto University Research Reactor
Institute (KURRI). Low Temperature Loop (LTL) irra-
diation was also performed in KURRI to a dose of
1.3x10" fast neutrons / cm* at 20K. Luminescence spec-
tra were measured at 10K with RITSU MC-50L and
MC-50 grating monochromators. A R955 photomultiplier
tube was used as a detection system. A calibrated xenon
lamp was used for Luminescence measurements.
Low-temperature spectra were obtained with Iwatani
D310 small cryogenic refrigerator.

RESULTS and DISCUSSION: Photoexcitation into
the F," type 356 nm absorption band yields the near 470
nm emission band associated with vibronic structure

(Fig.1).

Optical Vibronic Emission Spectra for F, Type Centers in Neutron Irradiated o-ALO;
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Fig. 1. Emission spectra of a-Al,O; near 470 nm emis-

sion band with vibronic structure in 10 K, excited by 356

nm excitation band; (a) HET irradiation (b) LTL irradia-

tion.

PL Intensity (arb. unit)

Photoexcitation into 356 nm absorption band produces
380 nm luminescence band which is suggested to F,"
center [2]. Therefore, luminescence band near 470 nm
band, associated with vibronic structure is also due to F,"
type center.

REFERENCES:
[1]1 K. Atobe, N. Nishimoto and M. Nakagawa, Phys. Stat.
sol. (a) 89 (1985) 155.

[2] B. D. Evans, G. J. Pogatshink and Y. Chen, Nucl. Instr.
and meth. in Phys. Res, B91 (1994)258.
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Positron Annihilation Lifetime of Ceramics Irradiated

by 30MeV Electron Using KURRI-LINAC

M. Akiyoshi, H. Tsuchida, 1. Takagi, T. Yoshiie', Q. Xu*
and K. Sato*

Faculty of Engineering, Kyoto University
'Research Reactor Institute, Kyoto University

INTRODUCTION:

Thermal diffusivity is one of the most important factors
for ceramic materials expected to be used in fusion reac-
tor blanket or divertor. In these ceramic materials, unlike
metals, heat is mainly carried by phonon, and phonon is
scattered by irradiation-induced defects to show severe
degradation in thermal diffusivity after neutron irradia-
tion [1-3]. In the previous work (KUR Progress Report
2006 CO4-7, 2007 PR1-5), 30MeV electron was irradi-
ated to ceramic materials instead of neutron irradiation to
induce defects at various irradiation conditions.

Phonon was scattered mainly by vacancies, and distri-
bution of vacancies are studied by positron annihilation
method in these days. So in this work, we measured posi-
tron annihilation lifetime (PAL) of these electron irradi-
ated ceramics to examine the distribution of defects.

EXPERIMENTS:

Typical structural ceramics (a-Al,O3, AIN, B—SisN, and
B-SiC) were irradiated by 30MeV electron using the
KURRI-LINAC up to 1.5x10*e/m* (correspond to
0.01dpa) at 300K in the water-cooled specimen holder.
The energy of primary knock on atom (PKA) created by
30MeV electron reaches about 125keV in maximum that
is far larger than ionizing energy, about 16keV in ceram-
ics, and the cross section is estimated about 19 barn. But
the average PKA was only 225eV that induces less than 4
displacements, so the total dose was estimated 0.01dpa,
still enough doses to induce significant degradation in
thermal diffusivity. Thermal diffusivity was measured by
laser flash method in the previous work, and that showed
about 20%, 40%, 30%, 75% degradation for o-Al,Os,
AIN, B-Si3N4 and B-SiC respectively.

In this work, Positron annihilation lifetime was also
measured in Radiation Laboratory, Uji. The irradiated
specimen was ¢10x2mm disk, and the number of the
specimen was only one for each material. Usually, y-y
coincidence PAL method requires two peaces of speci-
mens to put a positron source between specimens. In this
work, we used one peace of non-irradiated specimen at
the other side of the irradiated specimen. Positron source
was 0.5MBq #Na sealed by Ti foil, and the active diame-
ter was 1mm.

RESULTS:
a-Al,O3 showed significant increment in long lifetime
component same as neutron irradiated specimens. AIN

and B—SisN4 showed distorted lifetime spectrum. These
were radio activated specimens arisen from impurity or
sintering additives, and gamma ray radiated from these
specimens itself affect the lifetime measurement. B-SiC
showed almost no change in lifetime spectrum same as
neutron irradiated specimen, even the specimen was sin-
tered with another additives by another manufacturer.
This difference is explained that o-Al,O3 and AIN crys-

tals are bonded by ionic-bond, but B—SizN, and B-SiC are
bonded by covalent bond. Positron is trapped strongly in
cation vacancy like in metal, but vacancy in covalent
bond crystal does not give electrical contribution.
Neutron irradiated AIN showed significant increment in

long lifetime component, and B—SisN,; showed a little
increment. These specimens were irradiated long time
ago (1993), and the activity was decayed enough. The
30MeV electron irradiation in this work gave far small
neutron fluence, so the activity will decay enough in
these years.

100 B
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Fig. 1. Positron annihilation lifetime spectrum of elec-
tron-irradiated ceramics (0.01dpa at 300K).

REFERENCES:
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[2] M. Akiyoshi et al., Fus. Eng. Design., 81 (2006) 321.
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Vacancy Type Defect in Electron-Irradiated High-Purity FZ-Si at 77K

Studied by Positron Annihilation

Y. Nagai, H. Takamizawa, K. Inoue, M. Hatakeyama,
N. Tsuchiya, J. Yang, T. Toyama, T. Yoshiie' and Q. Xu*

Institute for Materials Research, Tohoku University
'Research Reactor Institute, Kyoto University

INTRODUCTION: It has been reported that monova-
cancies in Si are mobile above about 70-170K, depend-
ing on their charge state, and then they anneal out or bind
with each other to form their aggregation or with impuri-
ties (dopants) to form vacancy-impurity complex [1].
Therefore no monovacancy should exist above around
200K. However, recent experiments of the softening of
the elastic constants by ultrasonic measurements imply
the presence of monovacancies in the as-grown Si single
crystals [2].

In order to confirm the behavior of monovacancies,
undoped floating-zone Si (FZ-Si) specimen was elec-
tron-irradiated at 77K to introduce monovacancies in the
specimen and their annealing behaviors were investi-
gated by positron annihilation.

EXPERIMENTAL: Last year, we studied FZ-Si with
the resistivity of 2x10°Qcm. In this year, we employed
FZ-Si with high purity (~3x10*Qcm) to discuss the im-
purity effect. The specimen was irradiated at 77K by
28MeV electrons to a fluence of 1x10' e/cm? using the
KUR-LINAC. The specimen was set to a sample cham-
ber for positron lifetime and coincidence Doppler broad-
ening (CDB) apparatus without temperature rise. The
measurements were performed at 80K. The isochronal
annealing was done for 30 minutes at 10K intervals to
210K.

RESULTS & DISCUSSION: Figure 1 shows the an-
nealing behavior of the average positron lifetime in the
electron-irradiated FZ-Si with resistivity of ~3x10*Qcm
(closed circles), compared with that of 2x10°Q cm (open
circles).

In the as-irradiated state, the average positron lifetime
is much longer than that in the bulk (220ps) and thus
positrons get trapped at monovacancies introduced by
electron-irradiation at 77K. In fig.1, we can see two an-
nealing stages. On annealing at 120K to 150K, the aver-
age positron lifetime slightly decreases and S
(W)-parameter decreases (increases) with annealing
temperature. The change in this temperature region cor-
responds to the annealing stage of monovacancy [3]. The
monovacancies become mobile around 120K and bind
with impurities to form vacancy-impurity complex. It

seems that one more recovery stage around 200K is ob-
served.

Comparing the two FZ-Si, it is clear that the high- pu-
rity FZ-Si (i.e. ~3x10* Q cm) shows the larger decrease of
average positron lifetime in this annealing temperature
region. This may be due to the less effect of impurity
trapping of monovacancies; in high purity FZ-Si, the
mobile monovacancies have less probability to be bound
and to be stabilized by impurities, resulting in longer
range migration, and higher probability to annihilate at
the sinks.

However, further studies are necessary for more de-
tailed discussion because specific positron trapping rate
to the defects strongly depends on their charge state. In
addition, the irradiation fluence between the two samples
are different; 4x10' e/cm? for 2x10°Qcm FZ-Si and
1x10* e/cm? for ~3x10* Q cm. This difference may cause
the different annealing behavior of monovacancies. Other
experiments such as ESR and Hall coefficient measure-
ments will give us useful information.
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Fig. 1. Annealing behavior of the average positron
lifetime in electron-irradiated undoped FZ-Si with
resistivity of 2x10°Qcm (open circles) and ~3x10*Q
cm (closed circles).
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INTRODUCTION: It is well known the free volume in
bulk metallic glass alloys has a significant effect on
atomic relaxation and crystallization processes,
although a detailed atomic configurations and their
motion around free volume site has not been clarified
yet. Also the free volume has significant effects on the
mechanical and physical properties, such as hardness,
magnification and electronic conductivity. The glass
transition phenomenon is observed in all kinds of
metallic glass. On the other hand, glassy alloy structure
of metal is not stable but meta-stable state so that it may
have tendency to reconstruct or crystallize by addition of
high energy, such as heat treatment and high energetic
particle irradiations. Nevertheless, the radiation effect of
high energetic particle irradiations on the structure and
various property change for bulk metallic glass.

Positron annihilation is a unique technique and sensitive
to detect the atomic size open volume. Then we
examined free volume change for ternary Zr-Cu-Al
metallic glass after electron irradiations by using
positron annihilation lifetime and coincidence Doppler
broadening techniques.

EXPERIMENTS: A metallic glass having a
composition ratio of Zr : Cu : Al = 5:4:1 was cast into
a rod-shaped specimen with 8 mm in diameter and 60
mm in length by a tilt casting technique. For positron
annihilation measurements, alloy sample was cut into
the size of about 0.5 mm thickness. 28 MeV electron
irradiation at 100 K with total doses from 4.0x10" to
4.0x10" e/cm? was performed for this alloy by LINAC at
Research Reactor Institute, Kyoto University. Irradiated
samples were examined by positron annihilation lifetime
and coincidence Doppler broadening (CDB) techniques
at room temperature

RESULTS: So far, we reported positron lifetime of 166
psec for bulk ZrCuAl metallic glass and greater value

Defects Study for Bulk Glassy Alloys Damaged by Irradiations

than bulk for electron irradiated samples.

Figure 1 shows the change in S and W parameters as a
function of electron fluence analyzed from positron
annihilation Doppler broadening spectra. The trend of
change in S parameter has a same as that of positron
lifetime. This shows that irradiated electron into
amorphous alloy produces more open volumes by
replacement of the atom.

On the other hand, change in W parameter correlates
with that in S parameter. In this dose range, the shape of
CDB ratio spectra does not change at all. From these
results, it is considered that the probability of atomic
replacement for all compositional elements of Zr, Cu and
Al atoms by 28-MeV electron irradiation is almost same.

59—+ 0.125
0.58 |
= 1o0.12
5 "//S/’/i s
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g {0115 g
g 056 »\1\‘ 3
[¥)) (0]
W ] =
055 | 0.11
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o 10 10" 10° 10 10%
irradiation fluence e’/cm?
Fig. 1. Change in Doppler S and W parameters for

ZrCuAl bulk metallic glass as a function of electron
irradiation fluence.
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INTRODUCTION: Vanadium alloys are candidate
materials for blanket structural materials in fusion reac-
tors, but knowledge about their mechanical properties at
high temperatures during neutron irradiation is limited
and there are uncertainties, such as the interstitial impu-
rity content of the specimens that may influence the re-
sults. The objective of this study is to investigate the mi-
crostructural changes of vanadium alloys, including the
highly purified V-4Cr-4Ti alloy called NIFS-Heat2, dur-
ing neutron irradiation.

EXPERIMENTS: TEM specimens of highly purified
V-4Cr-4Ti alloys, NIFS-Heat were prepared for the Joyo
experiments. The specimens were irradiated in the Joyo
reactor in the temperature range 450 to 750°C with a
damage level from 1.2 to 5.3dpa. In the irradiation ex-
periment, we have developed Sodium-enclosed irradia-
tion capsules in order to homogenize the temperature on
large specimens and prevent the invasion of interstitial
impurities from the sodium environment during irradia-
tion. After dismantling the sodium-enclosed capsules and
cleaning the specimen surface, TEM observations were
performed in KUR/Kyoto Univ.

450C 450C
0.15 0.3 1
Fig. 1.

RESULTS: Figure 1 shows a typical example of the
microstructure of V-4Cr-4Ti alloy and pure vanadium
irradiated in the Joyo reactor. Dislocation loops and
Ti(OCN) precipitates were the dominant microstructures
for V-4Cr-4Ti alloys irradiated at 400 and 450°C. There
were high densities of rafting loops, and tiny precipitates
were distributed locally around the loop-rafting area. At
600°C, dislocation loops and Ti(OCN) precipitates were
the dominant microstructures for V-4Cr-4Ti with a neu-
tron dose of 0.3 x 10%® n/m? . The structure of the dislo-
cation loops evolved and changed into a tangled disloca-
tion structure with increasing neutron dose. However, the
precipitates were dissipated in V-4Cr-4Ti alloys irradi-
ated with a neutron dose of 1.2 x 10% n/m? at 640 °C.

Most of the precipitates in V-4Cr-4Ti irradiated at
temperatures less than 400°C were formed homogene-
ously, accompanied by dislocation loops. It was believed
that the inhomogeneous distribution of precipitates was
caused by redistribution during irradiation: some
pre-existing precipitates were dissolved into the matrix
during irradiation and the alloy elements diffused and
nucleated new precipitates around the pre-existing ones.
The NIFS-Heat2 alloys have a smaller impurity level
than any of the previous V-4Cr-4Ti alloys and the uni-
form formation of precipitates in the matrix might be
suppressed in this study. The effect of impurity reduction
on mechanical- property changes under irradiation can be
seen in the redistribution of the irradiation-induced pre-
cipitates and the recovery of ductility in V-4Cr-4Ti al-
loys. Therefore, the purification of these alloys is very
important for the improvement of their mechanical prop-
erties at low irradiation temperatures.

640C
0.3 1.2 1

Microstructures of V-4Cr-4Ti alloy and pure vanadium irradiated in the Joyo reactor. The irradiation tempera-
ture and dose in units of 10°® n/m? are given for each column.
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Damage Evolution in Neutron-Irradiated Metals

during Neutron Irradiation at Elevated Temperatures
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Hiroshima International University,
Faculty of Engineering, Ehime University
“Research Reactor Institute, Kyoto University

INTRODUCTION: The resistivity of ordered phase of
alloys, in general, is expected to decrease for better pe-
riodicity of atomic ordering with increase of the ordering
degree. However, in AusCu alloy, the resistivity at or-
dered state has been higher than it at disordered state[1].

It must be caused partly by that the electrical re-
sistivity increases in early stage of ordering and partly by
that the transition temperature for disorder-order is too
low to get easily thermal equilibrium state. The order-
ing in this case is caused by vacancy migration. There-
fore, to accelerate the ordering rate, the specimen has to
be quenched from high temperature to get high concen-
tration of vacancy.

In the present experiment, the lowest electrical re-
sistivities of the AuzCu alloy, which is quenched from
high temperatures, after the ordering are pursued at some
constant temperatures and are compared with the results
of other investigators.

EXPERIMENTS: The specimens were quenched into
water from 700°C to 900°C to obtain the disordered state
and high concentrations of vacancies, and then isother-
mally annealed at various temperatures. The electrical
resistance of the AusCu alloy specimen was measured at
the annealing temperature and at constant low tempera-
tures (0°C and, the liquid N, and liquid He temperature).
The resistance was measured at the same structural con-
dition at the high and low temperatures.

RESULTS: The isothermal resistance curves, which
are measured at various temperatures after disordering
treatment, are shown in Fig.1 during the ordering. The
symbols Tq and T, in the figures are quenching tem-
perature and annealing temperature of the specimen, re-
spectively. The curves decrease fast even in the early
annealing time. The curves do not show resistance
maximums in the early stages of annealing because the
quenching temperatures are high enough to eliminate the
maximum in the first few tens second in the annealing.
By further isothermal annealing at lower temperatures,
the order of degree is progressed and final values at pre-
sent time are obtained. The resistivities of the AuzCu
alloy at Ty, which is measuring temperatures, are shown
in Fig.2 together with the values of other investigators
[2,3]. The values at liquid N, and temperature are nearly
the same with the value of Korevaar[2] and the values at
liquid He temperature are considerably smaller than the
value of Hirabayasi et al.[3] Even now, the values at
ordered states for other alloys, AuCu and CuzAu alloy are

considerably lower than the value for the AusCu alloy.
Further long annealing is needed to obtain higher de-
gree of order for the AusCu alloy.

AuCu  T@=900°C T,=150,130,100,80°C
<
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Fig. 1. Isothermal resistance dependence of annealing time.
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Fig. 2. Resistivity dependence of measuring temperatures.
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INTRODUCTION: Mechanical alloying (MA) proc-
essing has been widely wused for developing
non-equilibrium alloys and nano-materials. Oxide dis-
persion strengthened (ODS) ferritic steels containing
nano-oxide particles are one of the attractive materials
made by the MA processing because of the excellent
high-temperature strength. As shown in the previous
study [1], it is known that Ar-bubbles were formed on the
surface of the nano-oxide particles embedded in ODS
ferritic steels fabricated in Ar-atmosphere during MA
processing. Since the Ar-bubbles are probably one of the
deterioration factors for the ODS alloys, we have
changed the atmosphere to H, which is easily removed
from the matrix during consolidation of powder at high
temperatures. Here, we are applying positron annihilation
spectrometry to detect the bubble formation in ODS al-
loys. Positron trapping behavior in the ODS alloys is also
discussed in order to use the positron annihilation spec-
trometry for the irradiated ODS alloys.
EXPERIMENTAL PROCEDURE: Powder mixtures
with initial compositions were
Fe(bal.)-16Cr-0.1Ti-0.35Y,03 in wt.%. MA processing
was conducted by a high-energy planetary ball mill hav-
ing both a grinding pot and balls with the ball-to-powder
weight ratio of 15 to 1 under an atmosphere of Ar or H,
with a rotational speed of 180 rpm up to 48 hours. Two
sets of the MA powder were consolidated using vacuum
hot press furnace at 1150°C for 3h under 60 MPa. Posi-
tron annihilation spectrometry (PAS), including coinci-
dence Doppler broadening (CDB) technique and lifetime
measurement, were performed on the consolidated ODS
alloys in the KURRI [2].

RESULTS AND DISCUSSION: Regarding transmis-
sion electron microscopy on the ODS alloy MAed in Ar,
bubble formation was confirmed on the surface of the
nano-oxide particles. On the other hand, no obvious bub-
ble formation were confirmed on the ODS alloy MAed in
H,. Results of positron annihilation lifetime spectrometry
on the ODS alloys are summarized in Table 1. The life-
times were meaningfully decomposed to two components,

Effects of MA Atmosphere on Positron Annihilation Properties of ODS Alloys

suggesting that trapping sites, such as dense nano-voids,
exist in the ODS alloys. It should be pointed out that the
ODS alloy MAed in H, contains longer lifetime compo-
nents, t,, as well as in Ar and the t, was closed to 241 ps
obtained for Y,0s;. As shown in Fig.1, moreover, the
momentum distribution curves of ODS alloys based on
the ratio to well-annealed obtained by positron CDB
method also shows similar curves with the Y,0s. Indeed,
the decomposed longer lifetime, 1,, obtained in the ODS
alloys MAed in Ar/H, seem to be not for the bubbles but
possibly for the Y,0; embedded in Fe matrix. The fact
that the difference of PAS results between the ODS al-
loys made in Ar/H, is quite small supports this considera-
tion. Further experiments are needed to clarify the state
of positron trapping in the ODS alloys.

Table 1. Results of positron lifetime on ODS alloys.

T2

Sample T, T
" ' Lifetime Intensity

ODS (MAed in Hy) 181.5+0.3 99.1+1.9 2357£2.0 55.8+12

193.7+0.3 101.0+14 269.8+2.0 50.2+03

0DS (MAed in Ar)

Y ,0; powder 241.0 (not decomposed)

1'2_""I""I""I""I""I""I""I""

\"203 powder
—=— 0DS (MAed in H,)
—&— ODS (MAed in Ar)

14

Ratio to Fe

P, (107 mc)

Fig. 1. Positron CDB ratio-curves obtained for the ODS
alloys and Y,05 against well-annealed pure Fe.
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Table 1.

Formation of Micro-Voids by High-flux Ion Irradiation

Experimental results of positron lifetime

analysis for samples of (a) SUS316L, (b) SUS306, and

(c) SUS304.

(a) SUS316L

Incident Mean life- | Two component analysis
energy time Lifetime Long life-
INTRODUCTION: Materials under radiation envi- | [M€V] [ps] [ps] time  Inten-
ronment, like nuclear reactor materials, continuously un- sity
dergo radiation damage effects. Irradiation is known to [%]
produce point defects (vacancies and interstitials) and | 30 1576+03 | 120.1+43
clusters of these defects, resulting in a change in materi- 197.9+6.1 | 451+6.2
als properties and structure modification of materials. Up | 5.0 158.9£0.3 | 132.0%£5.9
to the present, considerable work has been devoted to 197.3+105 | 38.6+11.3
studies of the _formatlon ar_wd growth (_)f vacancy-defe_ct 6.5 1625+03 | 1491+26
aggregates (voids) [1]. Particular attention has been paid 25474953 | 12.1+4.7
to an understanding of void nucleation. The studies e
showed that the driving force for void formation is the
supersaturation of vacancies due to irradiation. However, () _SUS 316 _ _
the initial stage for void nucleation (micro-void formation | ncident Mean life- | Two component analysis
process) is not fully understood. energy time Lifetime Long life-
In this work, we studied formation processes of mi- | [MeV] [ps] [ps] time  Inten-
cro-voids in materials under high-flux ion irradiation. sity
Positron annihilation spectroscopy was applied for ob- [%]
servation of micro-voids. 3.0 155.5+0.3 | 110.1+6.0
182.8+52 |59.1*+7.1
EXPERIMENTS: Samples were three types 5.0 156.6+0.3 | 137.3+4.9
stainless-steel: 316L, 316, and 304, they were annealed at 204.5-+15.3 | 26.5+11.0
1'473 K for 1 hin vacuum to achlev_e defect-free condi- g5 160903 | 1435+3.9
tion. The samples were irradiated with proton beams at 29824208 | 19.5+8.0
three different incident energies of 3.0, 5.0, and 6.5 MeV. e g -
Flux of the incident beams was about 10* ions/(cm? s),
and total fluence was about 10*" ions/cm?. Sample tem- (c) SUS304 - -
peratures during irradiation were measured with a ther- Incident Mean life- T\_NO _component anaIyS|s_,
mocouple. The measured temperature was below 473 K energy time Lifetime L_ong life-
(the temperature rise is due to beam heating). [MeV] [ps] [ps] t|_me Inten-
Radiation defects in the sample after irradiation were S(')ty
measured using the apparatus of positron lifetime spec- [%]
troscopy at KURRI. 3.0 159.1£0.3 | 127.8+25
233.3+8.7 | 28.0£3.6
RESULTS: Experimental results for positron lifetime | 5.0 163%+0.3 140.1£3.3
analysis were shown in Table 1. It was found that mono- 235.8+145 | 23.1£5.7
to tri-vacancies were produced. Type of the pr0(_juced 6.5 1734+03 | 1356+59
vacancies was independent of type of studied stainless 213685 | 46.3+8.7
steel. The results for two component analysis show that —
for samples of SUS 316L and 316 the long lifetime inten-
sity increase with decreasing incident energy (long life-
time intensity is related to concentrations of micro-voids). REFERENCE:
The dependence may be attributed to density of radiation [1] T. Yoshiie, J. Japan Inst. Mater., 73 (2009) 65-73.
damage.
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INTRODUCTION: Irradiation damage in metals by
high energy particles leads to the formation of point de-
fects and subsequently point defect clusters such as inter-
stitial type dislocation loops and voids. These defect
clusters affect dislocation motion and change material
strength and ductility. Austenitic stainless steels have
been known as highly corrosion resistant materials and
important nuclear materials.

There have been a number of studies on the void
swelling behavior of them [1,2]. Recent theoretical and
experimental analyses have revealed the importance of
incubation period, a transient stage before the steady
growth of voids. However, experimental results of void
swelling in austenitic stainless steels have been limited to
high dose. Point defect processes during the incubation
period are not clear.

Irradiation experiments were performed with elec-
trons in Ni, model alloy of austenitic stainless steels and
commercial alloys such as SUS316SS.

EXPERIMENTS: As specimens, Ni, Fe-Cr-Ni,
Fe-Cr-Ni-Mn-Mo, Fe-Cr-Ni-Mn-Mo-Si, and Ti added
modified 316SS were employed in addition to commer-
cial austenitic stainless steels such as SUS316SS,
SUS316LSS and SUS304SS.

Electron irradiation was performed by an electron
linear accelerator of Research Reactor Institute, Kyoto
University with an acceleration voltage of 30 MV at 100
K.

After introduction of defects by irradiation, positron
annihilation lifetimes of specimens were measured at
room temperature by using conventional fast-fast spec-
trometer with a time resolution of 190 ps (full width at
half maximum) and each spectrum was accumulated to a
total of 1x10° counts.

RESULTS: The lifetime of a model alloy of austenitic
stainless steels, Fe-14Cr-13Ni was calculated based on
the first principle calculation [3]. The lifetimes were 106
ps and 183 ps for matrix and single vacancy, respectively.
These values are almost the same of those of Ni [3]. For
this reason we use the lifetime of Ni for the estimation of
defect clusters such as stacking fault tetrahedra and dis-
locations [4].

After electron irradiation at 100 K to a dose of
4x107 dpa, the positron annihilation lifetime was meas-
ured at room temperature. The results are shown in Table
1. The difference between these alloys was not so large.
The existence of clusters of 2-3 vacancies was detected.

Damage Structures in Austenitic Stainless Steels Irradiated with Electrons

At low temperatures such as below room tempera-
ture, vacancies are not mobile. However vacancy clusters
of 2-3 vacancies were detected after electron irradiation.
It was caused by irradiation induced diffusion [5]. Va-
cancies can move by the help of the small momentum
transfer during the irradiation.

By using positron annihilation lifetime measure-
ments, the damaged structures of austenitic stainless
steels during the incubation period of void swelling were
studies. More systematic irradiation experiments about
irradiation temperatures and irradiation doses are re-
quired to obtain precise information of void growth.

Table 1. Positron annihilation lifetimes of 30 MeV elec-
tron irradiated Ni, model alloys of austenitic stainless
steels and commercial alloys at 100 K to a dose of 4x10°
dpa. The measurement was performed at room tem-
perature.

Two component analysis

Mean life- -
- time  Short lifetime I‘(‘)‘;el‘;fllgty
pecimens : :
(ps) Long(hsf;etlme lifetime
P (%)
134.9+5.7
i +
Ni 1561504 oo04+19.4  10.4%7.4
Fe-16.13Cr- 140.3+10.8
+
16.96Ni 1826204 91814103  46.6+10.4
Fe-15.39Cr-
133.5+15.4
15.92Ni-1.89Mn-  179.5+0.5
+ +
5 68Mo 205.4+10.3 55.3+13.3
Fe-15.27Cr-
123.0+13.0
15.8Ni-1.88Mn-  180.0+0.5
+ +
2 66Mo-0.538i 184.0+1.7 66.7+3.7
Fe-15.27Cr-
15.8Ni-1.88Mn- 140.1£8.7
+
2.66Mo-0.53Si- 1833504 oo0.4+87 45.6+8.3
0.24Ti
141.8+12.8
-
SUS316LSS 1806204 011 0+11.5 48.8+13.8
124.1+15.2
+
SUS3165S 1803505 99 5+73 62.4+95
157.6+8.7
4
SUS304SS 1840205 9ar 94192  283+11.7
115.8+13.8
i +
Ti + SUS316SS 1792404 o0 68.946.5
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