Nagaoka University of Technology
RERMREIZRE

Dissertation
H R

On the Behavior of Siliceous Minerals under
Irradiation and Plant Life Management of Concrete
Structure in Nuclear Facilities

(BRICKDMYMOELERFARAILY ) — FMEEYDORES
L EEDHR)
A dissertation submitted in partial fulfillment of the requirements for the
degree of
Doctor of Engineering

in
Energy and Environment Science

_by_
LUU VU NHUT
(Student number: 16505183)

Academic advisor: Assoc. Professor Murakami Kenta
Nuclear Materials & Maintenance Research Laboratory

March 2021


https://www.nagaokaut.ac.jp/e/kyoiku/degreeconferral/index.html
https://www.nagaokaut.ac.jp/e/kyoiku/degreeconferral/index.html
https://www.nagaokaut.ac.jp/e/kyoiku/degreeconferral/index.html

ABSTRACT

Plant Life Management (PLM) is important to ensure the safe of long-term operation
(LTO) of Light Water Reactors (LWRs), in which non-replaceable components,
such as Concrete Biological Shield (CBS), must maintain their integrity during
normal operation and transient conditions, e.g., locally exposure to high temperature
and irradiation flux. Recent studies indicated that two processes could affect the
integrity of CBS: (1) radiation-induced volume expansion (RIVE) in concrete’s
aggregates due to the amorphization transition, and (2) the radiation-induced drying
in cement paste due to radiation heating and/or exposure to elevated temperature
from hot RPV (~300°C). Current attentions are related to the estimation of a
reference level for concrete considering possible aging phenomena and establishing
the inspection program for the existing concrete structure. Nevertheless, it is difficult
to define the appropriate reference level due to several issues: unknown mechanism
of RIVE, diversity of concrete aggregates, and diversity of neutron spectrum and
energy cut-off. The purpose of this study is to clarify environmental degradation
effects and resultant changes in properties of concrete and its components

considering the long-term operation (i.e., up to 60- or 80-year operation).

lon irradiation was used to extract the RIVE mechanism on three common siliceous
minerals in rock-forming aggregates including quartz, albite, and microcline. The
main findings are (1) though both ionization and collision was found to contribute
to RIVE, ionization is insignificant under neutron irradiation, and RIVE is mainly
indicated by knock-on displacements (i.e., displacement per atom, dpa); this
suggests the use of the amount of knock-on displacements as an index of irradiation
effects on concrete structures during long-term operation; (2) since the RIVE is
currently correlated with the amorphization and RIVE is presumed to reach the

saturation at amorphization, the present study showed the RIVE can continue even



after the amorphization; (3) correlating the change of RIVE and mechanical
properties under irradiation in three minerals showed that fluence dependence of
RIVE was similar, but the mechanism of RIVE in the minerals differed, which is
found to be related to mineral structure and alkali ion content; and (4) irradiation
temperature was found to enhance the structural relaxation of amorphized silica with
an activation energy around 0.13eV, this is found to be related to the enhanced

mobility of defects.

Based on the above results, the current literature data on neutron-irradiated concrete
was re-evaluated to determine a threshold value considering the RIVE effect. The
current value was initially regarding neutron fluence which remains high uncertainty
due to the diversity of neutron spectrum, thus a correlation parameter was proposed,
which can be used to normalize neutron fluence into the dpa. The RIVE is found to
occur beyond 0.04dpa, but concrete decreases the strength at 0.02dpa. This could be

related to radiation-induced drying effect.

The possibility of ultrasonic-based method has been examined on real concrete
samples, which have been subjected to elevated temperatures to simulating the
drying effects. The results showed a good correlation between ultrasonic parameters
and Young’s modulus. This suggests ultrasonic waves could be used to assess the

condition of concrete structure during LTO.
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CHAPTER 1: INTRODUCTION AND BACKGROUND

1.1. Overview of aging management and life extension program

As the end of 2019, there are 443 operational nuclear reactors in the world, mainly
light water reactors (LWRs), which contributes to a total capacity of 392.1 GW(e)
and accounts for around 10% of global electric generation; 13 reactors have
permanently shut down including 5 reactors in Japan related to Fukushima Daiichi
nuclear accident (FDNA), according to IAEA in 2019 [1]. Among that, contributing
65% of total capacity is over 30-years-reactors, and 17% of the total capacity for
over 40-years-reactors, that is the initial operational limit [1]. However, the
construction of a new reactor is difficult, especially in the US and Japan, only 54
reactors are under construction in the world, with 11 and 7 reactors in China and
India, respectively. This picture tells us the importance of aging management for
ensuring the safety of long-term operation (LTO) of LWRs, as well as securing
energy security and reducing greenhouse gases. To achieve these goals, a
comprehensive evaluation of materials and components used in aging plants is
critical. Thus, some countries have set the national program, called plant life
management (PLM), in which, components and structures should maintain their

functions during LTO as well as during several years of decommissioning.

In LWR’s condition, radiation degradation is the main issue of property changes of
components and structures which are located close to the reactor pressure vessel
(RPV). Under exposure of irradiation field, the initial properties such as the
resistance of brittle fracture in RPV, the load-bearing capacity and seismic resistance
in concrete structure gradually decrease over time and the lifetime of a component
Is determined when its properties decrease to the acceptable limit, as seen in Fig.1-

1.). This consideration is more preferred during normal operation. However, the



existence of “hot spot” (i.e., local high temperature and high radiation flux), as well
as the occurrence of accident, can accelerate the degradation process or cause a
sudden failure of components. Therefore, for PLM, aging of structure and
components should be considered both during normal operation, and transients

due to accidents.

Lifetime of a component

Aging

VAR
If accident
occurs

\
A

Property

Acceptable limit

v

Time End of life /
Fig.1- 1. The lifetime of a component as a function of time

In the US, the lifetime extension of up to 60 years of operation has been approved
[2] and is considered up to 80 years [3,4]. According to Rosseel et al (2016), the
PLM program focuses on the evaluation of aging of structure and components under
the effects of exposure time, temperature, stress, coolant and irradiation fields [5].
The focus is mainly on non-replaceable components such as RPV and concrete
structures (e.g., concrete biological shield (CBS)) because they are large structures
and directly affects the safety and lifetime of a plant. For concrete structures, the

main task of the PLM program are [5]:

(i) to assess the environment in CBS and estimating the expected level of
radiation
(il)  to harvest the real data from decommissioning reactors
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(i) to establish upper bounds of radiation damage in prototypical concrete and
components using the accelerated test of irradiation ions, neutron, and
gamma rays

(iv)  to develop the model to understand the degradation mechanism

(V)  to establishing international collaborations for knowledge exchange
In Japan, more than 20 reactors have been operated for over 30 years and 3 of that
are after 40 years. A program called Aging Management Technical Evaluation
(AMTE) every 10 years for 30 years-reactors has been launched before FDNA [6].
The PLM program is led by the Japan Nuclear Energy Safety Organization. The
purpose of PLM is to identify the impacts of environmental degradation conditions
such as elevated temperature and radiation on long-term performance and changes
In compressive strength. For assessing the soundness of concrete structures, three

measures of degradation are considered:

(i) reduction in compressive strength
(i)  reduction in shielding performance.
(iii)  reduction in seismic resistance
Generally, the 40 years-aged-plants in Japan can only be extended to maximum 20

years after passing a special evaluation [5].

1.2. Concrete Biological Shield (CBS)

CBS structure is a circular wall bounding the reactor pressure vessel. CBS is working
under the harsh environment of radiation fields and thermal radiation from the
reactor, which could affect the concrete’s longevity. CBS has the following main

functions:

(i) to attenuate radiation from neutron and gamma rays

(if)  to support the heavy nuclear reactor vessel.



(ili)  to transfer the seismic load of the reactor to the foundation, in some design.

In boiling water reactors, the atmosphere inside CBS is filled with N gas to generate
negative pressure for preventing radioactive materials from releasing as well as
preventing hydrogen explosion. The pressure, temperature and humidity are

monitored and maintained within the limits specified regarding safety regulation.

1.2.1. Concrete used in CBS

Concrete used in LWRs is not much different from that used in other structures such
as buildings and bridges, except for some special applications utilizing heavy
concrete to reduce the thickness. Concrete is made by mixing aggregates, cement
powder, and water with an appropriate water-to-cement ratio (w/c), varying from 0.4
to 0.6.

Cement paste

Ordinary Portland cement (OPC) is used in the construction of CBS, though there
are other types of cement such as Pozzolana cement and alumina cement. The
mixture of OPC cement and water will form a cement paste, which consists of
hydration products (i.e., water-phases) and pore structure. The pore structure
contains air voids, capillary pores and gel pores and plays a vital role because it
affects the concrete properties and as a basic factor controlling the strength of

concrete [7]. It is known that the less porous concrete will exhibit higher strength.

The main phases in cement paste are calcium-silicate—hydrate (C-S-H structure)
occupied 50-60%, calcium hydroxide (Ca(OH),) about 20%, and other compounds
such as clinker (C3S and C,S) and ettringite [8]. With complex multi-constituent and
multiscale structure, the concrete structure can be divided into four scales (Fig.1-
2.):



- Scale 4: Concrete (mortar + aggregates)

- Scale 3: mortar (a mixture of fine aggregates (sands) and cement paste)
- Scale 2: hydration products (a mixture of water and cement), >10°m

- Scale 1: C-S-H solid and gel pores, >10 - 10'°m.
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Fig.1- 2. The multi-scale structure of concrete (schematic)

Aggregate

In concrete, aggregates are categorized by fine aggregates (<5mm in particle size,
such as natural sand or crushed stone) and coarse aggregates (around 5mm - 40mm
in diameter). Because aggregates make up around 70-80% of total concrete volume
[9], the properties of aggregates could strongly affect the mechanical properties of
concrete. For shielding and attenuating the neutron, concrete must maintain enough
amount of water or boron because neutron can be effectively shielded by light

elements like hydrogen or can be absorbed by boron. For this purpose, boron-



containing aggregates (such as colemanite Ca,B,0;1.5H,0, ulexite) and hydrous

aggregates such as serpentine, limonite can be used [10].
Based on the origin, rock-forming aggregates can be categorized as [11]:

(i) Igneous rocks (formed by cooling and solidification of magma): granite,

albitite, gabbro, basalt, pyroxenite, hornblendite, olivinite; dunite, ...

(i) Sedimentary rocks (formed by accumulation or deposition mineral or
organic particles): sandstone, calcium-bearing limestone, dolomite,

magnesite, ...

(iti)  Metamorphic rocks (formed from existing rocks through recrystallization):

hornstone, serpentinite, ...
(iv) Ores
However, the above categorization is failed to describe the susceptibility to the

Radiation-Induced Volume Expansion (RIVE), which will be described more detail

in Section 1.3.2. The aggregates can be categorized into three groups as [12,13]:

(i) Silicate-bearing aggregates (i.e., high susceptibility to RIVE): sandstone,
serpentine, flint, dolerite, ...
(i) Carbonate-bearing aggregates (i.e., low susceptibility to RIVE): calcite,
dolomite, siderite, magnesite, ...
(iii)  Oxides
It is difficult to determine the mineral composition in aggregates because there are
more than 4500 different minerals in nature. Silicate minerals are most common in
rock-forming aggregates because it is composed of 90% on the Earth’s crust.
Feldspar minerals are most abundant among silicate minerals, which contain about
40% plagioclase (a series of minerals from albite NaAlSi3Os to anorthite
CaAl,Si,0s) and 10% alkali felspars (KAISizOg) [14]. In silicate minerals, the basic
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structure [SiO4]* (Si tetrahedron) is the building block to form the mineral structure,
thus mineral properties are commonly associated with the topology of the network
that is built by basic structures [12].

Since aggregates are polycrystalline of different minerals (as an example in Fig.1-
3), the mineral composition is diverse, even in the same type of rock. lgarashi et al,
(2015) have collected siliceous rock samples at several locations in Japan and
showed that SiO, content varies from 50% - 90% by mass, followed by Al,O3; from
2-17%, and the remaining are related to alkali oxides such as Na,O and KO [15], as
seen in Fig.1- 4.

It has been shown that concrete aggregate plays important role in shielding
performance; however, there is a consequence caused by the exposure to radiation
fields which significantly affects their mechanical properties. This will be reviewed

in the following sections.
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Fig.1- 3. Structure of a silicate-bearing aggregate including quartz and feldspars
[16]
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1.2.2. Working environment in CBS

In normal operation, CBS is subjected to long-term thermal radiation directly from
the hot reactor (~300°C) and radiation field of neutron and gamma-rays, as illustrated
in Fig 1- 5. However, the regulation limits the exposing temperature of inner CBS
surface less than 65°C [17], thus thermal radiation is not significant if monitoring
functions are well maintained. Nevertheless, the temperature inside CBS can be
increased by the interaction between radiation and concrete materials through the
ionization process. This is due to the irradiation particles transfer their kinetic energy
to the target atoms as thermal vibration along the depth of penetration. In a special
case, radiation could lead to increase the temperature up to 250°C [18]. This
temperature could cause capillary water loss and can lead to a decrease in
compressive strength up to 20% [19]. Thus, it has been recommended an irradiation
flux of less than 10°MeV/cm?.s during operation to prevent radiation heating [20].
Furthermore, radiation can cause drying (or water loss) through the radiolysis

process since concrete contains a high amount of water, this could be an important
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issue related to irradiation for

long-term operation, particularly during extended

period. The expected conditions of inner CBS in a US reactor up to 80 years of

operation are as summarized in Table 1- 1 [5]. It shows that the accumulated
radiation dose can reach up to 6 x 10*° (n/cm?) for neutron and 2 x 108 Gy for gamma-

rays, and a strong gradient in humidity will occur inside the CBS wall.

Radiation field
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Fig.1- 5. Distribution of neutron fluence in the three-loop PWR from the reactor
core to CBS structure [13]
Table 1- 1.Working condition during normal operation and expected conditions after

80 years of operation [5]

Parameters PWR (inner CBS) Test reactors
Fast neutron flux (n/cm?/s) 1to 2 x 1010 5% 101 t0 2 x 101
Fast neutron fluence (n/cm?) <6 * 101 at 80 years <1020
Gamma flux (kGy/h) 5t020 0.02 to 200
Gamma dose (MGy) 50 to 200 at 80 years 0.04t013
Temperature (°C) <65 (design) 40 to =250

Relative Humidity (-)

Strong gradient
~0.5 at 50 mm, ~0.7 at 150 mm,
>0.9 at 400 mm, at 30 years




1.3. Environmental impacts on CBS

Concrete is known to be aging over time due to continuous hydration, but it does not
have a significant impact on the performance. However, environmental influences,
such as physical and chemical attacks, may cause undesirable changes over time.
The long-time use of concrete provides a solid understanding of concrete
degradation under ambient temperature applications such as building, bridge as well
as special applications such as chemical plant and seawater, but not for high
temperature and radiation due to less occurrence. In general, the performance of
concrete in LWRs is very good because of well controlling of material selection and
safety measures to prevent exposure to chemical attack; however, extending lifetime
leads to high accumulated irradiation dose which would change concrete properties
I.e., reduction in compressive strength and elastic modulus due to RIVE in
aggregates and/or radiation heating in cement paste, which has received large
attention recently. Several authors have reviewed the degradation issues in concrete
used in NPPs, such as [5,10,17,18,21-23], however, some contents seem to be
overlapped due to limited new experimental data. For the sake of completeness, the
effects of high temperatures are also reviewed to identify the upper bounds of
damage caused by temperature and drying, but it is also considered to occur due to

existing of “hotspot” or unexpected accidents.
1.3.1. Temperature effects on concrete and its components

Microstructure changes

Several researchers have reviewed the impact of temperature on concrete, such as
[9,19,24,25]. Exposed to high temperatures, free water and bound water in cement
paste gradually evaporate up to 400°C, and then the decomposition and phase

transformations occur beyond 400°C, as summarised bellow:
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(1) Water loss stage: up to 105°C, evaporation of free water from capillary and
cavity takes place. Between 80 to 150°C, the decomposition of ettringite occurs
[9]. The loss of bound waters in hydration products is expected up to 500°C
[26]. The physical-bound water (in capillary pores) evaporates at 180°C.
Interlayer and bonded water in C-S-H structures evaporate at 350°C and 400°C,
respectively [27]; they are the chemical-bound water.

(2) Phase transformation and decomposition stage: Between 400°C and 500°C,
the calcium hydroxide Ca(OH), decomposes into CaO and H,O [9,26].
Between 600°C and 800°C, the C-S-H decomposed into anhydrous calcium
aluminum silicate and <B-C,S and C;S> [9,28]. At 573°C, quartz mineral
transforms from a to B phase accompanying volume change [28].

These changes in microstructure lead the cement paste to shrink, while aggregate
expands, thus cracks could be formed in concrete. This could be the source of

reduction in mechanical properties at high temperatures.

Changes in mechanical properties

At ambient temperature (<40°C), loss of strength is not significant; however, it can
reduce by 10% up to 90°C. Chan et al (1999) reported that the significant loss of
strength of concrete is in the range of 400 and 800°C from 15% to 80% of its initial
strength [29]. Peng et al (2008) proposed that the strength loss of concrete below
600°C mainly caused by the pore-structure coarsening regarding the formation of
microcracks [30]. Handoo et al (2009) found that the physical state of concrete
degraded significantly at a temperature higher than 300°C, and the loss of strength
became significant beyond 500°C [31]. The loss of strength with temperature is well
documented by Kodur 2014 [19], as shown in Fig.1- 6.
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Fig.1- 6. The relative change of mechanical properties due to high temperature
[19]

The response of concrete at elevated temperature depends on several parameters

such as heating rate, type of aggregates, humidity, and water-to-cement ratio. For
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example, the fast-heating rate can cause surface spalling; siliceous aggregates may
cause a larger reduction in strength due to their higher thermal expansion than that
of carbonate aggregates. Such difference in thermal behavior is analog to that of
RIVE (i.e., RIVE in siliceous aggregate concrete is more significant than that in
carbonate aggregate concrete). According to Hager (2013) [9] and Grattan-Bellew
(1996) [28], the thermal properties of aggregates are stable up to 300°C; however,
as the temperature rises to 500 - 600°C, the quartz-bearing aggregate undergoes
crystal transformation and associated thermal expansion, leading to increasing the
aggregate’s volume about 5% [28]. This may result in cracking and spalling of the

concrete.
1.3.2. Radiation effects on concrete and its components

Neutron is categorized into three types: thermal neutron (E <1eV), epithermal
neutron (1leV < E < 0.1MeV), and fast neutron (E>0.1MeV). Neutron is generated
directly from nuclear fission of uranium-235 when it absorbs a thermal neutron and
releasing two or three high kinetic energy neutrons, which is called fission reaction.
Gamma-rays are generated directly from the interaction of neutrons with nuclei or
from the emission of radioactive materials generated from fission and other
processes. Though neutron and gamma rays have no charge, they interact differently
with concrete:

- Gamma-rays are ionizing radiation and have energy higher than 0.1MeV. The
ionization is quantified as the absorbed dose which has the unit of Gy (gray):
joule/kg (1 Gy = 10 rad). The interaction of gamma-ray with an atom mainly
in three different ways: photoelectric effect, Compton scattering, and pair
production [32], as illustrated in Fig.1- 7.

- Due to neutral change, neutron can penetrate deeper into the matter and mainly

interacts with the nucleus of the atom through elastic and inelastic collision.
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When a fast neutron collides with a nucleus, it transfers some kinetic energy to
the target atom and changes its direction. The first collision is called a primary
knock-on atom (PKA). The process can generate scattered gamma-rays, so-
called inelastic scattering, and without generating gamma-ray is called elastic
scattering. The knock-on process may repeat several times until fast neutrons
become epithermal neutrons and thermal neutrons. When a thermal neutron
interacts with a nucleus, it’s all energy is absorbed, and no further reaction
occurs. In covalent materials, the PKA can also cause ionization due to having

a charge, as illustrated in Fig.1- 8.
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Fig.1- 7. The photoelectric effect, Compton scattering, and pair production by
gamma-rays [32]

/0,7;?- —\ - e Displaced

e S
203‘/0,7 \\-?_-"‘\ T ===="ion

Fig.1- 8. Schematic interaction of neutron and gamma-rays with an atom
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Due to different interactions, neutron and gamma-rays cause different effects on

concrete’s components:

The impact of gamma is significant on the hydration products (i.e., water-
phases) of cement paste because ionization can decompose both physical- and
chemical-bound water through the radiolysis process, and results in shrinkage.
In aggregate, gamma rays affect covalent bonds (i.e., Si-O bonds) rather than
ionic bonds. Once the interatomic bond (Si-O) in aggregate is broken, it distorts
local topology and gradually leads to crystal-to-amorphous transformation i.e.,
amorphization when a high level of distortion in the network is reached.

On the other hand, neutron does not cause a significant impact in cement paste
due to the poorly crystalline phase of C-S-H and pore structures, thus
irradiation defects can be healed by alkali ions [32]. That is opposite to well-
crystalline aggregates, in which neutron can cause knock-on displacements and
progressive amorphization will occur. Because amorphous solid is less dense
compared with its crystalline state, volume expansion will occur during

amorphization (i.e., RIVE).

In general, both neutron and gamma rays could cause amorphization, but neutron

requires less deposited energy to render amorphization than gamma rays, which is

about three order difference in deposited energy [33]. A good summary has been

compiled by Maruyama et al, 2017 [16] regarding the effect of gamma and neutron

on cement paste and aggregates, as shown in Table 1- 2. In addition to that,

amorphous transformation in aggregate can assist chemical degradation such as

carbonation [34] and alkali-silica reaction [35,36]. Thus, along with RIVE issue,

chemical degradation has also attracted several researchers recently.
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Table 1- 2.The summary of possible effects of irradiation on concrete component

Gamma-rays Neutrons
Water -Gamma ray irradiation enhance the drying of cement |- Neutron irradiation enhance the drying of cement
Cement paste. paste
paste Solid | - Impact of gamma-ray on cement paste is same as |- Impact of neutron on cement paste is comparable to
; that of heating or drying. that of heating or drying.
Water
- Impact of gamma-ray on aggregate is same as that of |- Aggregate expands due to metamictization.
Aggregate heating and drying in the realistic dose range, while |- a-quartz is the most sensitive to neutrons and o-
Solid | the metamictization should occur due to irradiation |quartz content of aggregate is the major factor of
theoretically. expansion rate and ratio of aggregate in the realistic
fluence range.
- Strength and Young’s modulus change due to |- Concrete expands due to expansion of aggregate.
Concrete gamma-ray irradiation are almost comparable to those |- Compressive strength and Young’s modulus of con-
due to heating or drying. crete decreases due to crack opening caused by ex-
pansion of aggregates.

Radiation effect on mechanical properties of concrete

It is important to find the critical irradiation level for gamma and neutron irradiation
in concrete, beyond which concrete starts to degrade the properties, such as
compressive strength and Young’s modulus. Several accelerated tests were
conducted during the 1960s and 1970s to support a new type of reactor for high-
temperature gas-cooled reactors, and the data were summarized by Hisdorf et al,
(1978) [22]. Based on this study, a reference level of 1x10*° (n/cm?) for fast neutron
and 2 x 10® Gy by gamma-rays has been recommended for concrete structures by
some regulation bodies [21,37]. However, Kontani et al, (2013) re-analyzed the data
collected by Hisdorf et al and found that the data at high neutron fluence conditions
were not typical for concrete used in LWRs because of the irradiation temperature
beyond 100°C, as well as different types of tested concretes (as Fig.1- 9). Therefore,

this requires further study to re-define the critical values.

Recently, K. Field et al, (2015) compiled several neutron-irradiated data confirmed
that concrete strength started to decrease after 1x 10*° n/cm? [13], as shown in Fig

1- 10. This was consistent with new neutron-irradiated data obtained by Maruyama
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et al (2017) [16]. However, there are remaining large scattering due to various
unknown factors related to the diversity of aggregates, variation of neutron spectrum

and neutron energy cut-off for counting neutron fluence among researchers.

Based on the current review, the main causes of reduction in mechanical properties
were considered to be related to the RIVE effect in aggregates caused by neutron

irradiation, and the drying of cement paste due to gamma-irradiation.
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Radiation effect in cement paste

Bouniol and Aspart (1988) showed that radiolysis (due to ionization) of water can

produce hydrogen and hydrogen peroxide (HO). Since hydrogen peroxide can react
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with portlandite (Ca(OH),) in cement paste, it can cause the decomposition of
cement phases. The product of this reaction is peroxide (O-O) and then carbonation
with CO; occurs. Note that, natural carbonation is a chemical reaction between
portlandite and CO, to form calcite (CaCOs), this reaction causes a reduction in pH
in concrete from 12 - 13 to lower than 9 [38]. Vodak et al (2005) reported the effect
of gamma rays on the decomposition of cement paste and showed an increasing
amount of calcite with increasing dose. In addition to that, the compressive strength
was reduced by about 15% at 4x10° Gy (as seen in Fig.1- 11.) [39]. This result raises
a concern on structure safety because the current threshold dose for gamma is in
order of 108 Gy, this change was considered due to an excessive amount of calcite
formed, this causes microcracks near the pores and may contribute to strength
reduction. Furthermore, Vodak et al (2011) carried out another experiment of
gamma irradiation in cement paste up to 1.6x10° Gy and showed that the radiation-
induced carbonation increased the pore space and it occurred in the whole sample
[40], this is different from that natural carbonation that mainly takes place at the

surface layer of concrete.

However, a comprehensive study conducted by Maruyama et al, [16,41] recently has
found gamma irradiation increased the concrete strength (as Fig.1- 12). They carried
out the carbonation test by injecting CO, with and without irradiation. Under
irradiation, the aragonite and vaterite were formed on C-S-H structure, whereas the
calcite was produced without irradiation condition. The increase of strength is
related to the vaterite which is formed by the rapid drying of hydration products due
to gamma-ray heating and radiolysis of water, and it filled the pores around C-S-H
[36]. Therefore, authors [36] concluded that “concrete structures exposed to gamma-
ray irradiation do not require special treatment from the viewpoint of the physical

properties of the concrete, but instead only the impacts of heating and drying should
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be taken into account”. It means the concerns raised by Vodak should be considered

as drying effect by gamma heating.
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Fig.1- 11. Relative change of concrete due to gamma irradiation (0 - 5 x 10° Gy)
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[16]

Radiation-induced volume expansion (RIVE) in aggregate

Based on the review, both neutron and gamma irradiation can cause the disordering
of lattice structure and leading amorphization with volume expansion due to the

reduction in density; however, there are no reported data regarding the volume
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change caused by gamma irradiation. This can be due to the very high deposited
energy (i.e., beyond 100GGy [42], which is much beyond LTO for LWR condition)
to render amorphization. By neutron irradiation, Field et al (2015) collected several
data of dimension change in unembedded aggregates and concrete, as presented in
Fig.1- 13 [13], showed that volume expansion in concrete occurred beyond 1 x 108
(n/cm?) and significantly after 1 x 10 (n/cm?). Furthermore, siliceous aggregates
expand larger than carbonate or heavy aggregates, thus it leads to a larger expansion
in silicate-bearing concrete than that carbonate and heavy-weight concrete [13].
Based on this data, the expansion of aggregate can be used as an indicator of the
expansion of concrete, and the reduction of mechanical properties is likely related
to the RIVE of aggregates. This also indicates that understanding the behavior of
RIVE of minerals containing in aggregate is important to understand the irradiation

degradation in concrete.
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Fig.1- 13. The volume change in neutron-irradiated concrete (left) and in
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RIVE in irradiated minerals

The expansion of aggregate is an integrated swelling of each mineral since aggregate

Is polycrystalline of different minerals and oxides. It is believed that the RIVE is due
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to amorphization. The amorphization of some silicate minerals has been studied by
experiment [43-45] or using molecular dynamic (MD) simulation [46]. It is known
that ionic bonds are more resistant to radiation, whereas covalent bonds poorly resist
[47]. Le Pape et al, (2018) have shown that silicate minerals exhibited high
expansion, and the highest RIVE in the case of quartz up to 18 %, followed by
feldspars 8% under neutron irradiation, while carbonate minerals have very low
expansion <1%. The RIVE is dependent on three parameters [12]: (1) network
topology ( the dimensionality of SiO,4 polymerization), (2) bond type ( the number
of covalent bonds (Si-0)), and (3) bond energy (the relative bonding energy (RBE)

of the unit cell).

Amorphization and RIVE in quartz

Alpha-quartz is the most common silicate mineral with 100% covalent bonds, thus
the resistance to amorphization in silicate minerals could be related to SiO4 content
[12,43]. As an important mineral in industry, the radiation effects on alpha-quartz
has been intensively studied by several researchers using neutron [48-53], ions [54—
60], and electron [61-64] as well as MD simulation [65-68], due to its wide range
application, such as electronic devices and sensors. Though the basic structure has
been well-known, the determination of the structure of amorphization is difficult
[66,69]. Due to high susceptibility, highest RIVE, and high purity in nature, the
behavior of quartz under irradiation has been utilized to simulate the RIVE
behavior of concrete aggregate in the current mesoscale modeling code to predict
concrete property change during LTO [13,16]. However, the basic understanding
of the RIVE mechanism, the correlation between amorphization and RIVE, and
environmental effects on RIVE in quartz are still limited due to different purposes

of previous studies and mainly focusing on the amorphization.
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Both ionization and elastic collision process can cause amorphization [58,70]. The
critical dose of amorphization in quartz was reported by several units in the literature,
such as deposited energy (eV/cm?) or (eV/atom), as well as dpa. However, different
techniques for identifying the amorphization dose lead to the variation of the
threshold dose between researchers [43,58,66]. For example, the deposited energy
required for transformation by the collision process varied from 0.04dpa by
Rutherford Backscattering spectroscopy-channelling [60] to 0.21dpa using in-situ
1.5 MeV Xe* irradiation monitored by transmission electron microscopy (TEM) [45].
By electronic excitation, continuous amorphous tracks may be formed by individual
ions when electronic stopping power is beyond a threshold value of 1.4 ~ 1.8 keV/nm
by swift heavy ions [71,72] and the deposited excitation energy of about 2 x 10%
eV/cm? [33]. In the case of neutron irradiation, the critical dose in quartz has been
considered as order of 10%° n/cm? (E>0.1MeV) [13].

The amorphization in quartz has shown directly related to density decrease [73].
Bolse (1998) suggested that the amorphization follows the nucleation-growth model
introduced by Avrami, 1941 [74]. Based on experimental data, Field et al (2015)

expressed volume change in quartz, y(%) as a function of neutron fluence, n as:

xM) =1 —exp (—(M*K)E) . Eq.1-1

where, K and d are the temperature-dependent parameters, which is found to be
1.6 x 10721 and 2.38, respectively in [13].

Regarding temperature effect, Bykov et al (1981) showed the rate of RIVE reduced
at higher temperatures [48] and indicated the swelling starts at ~3 x 101° (n/cm?)
for (energy cutoff, Eo>0.1MeV) and reached a full amorphization at ~1 x 102°
(n/cm?) at 25-30°C condition (Fig.1- 14). The reduction in RIVE rate is interpreted
due to the recovery of point defects which tend to be enhanced at higher irradiation
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temperatures. However, the recovery at such low temperatures is questionable and

needs to be clarified.
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Fig.1- 14. The volume expansion in quartz under neutron irradiation at different
temperatures [75] (interpreted from [48])

Difference between vitrification and amorphization

Vitrification or glass formation is defined as a thermal process in which a melted
compound has been cooled to a rigid condition without crystallizing [76]. Fig.1- 15
describes the process during glass formation. The start of this process is that the
melting occurs at a high temperature. When the melt cools, its volume decreases.
The crystallization starts at the melting point, Tr,, where the volume significantly
reduces. As the temperature decrease further, volume change is small. In the case
when the cooling rate is very high, so-called supercool, a metastable-thermo-
dynamic equilibrium state is formed at Ty (Ty <Tw), refers as transformation

temperature.
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Fig. 1- 15. Schematic diagram of temperature dependence of volume [76]

According to Zachariasen [77], the energy differences between glass and crystal of
the same composition is very small, suggests the same bond types or basic structures
(i.e., SiO4 tetrahedron) as in its crystal. Nevertheless, the arrangement of basic
structures is not in a well order (or random network), as shown in Fig.1- 16. Base on

this basis, Zachariasen proposed four conditions of glass structure:
(a) The coordination number of the cation must be small.
(b) An oxygen ion may not be linked to more than two cations.
(c) The oxygen polyhedrons may share only corners, not edges or faces.

(d) At least three corners of every oxygen polyhedron must be shared by other

polyhedrons.

Based on this model, the basic structure of glass is similar to that of crystal but there
Is an aperiodic topology (Fig.1- 16).
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Fig.1- 16. Two-dimensional diagram of order SiO2 (left) and random SiO; (right).

Though the structure of vitrification and amorphization is difficult to be
distinguished by diffraction techniques (X-ray diffraction, electron diffraction) due
to aperiodic topology, there are some differences in short-range and long-range
structure analyzed by molecular dynamic simulation. Krishnan et al (2017) showed
that under and over coordinated defects are formed and the distribution of rings
(number of Si-tetrahedra that are connected and form a close ring) is broader as
illustrated in Fig.1- 17, this suggests that long-range structures such as cavity could
be formed in the amorphized structure. However, the under/over-coordinated defects

and large ring sizes are absent in the case of glass [78].

Fig.1- 18 summarizes the important aspects of radiation-induced amorphization and
associated RIVE caused by neutron irradiation and/or gamma-ray in quartz without
considering impurities. The amorphization caused by gamma-ray is considered due
to the generation of electron-hole pairs and associated formation of point defects.
Radiation damage by neutron is mainly through the knock-on process. Neutron
firstly transfers its kinetic energy to the target atom and this atom will be displaced

from its original position if it received energy higher than the displacement energy
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threshold (Eq). The displaced atom collides with another atom and so on, these
collisions generate damage cascade regions (or local damage regions) with a few
nanometers in diameter and isolated point defects. In some cases, the displaced atom
can cause ionization (this process may not occur in metal) and produces electron-
hole pairs. The damage cascade regions are supposed to directly become micro-
amorphous regions. Point defects could be free carriers (neutral charge), under/over
coordinated defects (such as Si'"'/Si¥ and O'/ O'"), and unpair defects (paramagnetic
defect centers: oxygen vacancies (or E’ centers), nonbridging oxygen hole center
(NBOHC) and peroxy radical (POR)), these defects gradually accumulate during
irradiation, eventually the amorphization occurs at a high concentration of defects.
However, some defects are also recovered at a certain condition and/or at high
temperatures, thus suppressing the RIVE. The RIVE could result from a combination
of two processes, i.e., amorphization due to the reduction in density and relaxation
of the local structure due to the existence of point defects. In current modeling codes,
the maximum of RIVE occurs when the amorphization takes place and the RIVE is

correlated to amorphization.
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Fig.1- 17. Pair distribution function of pristine quartz (red), irradiated quartz
(green), and glassy silica (blue) (left); and ring size distribution (right) [78]
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Fig.1- 18. Schematic radiation-induced amorphization and associated volume
change

Amorphization

Changes in properties due to amorphization

Under irradiation, silicate minerals have indicated significant changes in physical
properties, such as density, modulus, and hardness [46,79]. The reduction in
hardness and modulus with irradiation fluence is related to amorphization [80].
Changes in physical properties have also been observed in silicate glasses. For
instance, ion bombardment reduced the hardness of materials [81]. Electron
irradiation first induced volume compaction at low doses; subsequently, expansion
occurred at higher electron doses [82,83]. The volume compaction observed from
electron irradiation is mainly related to the relaxation of the network and/or the
release of alkali ions (or network modifiers: Na*, K*), which causes relaxation
around empty spaces [83]. Continued irradiation can result in the formation of new
atomic bonds, and the optimization of their structure will occur repeatedly; hence,
the amorphous structure can be expanded because of the rearrangement of
nonbridging oxygens—NBOs (Si-O) to larger rings [78] or interconnects (Si-O-O-Si
[82]). The release of alkali ions in the silicate network during irradiation, which
results in the formation of NBOs [84], has been experimentally observed in some
studies [85,86]. Furthermore, MD simulations showed the potential formation of

large ring sizes up to 19 in amorphized quartz (i.e., aring is a closed path connecting
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the network of [SiO4]* tetrahedra, and its size is defined as the number of Si atoms
In a given ring; in crystalline, two types of rings are 6 and 8) [65] or the formation
of nanocavities after melt quenching [87]. In general, the RIVE of some amorphized
minerals can continue after amorphization through the formation of large rings, and
the extent of RIVE after amorphization may depend on the concentration of alkali
ions in silicate minerals.

Because Young’s modulus is directly dependent on interatomic bonding, whereas
hardness characterizes the resistance of permanent deformations under an external
load, which depends on the rigidity of the silicate network, that is controlled by
coordination numbers [88] and the polymerization degree, represented by a network
of [SiO4]* tetrahedra. Radiation gradually reduces the network rigidity [89],
resulting in degraded physical properties. Therefore, density, stiffness, and hardness
are important parameters for characterizing radiation-induced changes in
amorphized silicate minerals. Although the values of some of these parameters in
the amorphous state have been calculated [46] and measured [50,62,90] previously,
the change after amorphization has not been reported. Therefore, it is important to
demonstrate the changes in the properties of amorphized silicate minerals as a
function of radiation dose for a better understanding of the relationship between

RIVE and the mineral structure.
1.3.3. Current concerns on the degradation management in CBS

Degradation of CBS structure

The expected conditions at 80 years of operation in the US reactors have been
evaluated [91]. The maximum irradiation of the inner CBS wall is expected to be
6.1x10%° (n/cm?) for fast neutron and 2 x 108 Gy for gamma rays and the estimated
damage layer is <20 cm from the CBS surface [5]. For Japanese PWR reactors, it
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would reach to 4.7 x 10*° (n/cm?) and 2.5 x 108 (Gy) after 60 years operation [92].

These expected neutron fluences are much higher than a recommended threshold

value of 1.0 x 10* (n/cm?) for concrete degradation, which was confirmed recently

[13,16]. However, the main data of neutron-irradiated concrete is limited up to

2.3x10*° (n/cm?), only some data recently obtained by Maruyama et al, (2017) up to

9.2 x10% (n/cm?) for fast neutron at which strength reduction is around 50%.

Therefore, it is important to clarify the main degradation during LTO. This requires

solving the following issues:

(i)

(i)

(iii)

(iv)

Though the research on the radiation-induced amorphization in silicate
minerals has been intensively studied for the application of the
immobilization of high-level radioactive materials [47,80,93-95], the
changes in properties due to amorphization and the relationship between
amorphization and RIVE are not clearly understood. There is a diversity of
mineral composition of aggregates, thus it is important to identify the RIVE
mechanism in model materials.

The irradiation temperature effects, which can have both positive (slowing
expansion) and negative (drying) impacts on properties, are not well
established. Thus, the healing effects due to temperature is needed for further
studies.

Since the current neutron-irradiated data remains high uncertainty due to
varying neutron spectrum and different energy cutoff, it is important to
develop a correlation parameter to normalize the different neutron data.

The test samples were conducted with the free-to-expanse condition, while
volume change is constrained in the matrix that could not allow an isotropic
expansion. Maruyama et al, (2017) have shown an increase in strength under

physical constraint. Giorla et al (2017) found RIVE under constraint is
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subject to anisotropic expansion [96], thus the deformation behavior during
RIVE needs to be clarified.

(v) The gradients of irradiation and temperature cause a high gradient of
humidity, it can build up high internal stress and may lead to surface cracking
or spalling. The gradient of irradiation field within CBS can also cause a
non-uniform RIVE. It is important to estimate the damaged thickness of

concrete for extended period.

Monitoring the degradation in existing concrete structure

The primary purpose of periodic inspection is to ensure that the structure still
maintains enough safety margins to continue the operation of LWRs. It also aims to
identify the potential environmental stressors before they cause a significant impact
on the structure’s integrity. Thus, non-destructive testing methods such as ultrasonic-
based method (ultrasonic pulse velocity, impact-echo, laser ultrasonics), infrared
thermography, electrical resistivity, resonance frequency, and others are applied to
detect the average changes in properties and integrity in concrete [97]. In LWRsS, the
most susceptible to environmental effects is the structure for biological shielding and
support for nuclear reactors, thus it should be surviving during the earthquake. if
there is any degradation in the structure, it should be noticed during periodic
inspection. Therefore, it is important to examine the sensitivity of non-destructive
testing methods on detecting the structural change caused by the change in
microstructure owing to water-loss and RIVE before they have a significant impact
on concrete properties, especially when the service lifetimes are being extended.
Because CBS has limited accessibility, the inspection methods utilizing ultrasonic
waves could have some advantages. Though it just detects an average change in the
concrete structure, it demonstrated to be feasible on the change of water content in
concrete [98,99] and it seems to be related to its compressive strength [100,101].
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1.4. Research objective

Based on the issues identified above, the objective of this study is to simulate and
evaluate the environmental degradation effects and resultant changes in physical
properties in concrete and its components considering the long-term operation.

Three tasks have been set:
Task 1: Elucidate the radiation-induced volume expansion in aggregate

- To evaluate the RIVE due to ion irradiation in model materials of aggregates
- To evaluate the change in mechanical properties during RIVE, this information
can be used to correlate with RIVE and as input data in the modeling code.

- To elucidate the mechanism of RIVE in different types of minerals

Task 2: Re-evaluate literature data to redefine reference level

- To develop a correlation parameter to normalize different neutron spectrums
- To propose a new reference level
Task 3: Clarify the effect of water-loss on concrete properties and examine the

possibility of ultrasonic waves to monitor the existing concrete structure.

- To characterize the physicochemical change in concrete due to long-time
heating
- To evaluate the sensitivity of the UPV method to detect the changes in concrete
caused by water-loss and correlate UPV parameters with mechanical
properties of concrete
In this thesis, Chapter 2 briefly describes the materials and research methodology.
The acceleration tests of RIVE are carried out by ion irradiation using He and Si ions
at different temperatures. Acceleration test of water-loss is carried out by heat
treatment (from 105°C - 800°C) considering capillary and bound water loss (up to
400°C), and decomposition of hydration products (>400°C). The methodology for

32



Investigating the changes in microstructure using micro-scale characterization
techniques, as well as for measuring physicochemical changes in concrete and its

components, are briefly described.

Chapter 3 presents the results of changes in irradiated volume and associated
changes in mechanical properties of quartz, albite, and microcline mineral, due to
ion irradiations. This chapter clarifies and discusses the main cause of RIVE and the
different mechanisms of three studied minerals. The role of mineral structure on

RIVE and effects of temperature on amorphization and RIVE are also discussed.

In chapter 4, based on the above results, the current literature data on neutron-
irradiated concrete was re-evaluated in order to determine a threshold value of
maximum irradiation dose based on the RIVE effect. The current data was initially
presented with neutron fluence which remains high uncertainty due to diversity of
neutron spectrum and different energy cutoff, thus a correlation parameter was
proposed, by which data of different neutron spectrum can be normalized into the

number of knock-on displacements.

Chapter 5 presents the results of changes in concrete due to long-time heating and
the possibility of ultrasonic waves to detect integrity changes due to water loss. A
good correlation between ultrasonic parameters and Young’s modulus is obtained,

suggesting ultrasonic waves can be used to monitor concrete degradation.

The last chapter summarizes the principal findings and suggestions for future works

for concrete degradation issues.
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CHAPTER 2: MATERIALS AND METHODOLOGY

It has been identified that the degradation in concrete evolve from micro-scale
change due to RIVE and drying (i.e., water loss) to structural change such as
dimension change due to formation of cracks and volume expansion of aggregates.

This chapter describes the research methodology, which is composed of two parts:

(1) describing the selection of model materials for studying RIVE mechanism,;
detail experimental setup using ion irradiation as well as well-controlling
irradiation  parameters, and utilization of advanced microstructure
characterization techniques using FIB/TEM and in-situ TEM; and

(2) measurement of physicochemical changes and structural changes using
ultrasonic waves for studying the effect of water loss; and establishment of a
correlation between ultrasonic velocity and mechanical properties for the

application on the inspection of the existing concrete structure.
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2.1. Acceleration test and characterization of radiation-induced

amorphization related degradation

2.1.1. Utilization of ion irradiation to simulate neutron

To elucidate the deterioration mechanism that contributes to the aging
countermeasure against concrete irradiation deterioration due to neutron, ion
irradiation was performed to identify the amorphization process and extract the
RIVE mechanism.

Compared with neutron, irradiation using high energy ions emphasizes several
advantages such as low cost, high dose rate, and negligible sample activation, and
easy to control conditions, as a summary in Table 2- 1. In addition to that, the
benefits of using ion irradiation are:

» The interaction energy between charged particles and target material can be
controlled.

» The shape of the beam can be controlled by a magnetic lens system or a
scanning system using an electromagnetic field. This makes it possible to
easily control the irradiation area and dose rate.

> Since there are few restrictions on the irradiation chamber, it is possible to
precisely control the temperature and atmosphere of the sample.

As neutron interaction is mainly caused by nuclear collision, about half of the energy
of incident ions is consumed by electronic excitation, and the rest is nuclear collision
(e.g., in case using 3MeV Si irradiation). The effect of electron excitation has a
maximum value on the outermost surface of the sample and gradually decreases
along the depth direction. In contrast, the effect of nuclear collision is small near the
surface of the sample and shows a steep peak near the maximum ion penetration
depth. As a result, the amount and nature of the irradiation effect change depending

on the depth, so it is necessary to devise an index of the cumulative dose.
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Table 2- 1. Advantage and disadvantage of neutron and charged particle irradiation

Neutrons Charged particles (ions, electron)
Advantage

+ Homogenous damage - Not radioactive

distribution - Easy to control irradiation parameter
- Actual irradiation damage + Possible to simulate the individual
+ Bulk properties (compressive mechanism

and tensile test, fracture test) - High dose in a short time

Disadvantage

+ Long irradiation time - Inhomogeneous damage profile
- Expensive * Very small penetration (few pum), thus
- Difficult to control irradiation small size samples

parameters + The issue to correlate with bulk
- Radioactive sample properties

2.1.2. Selection of model materials of aggregate

Since silicate minerals have the highest RIVE, the main minerals containing in the
silicate-bearing aggregate are chosen as a surrogate model for RIVE behavior. Three
tectosilicate minerals (i.e., the three-dimensional framework of silicate tetrahedra
[Si0.4]*) including a Z-cut quartz crystal (SiO, (0001) oriented) and two feldspars,
I.e., natural albite (NaAlSizOg) and natural microcline (KAISi;Og) were studied. The
mineral structure of these minerals is obtained from [62] and visualized by VESTA
software [102] as seen in Fig.2- 1. The sample size is approximately 5 mm x 10 mm
x 0.5 mm. Natural feldspar minerals are polycrystalline, and the size of grains is
approximately 10°~10* m in diameter. The presence of SiO; grains in feldspars was
confirmed by X-ray diffraction (XRD) and characteristic X-ray spectroscopy with a

scanning electron microscope (SEM-EPMA).

Preliminary experiments revealed that the feldspar samples were easily cleaved, thus
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the sample has adhered to the aluminum substrate with a heat-resistant adhesive and
the aluminum substrate was handled. The thickness of the aluminum plate was about
0.5 mm, and both sides were polished in advance to improve smoothness and
improve heat conduction. The substrate thickness was changed according to the
thickness of the test material body to be bonded, and the total thickness of the sample

body was adjusted to be almost the same in all experiments.

Feldspar minerals

)‘0‘0‘0.1

Jstletisict

________________________________________________________________
L 67.39% SiO,; 20.35% Al,0;, 11.19% Na,O; 64.74% Si0,,18.32% Al,05,; 16.92% K,0
Basic structure [S10,]* 1.07% CaO

The oxide composition refers http://webmineral.com

Fig.2- 1. Crystal structure of three tectosilicate minerals as visualized by VESTA

2.1.3. Irradiation conditions

The minerals were collected, cut, and polished at Nagoya University, then irradiated
with 2 MeV He?* ion at the Nagaoka University of Technology and 3 MeV Si%* ion
at the High Fluence Irradiation Facility (HIT) at the University of Tokyo (Fig.2- 2).
The detail of the irradiation condition is shown in Table 2- 2.

In the 3 MeV Si?* ion irradiation condition, the electron excitation is not evident so
that the RIVE was ruled by the knocking-on reaction. The ion range and
displacement damage were estimated using SRIM-2013 [103], as shown in Fig.2- 3.
The range of 3 MeV Si ions in quartz, albite, and microcline was estimated to be
2.24, 2.25, and 2.38 micrometers, respectively. Though the “displacement damage”
for amorphizing and expanding material cannot be defined easily, the displacement
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damage in three materials is in the similar level. The average dose rates at irradiated
regions were estimated to be 3.15 x 10%4, 3.12 x 104, and 3.23 x 10** dpa/s for the
quartz, albite, and microcline, respectively, assuming the displacement threshold
energy Eq4 of all the atoms to be 25 eV. It should be noted that there are various
reported values for the E4 of silicon and oxygen in silicate tetrahedra [104][67], and
it is known that there is some anisotropy [67]. In addition to the poorly information
of Eq4 of alkali metals in feldspars (Na*and K*), the formation of secondary defect
structures due to the displaced alkali metals should be considered. For this reason,
we compared the RIVE behavior between three different minerals as a function of

fluence.

vwmg i )

Fig.2- 2. lon irradiation on Tandem accelerator (left) and sample holder for high-
temperature irradiation (right)
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Fig.2- 3. The representative damage profile due to ion irradiation in quartz by
SRIM 2013 simulation

2.1.4. Controlling the substrate temperature during ion irradiation

The irradiation temperature is controlled by thermocouples inserted in the heating
block (Fig.2- 4). However, the temperature of the sample surface is different from
the set temperature because of heat radiation from the surface and heat input by the
ion beam. For this reason, the sample surface temperature is measured with an
infrared camera, and the emissivity and transmittance are calibrated before
irradiation. The measured value with the infrared camera is used as the sample
temperature. A preliminary test showed the irradiation with 3 MeV Si 2* ions
increased surface temperature by about 6°C, 9°C, and 14°C from the initial setting
of 25°C, 100°C, and 150°C in the heating block, respectively. Therefore, the setting
of temperature of the heating block was adjusted from 10 to 20°C lower than the set
temperature, except in the case of room temperature irradiation, and starting the ion
irradiation. During irradiation, the surface temperature was frequently monitored by
the infrared camera. Fig.2- 5 shows the monitor of sample surface temperature using
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an infrared camera during irradiation. The temperature of the sample surface during

3 MeV Si 2" ions was 44 + 4 °C, 92 + 5 °C, and 142 + 3 °C.

L]

Thermocouple

Sample

:\‘
lon beam

|
Sample
holder

Filament

Thermocouple

Fig.2- 4. Schematic diagram of heating block

Fig.2- 5. The irradiation temperature is monitored using an infrared camera
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Table 2- 2. Irradiation conditions in Tandem Accelerators

Nuclear energy Range

lons Energy loss dE/dx Flux dpa per Ave.damage Temp.

(keV) (ions/cm?.s)  ion rate (dpa/s) (°C)
(keV/nm) (nm)
He 2000 0.3 6028 6.5x 107 ~ 180 3.8x10° RT
' 6.4 x 10*2 '
Si 3000 13 2236 1.5x10? 4137 35x10* 411922’

2.1.5. Post irradiation measurement and analysis

Step height measurement

For evaluating the RIVE, about half of the polished surfaces were covered by
aluminum foil during irradiation to create the irradiated and unirradiated regions.
Step heights of irradiated part were measured using both laser microscopy (Fig.2-
6.) and profilometer (Dektak 6M) at intervals of about 50 pum along the border, with
accuracies of about 1nm and 5nm, respectively. Out-of-plane swelling is the integral
strain induced by irradiation damages along with ion range including in-plane strain
in the lattice due to the accumulation of defects and out-of-plane strain as a result of
the relaxation of amorphous regions. In this study, step height measurement
techniques can only measure the out-of-plane swelling with a step height of several

nanometres, as illustrated in Fig.2- 7.

Because the irradiated region was extremely small in comparison with the sample
thickness (~0.5 mm), it was difficult to directly measure the density change using

traditional techniques. Alternatively, several researchers have estimated the density
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change induced by ions (p/p,) based on step height measurements between
unirradiated and irradiated regions [105-108]. This method was applied in this study
using both laser microscopy (Keyence - VK9100) and profilometry (Dektak 6M).

The density change can be calculated as

1/(R+AH)

where AH is the step height, and R is the ion range determined by an SRIM code.

Fig.2- 6. Step measurement using Laser Microscope
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Irradiated Unirradiated
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Irradiated Unirradiated

Fig.2- 7. The representative of step height measurements using Laser Microscopy

Microstructure observation by TEM

TEM observation was performed using 200 kV transmission electron microscope
(TEM) inJEOL JEM-2000FX and 100kV in Hitachi HT7700 to confirm the
amorphized region and detail microstructure. Since the damaged area due to ion
irradiation is limited to the sample surface (few micrometers), the samples of 3 x 10

x 20 um are lifted out to a TEM mesh on a semicircle with a focused ion beam (FIB),
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and then polishing using 40keV Argon beam down to approximately 100 nanometers
in thickness, as seen in Fig.2- 8. Since the irradiation damage also occurs due to the
processing by FIB, the optimization of the processing conditions was performed.
The FIB used in this project was the Hitachi High-Tech FB2200.

P he e PR Y

Fig.2- 8. Thin sample preparation by FIB: a) Sputtering around the coated sample
surface; b) title 60° and cut the bottom of sample; c) Insert the probe and weld the
probe with sample; d) Lifting out the sample; e) lift-out and weld the sample to the
TEM mesh; f) two steps: rough polishing using 40keV Argon down to approximately
100 - 150nm in thickness, and then final cleaning using SkeV Argon to remove the
damaged layer from rough polishing.

Nano-indentation test

Instrumented indentation test was performed in a nanoindentation machine
(Shimadzu, DUH-211) using a Berkovich tip, which can control the minimum load
and displacement increment to 0.196 pN and 0.1 nm, respectively. The hardness and

Young’s modulus were calculated according to the Oliver and Pharr methods [109]
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with a corrected indentation tip roundness. To determine Young’s modulus, the
Poisson’s ratio of the irradiated specimens must be determined. However, this
information is not available in the literature. Le Pape et al. [75] suggested that the

Poisson’s ratio of irradiated quartz changes as a function of RIVE, as follows:
v* = min(vy + exp(0.0063(£)1938) — 1;v)),..coooiii i EqL2- 2

where v* and €* are the irradiated states of the respective Poisson’s ratio and quartz
expansion (%); v, = 0.08 and v; = 0.21 for the crystal and amorphized states,
respectively. The function was applied in this study to determine the “irradiated”
Young’s modulus of quartz. For albite and microcline, v was assumed constant (v =
0.28) during irradiation based on a previous MD study for albite [46]. By estimating
the range of error for v to be from 0.08 to 0.3, the calculated Young’s modulus was
scattered by less than 7%; hence, the change in the Poisson’s ratio was insensitive

to the determination of the elastic properties.

For most cases, 20 mN was applied in both the irradiated and unirradiated parts. The
indentation depths were distributed around 0.4 micrometers and the results reflected
the characteristics of a single irradiated grain. When a large number of random
measurements were made on natural minerals, the results showed a clear binomial
distribution, reflecting the characteristics of feldspar grains and silica grains. The
indentation properties and microstructure of feldspars presented in this study were
obtained from the feldspar region, based on the results of surface observations. The
test was conducted in a load-control mode, with a loading rate of 13 mN/s; it was
maintained for 5 s and then unloaded at the same speed. The average value from at
least 20 points was obtained. Fig.2- 9 shows a typical measurement of indentation

test at unirradiated and irradiated regions.
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Fig.2- 9. Representative nanoindentation test at the boundary between irradiated

and unirradiated quartz (a) and representative load-displacement curves for
felspar mineral at 20mN (b)

Electron spin resonance (ESR) after annealing test

ESR method is used to quantify the paramagnetic defect centers (i.e., the existence
of unpair electrons) in irradiated quartz and silica samples. The ESR measurements
were performed on a commercial ESR spectrometer (JEOL JES-RE2X), where the
field modulation was 0.32mT with a frequency of 100kHz and a microwave power

of 5mW at room temperature for all measurements. The other setting parameters
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were also kept the same including a microwave frequency of 9.09 GHz, the gain of
63dB, the time constant of 0.1seconds, sweep time of 1min, and spectral resolution
(i.e., 0.007326mT/point). At least three measurements were conducted for each
condition. For accurate determining the Lande vector (i.e., g factor used to index the
defect centers, g = 2.0023 for electron), a reference sample of Mn?* is inserted inside
the sample cavity. Table 2-3 provides the information of samples (only irradiated
quartz) and annealing conditions. The annealing tests were conducted in vacuum

heating and ESR signals were recorded after each heating step.

Table 2- 3. The irradiated samples and annealing test for ESR measurement

Irradiation history Annealing test
Sample name
lon fluence Temperature  Duration
(only quartz) _ ) Temperature Type b .
(ionfcm?) (°C) (mins)
Si-irradiated 6
2.0x10 RT Isochronal 100 - 500 60
sample
He-irradiated
2.2 x10%° RT Isochronal 100 - 500 60
sample 2
He-irradiated %
3.2x10 RT Isochronal 100 - 500 60
sample 4
He-irradiated
3.6 x10%° RT Isochronal 100 - 500 60
glass
He-irradiated 15
3.1x10 RT Isothermal 150 and 200
sample 1
He-irradiated 5
5.8 x10 RT Isothermal 150 and 300
sample 3

2.2. Acceleration test and characterization of water-loss related degradation

2.2.1. Preparation of concrete

The cylindrical concrete samples with a size of ¢100mm x 200mm were prepared.

The concrete mixture proportions per cubic meter were 157kg of water, 285 kg of
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sand, 838kg of coarse aggregate with a water/cement ratio of 0.55. The admixture
of 1% was also added to increase the homogeneity of concrete microstructure. The

concrete was cured for 28 days before subjected to the heat-treatment process.

2.2.2. Heat treatment

Total of 18 specimens (each temperature three samples) was heated. In order to
simulate the water loss due to high-temperature conditions, the specimens were
heated with different durations with slow heating and cooling rate to generally make
a uniform change in the concrete and prevent large thermal gradients. Heating and
cooling of the heated samples were carried out in the electric furnace. The
temperature of sample was controlled by measuring the temperature of furnace and
the temperature of the sample core. The detail of heat treatment conditions is given
in Table 2- 4.

Table 2- 4. Summary of heat treatment process

Target temp. Monitoring Heating rate  Cooling rate Holding time
(°C) location (°C /min) (°C /min) (hours)
Furnace temp. 0.9 0.11 504
105
Sample core 0.48 0.12 (21 days)
Furnace temp. 0.92 0.31 336
200
Sample core 0.48 0.28 (14days)
Furnace temp. 0.65 0.68 24
400
Sample core 0.64 0.71 (1days)
Furnace temp. 0.64 0.69
600 16
Sample core 0.63 0.69
Furnace temp. 0.71 0.77
700 16
Sample core 0.68 0.72
Furnace temp. 0.73 0.80
800 6
Sample core 0.73 0.79
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After the heat treatment and cooling process (Fig.2- 10), the specimens were taken
to ultrasonic pulse velocity test to measure the changes of pulse velocity with
exposure temperature. Subsequently, the specimens were taken to the compressive
test to measure the residual compressive strength and static elastic modulus. After
mechanical test, the broken pieces from concrete samples were collected and stored
in desiccator for further tests (XRD, TG/DTA, and SEM). For evaluating the changes
in pore structures, Mercury porosimetry tests were conducted in samples cut from
the center of concrete cylinders. The following paragraphs give the details of

measurement and analysis.

25°C 105°C 200°C = 400°C 600°C l 700°C l 800°C |

Fig.2- 10. The appearance of concrete after heat treatment

2.2.3. Mechanical test

The mechanical test is commonly used to measure the compressive strength and
static elastic modulus. The tests were carried out on a hydraulic universal testing
machine according to Japanese Standard JIS A 1149-2001 “Method of Test for Static
Modulus of Elasticity of Concrete”. When the stress-strain curve is obtained,

Young’s modulus, E can be calculated as:

Eo=22229073 oo EQ.2- 3

€1—&2
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where S; = 1/3S,,,,x, IS the compressive stress; &, is the strain which estimated at S,

S, is estimated at strain 50x107°; &, =50x107°

2.2.4. Ultrasonic pulse velocity test (UPV)

The experimental setup is a simple through-transmission ultrasonic configuration. It
consists of a waveform generator (OLYMPUS 5077PR), two transducers, a pre-amp,
and a data acquisition system (TEKTRONIX DP02022B). UPV measurements
carried out on the heated concrete using both longitudinal P-wave transducer with a
diameter 50mm and shear S-wave transducer with a diameter 25mm. Both
transducers have a center frequency of 100 kHz. The arrangement of both

transducers and the specimens in the experiment is shown in Fig.2- 11.

When the transmission time between sending and receiving transducers are

estimated (Fig.2- 12), the pulse velocity will be calculated as:
= e G 2- 4

where L is the length of the sample (200mm) and At is the transmission time or the

time delay between sending transducer and receiving transducer.
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Fig.2- 11. Experimental setup for ultrasonic pulse velocity test
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Fig.2- 12. Estimating the transmission time between sending and receiving
transducers (upper signal is P-wave, lower signal is S-wave)
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2.2.5. Characterization of microstructure changes

X-ray diffraction (XRD)

The samples to be analyzed were collected from the crushed specimens from
mechanical test. The materials were ground into powder to make a homogeneous
composition. XRD tests were conducted on Rigaku’s X-ray diffractometer Miniflex
600 with CuKa radiation (A=1.54056A), data were collected in the range 17 to 80°
in 260, operating in 40KV and 15mA.

Thermogravimetric analysis (TG/DTA)

Thermogravimetric analysis was performed using SETSYS Evolution TG/DTA/8/W.
The initial mass of about 57.6 mg used for the tests was weighted using a balance
with £0.1 mg of accuracy. The tests were performed under an argon flow of 100

mL.min. The heating rate was set at 10°C/min until reaching 800°C.

Mercury porosimetry (MIP)

The MIP test (Fig.2- 13) was conducted using the AutoPorelV 9520. The maximum
pressure of the porosimeter is 210 MPa, covering the pore diameter range from about
0.003 to 360 um. For the sample preparation, disked pieces of about 20mm thickness
were cut out from the center of cylindrical concrete ¢100-200mm using a diamond
cutter and then being immersed in acetone for 1 day to stop the hydration. After that,
the mortar part of about 5mm square was removed from the pieces and dried for one
week in a freeze dryer until MIP test. The pore diameter was determined by
Washburn’s equation [110]:

-4V 2]
d = ;"s e e e e e e et e EQ.2- 5
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where, d is the pore diameter, V is the surface tension = 0.484 N/m, 6 is intruded

contact angle = 130° (cos 6 = -0.643), P is the pressure of mercury (MPa).

Sealed sample cup for Mercury Porosimetry

Mercurv injection

Fig.2- 13. Device for MIP test

Scanning Electron Microscopy (SEM)

The samples for SEM analysis were collected from crushed pieces from mechanical
tests. To maintain the microstructure during sample preparation, the samples were
impregnated in fresh epoxy resin. Afterward, the samples were finely ground on the
lap wheel with various sandpapers. The polishing was done with 3, 1, and 0.25um

diamond paste.

Before SEM, the polished surfaces were coated with a thin gold layer to dissipate
excess charge from the specimen. The images of SEM were captured on EPMA 7600
using a backscattering detector at magnification 500x with a low acceleration
voltage of 15kV and 10nA.
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CHAPTER 3: RADIATION-INDUCED VOLUME EXPANSION
(RIVE) IN MODEL MATERIALS OF AGGREGATE

3.1. Introduction

Amorphization and radiation damage in silicate minerals are important research
topics in many areas, such as electronic devices, optical applications [44,111], and
nuclear waste immobilization [80,94,112]. Recently, many studies have been
performed regarding the plant life management and long-term performance of
nonreplaceable components in aging nuclear power plants, such as concrete
structures [5,12,16]. The RIVE of aggregate minerals is considered the primary
cause of long-term degradation in concrete structures, and it is controlled by the
amorphization; however, the RIVE mechanism is not fully understood because the
correlation between amorphization and RIVE was not established. Recently,
Krishnan et al. [78] published a comprehensive study based on molecular dynamic
(MD) simulations, which showed that the change in density and stiffness during
irradiation-induced amorphization (amorphized) in many types of silicate minerals
was similar to that of thermally induced vitrification, and suggested the use of
isochemical glasses to predict upper limit changes in density and elastic modulus
under irradiation [78]; nevertheless, the amorphized structure is difficult to be

estimated and the mineral structure may affect the RIVE behavior.

Since it is impossible to test in advance for all environmental conditions, this chapter
discusses the effects of environmental factors (temperature and flux) on the RIVE
behavior and clarifies the RIVE mechanism caused by both ionization and knock-on
displacement in the LWR’s conditions, as well as mineral structure effects on the
RIVE of rock-forming minerals. The research methodology for extracting the RIVE
mechanism is described in Fig.3- 1.
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Fig.3- 1. Research methodology to extract RIVE behavior

3.2.  Results
3.2.1. Step measurement

He irradiation

By 2 MeV He?" irradiation, the damage profile is steep and concentrated near the
end of range at around 6um depth based on SRIM simulation, at which the end-of-
range amorphization occurs. Fig.3- 2 shows the ion fluence dependence of step
height with different ion fluxes. Results indicated no significant ion flux effect on
the onset of swelling was observed. This may be due to small flux variation. The
different fluxes caused some scatters of step height values at an early stage of
swelling. The out-of-plane swelling initiated at the ion fluence 1x10*° (ions/cm?) and

it did not approach saturation at around 3.2x10% (ions/cm?).
Si irradiation

Irradiated quartz
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In the case of 3 MeV Si?* irradiation, the maximum step height was about 450 nm,
as presented in Fig.3- 3. The shape of irradiated and unirradiated parts was almost
flat and clear steps appeared at the boundary between the irradiated and the
unirradiated part after irradiation. The results indicated the characteristic of step
height showed different behavior at elevated temperatures. In other words,
temperature enhanced out-of-plane swelling. In the case of 2 x 10* cm™, the rate of
swelling was lower and step height did not reach saturation at 142°C. In contrast, the
sample with dose 1 x 10™® cm nearly reached saturation with approximately 400
nm at 142°C. Beyond 6 x 10™ cm?, the step height was almost unchanged. It noted
that the temperature had an insignificant effect on the value of swelling saturation.
This confirmed the previous results in neutron-irradiated quartz [48,113].
Comparing at all temperatures, the step heights at 2 x 10 cm were slightly reduced
compared with the case of 6 x 10*® cm™. In other words, the structural relaxation

continued to change even after saturation of swelling.

350 |
300 a A 6.5 % 10! jons/cm?s
i 4 2.0 x 102 ions/cm?3s *
yso [ W 6.4 x 102 jons/cm?s ;
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el <
g
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Iy i
3|
7 100 | . §;
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i i A
0 L | T L Y T | L
1E+13 1E+14 1E+15 1E+16 1E+17

Ton fluence (ions/cm?)

Fig.3- 2. The ion fluence dependence of step height with different ion fluxes at
room temperature induced by 2 MeV He’" irradiation.
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Fig.3- 3. The effects of temperature on out-of-plane swelling in quartz induced by 3
MeV Si** irradiation with ion flux 1.5 x 10 ions/cm?.s.

It is known that quartz undergoes anisotropy expansion under neutron irradiation,
I.e., the lattice change along the a-axis is about twice as important as lattice change
along c-axis [53,73,114]. However, our results appear to be in contradiction with
previous neutron-irradiated data. In ion irradiation, the irradiated layer is thin (a few
pum) and the region is constrained by the surrounding crystalline matrix, thus the
volume change may occur primarily perpendicular to the surface. Given the step
height of 300 nm in helium irradiation, it is about 5% swelling of the irradiated layer,
while in the case of silicon irradiation, that is about 18%! Thus, swelling towards the
open volume, that is along the c-axis in this study, was found to be more severe than
the swelling along the favorable orientation when the irradiation region has been

constrained by surrounding undamaged substrate.

Irradiated feldspar

At room temperature: The changes in step height and ion fluence exhibited similar

tendencies with the case of quartz. The steps also saturated at approximately 6 x 10°
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cm? in three minerals. The maximum steps were ~206 nm in albite and ~ 138 nm in
microcline. The shapes of the irradiated and unirradiated parts were flat and
appeared as clear steps; this suggests that swelling almost occurred in one direction
toward the surface. It is noteworthy that the expansion behavior of quartz crystals in
natural minerals (mainly albite and microcline) was broadly consistent with a Z-cut
quartz crystal. Thus, the difference in crystal orientation may not significantly affect

the open-space swelling.

At 92°C and 142°C: A higher temperature generally enhances the rate of RIVE.
Nevertheless, at 92°C the RIVE in feldspars seems to be lower than RIVE at RT
(Fig.3- 4 and Fig.3- 5.), this shows a different behavior of RIVE between quartz and
feldspars at elevated temperature. In addition to that, temperature changes the
saturation value of RIVE, while it does not affect the case of quartz. This suggests a
different mechanism of structural relaxation and RIVE between quartz and feldspar.

This point will be discussed in Section 3.3.3.
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Fig.3- 4. The effects of temperature on out-of-plane swelling in albite induced by 3
MeV Si** irradiation with ion flux 1.5 x 102 ions/cm’.s .

58



E| —®—92degC
= 160 142 degC T l 1

1.0E+13 1.0E+14 1.0E+15 1.0E+16 1.0E+17
lon fluence (ions/cmz2)

Fig.3- 5. The effects of temperature on out-of-plane swelling in microcline induced
by 3 MeV Si** irradiation with ion flux 1.5 x 10" ions/cm?.s

Maximum volume change in three minerals at room temperature

Obtaining the step heights at saturation, the maximum volume change can be
estimated by the step heights normalized by ion ranges of 18.1%, 9.1%, and 5.8%
for quartz, albite, and microcline, respectively. In a previous study, the maximum
RIVE of quartz and feldspars induced by neutrons was approximately 18% and 7%—
8%, respectively, as evaluated in [12]. Compared with neutron-irradiated data, the
obtained value was similar to that for the case of quartz; however, our data indicated
different expansions in albite and microcline, i.e., approximately 20% higher and
lower, respectively. This discrepancy may be because ion irradiation caused an
expansion in one direction toward the open surface, and swelling data were collected
at several positions of the target minerals. Meanwhile, in the case of neutron, the
total volume change is an integrated expansion of each grain, which may be confined
by other grains or other structures. Besides, natural minerals may contain silica,

which can increase the total expansion in microcline because of neutrons.
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3.2.2. TEM observation

The cross-section of irradiated minerals observed via TEM showed the different
amorphization behavior between quartz and feldspars (as Fig.3- 6.). In quartz, the
diffraction spots were fully disappeared, and diffraction rings appeared at the fluence
of 2 x 10 cm2, which was lower fluence than the saturation of amorphization. In
contrast, the saturation of amorphization was confirmed at the fluence of 1 x 10%
cm2in feldspars, which was well agreed with the saturation of step height increment.
The TEM results indicated that the fluence dependences of the RIVE were similar
for the three minerals but their mechanism differed. In feldspars, the RIVE was fairly
correlated with amorphization. Meanwhile, the RIVE in SiO; continued even though
amorphization was completed at a lower fluence. This means the amorphization does
not require maximum volume expansion under constraint. Furthermore, the structure
relaxation during irradiation of crystalline silica and vitreous silica (glass) behaved
differently, thus there would be different types of irradiation-induced amorphous
silica. The results indicated the potential constraining effects on the structural

relaxation of neutron-irradiated aggregate when embedded in concrete structures.

A higher magnification TEM analysis was performed for the amorphized quartz and
confirmed the potential existence of nanocavities using the through-focus technique.
Circular contrasts were observed, in which black and white reversals were identified,
as shown in quartz at 1 x 10%° cm™ (see Fig.3- 7.). A similar feature was observed
with almost the same sizes for the quartz sample irradiated at 6 x 10 cm™. They
measured approximately 4 nm and tended to disappear gradually after long exposure
to the electron beam. Since it is difficult to identify the thickness of amorphized
specimens, it is not easy to quantitatively determine the cavities. A rough estimation
gives the density of cavities at around 102 (m™), thus the direct contribution of the

cavity formation on the swelling is less than 1%. This result suggests both further
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relaxation of network and formation of cavities can contribute to additional swelling
in S|02

Damage
distribution
with depth
by SRIM

SEOESTOTSTIOIS000

Albite Microcline

2 x 10 ions/cm?. %;iﬁi"' ions/cm?

I
1 x 10%° ions/cm?

Fig.3- 6. Bright-field TEM image of sample irradiated by 3 MeV Si*" irradiation to
fluence 2 x 10" ions/cm? at 44°C. The amorphization was confirmed by selected
area diffraction technique.
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Fig.3- 7. Cavity formation in quartz Si-irradiated at 1 x 107 ions/cm’ (the left
image is overfocused and the right image is underfocused). This suggests that
cavity formation contributes to further volume expansion

3.2.3. Amorphization under electron-ion irradiation

In order to observe the temperature effect in the amorphization process, 1MeV Fe-
ion irradiation was introduced into 200keV TEM chamber with an angle of 30
degrees from the TEM column, so-called in-situ TEM. The experiment was carried
out at the heavy ion irradiation facility at the University of Tokyo. By SRIM
simulation, 1MeV Fe ion could produce a homogenous knock-on displacement
within the TEM sample. A bright-field images were observed using a 200 keV
electron beam while irradiating 1 MeV Fe ion at 6 x 10° cm™s?. For high-
magnification, the flux of the electron beam is estimated to be about 3 x 108 cm™%s-
! using a Faraday cup.

Fig.3- 8 (a) to d)) shows the evolution in the cases of room temperature (RT)
irradiation, while Fig.3- 8 (e) to h)) are irradiated at 150°C, which seems to progress
faster amorphization than that at RT irradiation. In the high-magnification
observation, the regions surrounded by the red circle show a different contrast and

faster amorphization to other regions. However, the amorphization behavior is

62



different between the thinned region (thickness is 200 nm or less) in the center of
the sample and the region next to it (thickness is 200 to 400 nm).

Fig.3- 9 shows the results of high-magnification observation which was obtained in
the same experiment as Fig.3- 8. It noted that when electron irradiation is
concentrated on the TEM sample, the amorphization is quite quick and the sample
Is bent under irradiation due to expansion, thus it is difficult to adjust the beam
condition to have a good diffraction condition. To obtain some insights, the bright-
field image is represented. In the case of RT and 150°C irradiation, the black dots
appeared at the beginning of irradiation. The black dots can be lattice defects.
However, for longer irradiation, the number of black dots increased, and its size was
almost not changed in the case of RT, in contrast to 150°C irradiation, in which the
number density of black dots was unchanged and its size increased, as shown in
Fig.3- 10. Because it showed the same feature under different diffraction orientations,
the black dots in the case of 150°C could be lattice strain regions caused by
amorphous region formation. The ring-shaped contrast can be regarded as
representing the outer edge of the amorphous region.

The results indicated that at RT irradiation, radiation defects will be accumulated at
the position of formation; however, at higher temperatures, the mobility of defects
iIs much higher, so that the amorphous regions are nucleated and grown. The
enhanced mobility of defects may explain the increasing rate of RIVE or structural

relaxation at higher temperatures (in Fig.3- 3).
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h) 21 mins

Fig.3- 8. Low-magnification image of quartz irradiated with Fe ions at ion flux 6 X
10'° em?s™! and observed under electron beam in TEM. (a-d images are irradiated
RT: e-h images are at 150°C)
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Fig 3- 9. High-magnification image of quartz irradiated with Fe ions at a flux of 6
x 10 ecm?s™! and electron beam with a flux of about 3 % 10'% cm™s™!
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Fig.3- 10. Changes of strain center size during In-situ TEM at RT and 150°C

3.2.4. Nanoindentation

Considering the indentation size effect, several indentation-depth tests were
conducted on amorphized minerals. The values of hardness and Young’s modulus
of amorphized quartz at different loads (2 mN —80 mN) with a maximum depth ratio,
hmax/R = 0.36 showed a variation of less than 4% (as illustrated Fig.3- 11).

The results of nanoindentation are summarized in Table 3- 1 and Fig.3- 12 The
obtained values of the unirradiated state are similar to or between the range reported
previously. It is noteworthy that the hardness data of amorphized minerals are rare

in the literature, particularly for albite and microcline. The results showed that:

+In microcline, the hardness value first reduced from 10 GPa to approximately
6 GPa and then remained almost constant after 2 x 104 cm. Meanwhile, the

change in Young’s modulus was not apparent before and after irradiation.

- In the case of albite, the hardness change was similar to that of microcline,

whereas Young’s modulus decreased gradually with increasing ion fluence.
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Furthermore, previous MD simulations showed a decreasing trend from 111.2
to 91.0 GPa [46], which is the same reduction magnitude as that of the present

study, although the absolute values were higher by approximately 20%.

+ In quartz, the hardness gradually decreased from 14.8 GPa to approximately
9.4 GPaat a fluence of 2 x 10* ¢cm and then remained almost unchanged. The
hardness obtained at 2 x 10* cm (corresponding to an amorphous fluence)
was similar to that of fused silica (9.19£0.27 GPa). Interestingly, Young’s
modulus of pristine and amorphized SiO, was 112.4 and 95.5 GPa, respectively.
This contradicts with MD simulations, which showed an increase from 104.8
to 126 GPa in the final amorphized state, in contrast to the density, which
decreased gradually with deposited energy [46]. However, the MD results
appear inconsistent with the well-known 30% lower elastic modulus in fused

silica (approximately 70 GPa [109]) compared with crystal quartz.

The different trends obtained from MD simulations for quartz are possible owing to
the difference in the measurement scale. The MD simulations may be able to show
the change in Young’s modulus in local structures, such as changes by a few
nanometers [46]; however, the cell size of the MD simulation is small, and/or the
time scale is short to represent the formation of nanocavities. Additionally, the
estimation of the elastic properties of amorphous silicates may be affected by the
strain rate [115].
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Fig.3- 11. Substrate and indentation size effect on hardness and Young's modulus

in quartz sample

Table 3- 1. Mechanical properties of irradiated tectosilicates

Quartz Albite Microcline
_ Previous ] Previous ] Previous
This work ] This work ] This work ]
studies studies studies
105 for c-
Eo _ 70.65[43];
112.40+£0.74 axis [109]; 85.28+5.40 69.41+3.76 77.7[118]
(GPa) 101.98[117]
99.45[116]
Ho 13.28°
14.80+0.20 9.59+0.81 10.04+0.69 9[119]
(GPa) [109]
0.06[116],
Vo 0.08° 0.28°¢ 0.28[43] 0.28°¢ 0.28[118]
0.08[109]
E. ¢
80.42+0.68 70.50+8.09 66.24+6.76
(GPa)
H, ¢
8.59+0.11 5.84+0.89 6.10+0.85
(GPa)
Vr 0212 0.28¢ 0.28°

2 obtained from [75], ® The value was obtained by digitizing figure in [109], ¢ Poisson’s ratio is
assumed constant based on comparison of v calculated from compliance tensor [46], 9 the Er,

H, are taken at the maximum ion fluence 2 x 106 ions/cm?
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Fig.3- 12. Hardness (a) and Young's modulus (b) of ion-irradiated minerals

(quartz, albite, and microcline) at different ion fluences

3.2.5. Electron spin resonance

ESR are the nonbridging oxygen hole center (NBOHC) and
They are three fundamental defects that are generated under ir
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In silica, the most important defects are E’ centers, which are holes trapped at the

oxygen vacancies ((=Si-O-Si=) => (=Si-)). Other defects can also be detected by

peroxy radical (POR).
radiation, though other



defect structures may be produced, they are difficult to be detected by ESR. Fig.3-
13 illustrates the representative ESR signals of He irradiated sample to 3.2 x10%
(ion/cm?) and 60min-isochronal annealing test with the reference peaks of Mn?*
marker. The ESR signals between Mn marker peaks were induced by irradiation
since the spectrum of the unirradiated sample is flat. The g values of irradiated
samples were determined to be around g = 2.00032, g = 2.00153, and g = 2.00232,
which are almost similar for all samples listed in Table 2-3, regardless of different
irradiation types and samples (Fig.3- 13 and Fig.3- 14). This indicates that the defect
structure formed in heavily damaged quartz and silica glass under irradiation has a
similar characteristic. Since the g vector of E’ centers in crystalline quartz has
orthorhombic symmetry, it has three principal values of g; = 2.0003, g, = 2.00053,
and gz = 2.00179, in which the g; and g, are close to each other [120].

It can be seen that the resonance line of the sample is located at g = 2.00153, which
Is close to the g3 of E’ center. The E’ center was also determined at the resonance
line at around g;,g, = 2.0005 [121,122] or g = 2.0008[123]. It should be noted that
the peak intensity at g = 2.00232 is shorter than the peak at g = 2.00032. This could
be due to the overlapping of other components such as NBOHC and/or POR that
causes the subtraction of peak intensity; this has been identified by Moritani et al
[124].
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Fig.3- 13. The ESR spectra of He-irradiated SiO; to 3.2 x10'° (ion/cm?) following
isochronal annealing up to 500°C for one hour.
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Fig.3- 14. The ESR spectra of He-irradiated glass to 3.6 x10" (ion/cm?) following
isochronal annealing up to 500°C for one hour.
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Isochronal annealing

Fig.3- 15 shows the results of 60mins-isochronal anneal of He-irradiated and Si-
irradiated samples. The ESR intensity is determined at g = 2.00032, as shown in
Fig.3- 13 and the relative intensity was calculated by the intensity of annealed
sample divided by the initial intensity and plotted against the temperature. As seen
in Fig.3- 15, the spin intensities rapidly decrease beyond 100°C and fully annealed
at 500°C. This behavior is quite similar to that of E’ centers produced in quartz by
He-irradiation [125] and that produced in vitreous silica by neutrons [126]. However,
under gamma and neutron irradiation, whose irradiation dose is much lower than
amorphization fluence, E’ centers and other centers were found to recover after
300°C [51,120,127]. This implies that the recovery of E’ centers in heavily damaged
(or in amorphous structure) occurs at a lower temperature than that in crystalline
quartz. As seen in Fig.3- 15, no clear recovery stage was observed, this is probably

due to the short annealing time so that isothermal annealing tests were performed.
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Fig.3- 15. The 60mins isochronal annealing experiments of different irradiated
samples
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Isothermal annealing

Fig.3- 16 shows the results of changes in relative intensities against annealing time.
As seen in the cases of 150°C that the recovery process is very slow and reaches
almost saturation after three hours; however, the recovery continues after heated to
higher temperatures. This implies that different recovery reactions may occur at

different temperatures.
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Fig.3- 16. Isothermal annealing of He irradiated samples

3.3. Discussion

3.3.1. Swelling cross-section

Since neutron irradiation has a broad spectrum of primary knock-on atom (PKA)
energy, to capture the tendency of expansion induced by different PKA energies, we

compared our results with others with different ion energies as shown in Fig.3- 17.
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The swelling occurred at certain ion fluence depending on the ion type and energy,
followed a rapid increase within one order of fluence value, and then become

saturated. The swelling data can be separated into two groups:

(1) for sufficiently high electronic energy loss (>1.6 keV/nm), continuous
amorphous tracks may be formed by a single hit process due to electronic
excitation; and

(2) collision process, in which the small disordered regions may be produced due
to the damage cascades and subsequent rapid cooling that does not allow to
restore the ordered structure within the cascades.

Noted that most of the PKA energies in neutron irradiation are less than the
excitation energy threshold, but for sake of completeness, some excitation process
data are also included. In the case of excitation, the expansion of irradiated samples
can be fitted with the Poisson equation considering the formation and overlapping
of amorphous ion tracks, as examples given by [55,57,128]. For the collision process,
Avrami model [74] has been commonly used to describe the amorphization process
based on nucleation and growth of disordered phases [60,129,130]. However, this
model may not be suitable because we found that even after the amorphization has
fully occurred, the volume expansion continued at a higher dose. Therefore, in this
case, we simply assume that dimension change after amorphization can also be

described by Poisson’s law:
H=H_[1—exp(—03,)]...ccccmiiiiiii i, Eq.3-1

where H is the step height, H, is the maximum step height at saturation of swelling,
o, is the swelling cross-section ((4H/A®)/ H,, ), which is assumed to be a
temperature-dependent parameter ( o, is the magnitude of the volume expansion due

to single radiation). The equation is based on the following four assumptions:
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(1) the expansion is directly induced by single ion injection;
(2) volume change occurs along with surface direction;

(3) the swelling rate increases with increasing temperature;
(4) once it becomes amorphous, it is irreversible.

These assumptions ignore the radiation defect recovery, and this equation could not
distinguish the different types of amorphous silica. It is interesting that many
experimental data are well-fitted with Poisson’s curve, as shown in Fig.3- 17. The
reason is that it is natural that many amorphous solids undergo plastic flow under
ion irradiation [131-133]. The flow phenomenon is a radiation-induced process
because irradiation temperature is far below the glass temperature and it occurs to
relieve in-plane stress. The plastic flow has been explained based on thermal spike
[134] when the electronic excitation dominates the stopping with dE/dx > 1keV/nm,
and “flow defects” when recoil energy is small (below 0.5keV) [135]. Since the
relaxation time was estimated at the order of ps [134,136], it is considered the

volume change of amorphized silica is induced by a direct ion injection.

As seen in Fig.3- 17, the ion fluence for swelling is dependent on irradiation
parameters, i.e. ion energy and ion mass. The threshold ion fluences required for
light ions (He and H) are higher than that for heavier ones (Au, Fe, Si, and Na). In
comparison between 140 keV He and 2 MeV He, the lower ion energy cause
swelling with less ion fluence. This may be due to the higher possibility of an ion
causing an elastic collision with a target atom comparing with those higher energies.
Except for the case of light ions (2MeV He and 140 keV H), the data are fairly well
fitted with the equation (1). The given errors in light ions irradiation may be due to

that the damage is not surpassed along with the entire ion range and the deeply
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formed amorphous layer may be subjected to large compression stress, which would

delay the structural relaxation process.
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Fig.3- 17. The normalized step height by divided ion range as a function of the ion
fluence. Dash lines are the least square fits by Poisson law. All specimens were
irradiated at room temperature, except 50keV Na at -196°C.

Though the swelling cross-section a,(cm?) generally increases with the increasing
number of displaced atoms in the ion range, Ng/R when the electronic (dE/dx) is not
too high in this case, nonlinear relationship between Ng/R and g, was found, as
shown in Fig.3- 18. In cases of light ion irradiations whose damage is not surpassed
along with the entire ion range, o, with Ng/R < 0.16 nm™ is the order of 10!’ - 108
cm?. If elastic collision is the main cause of amorphization under all irradiations
summarized in Fig.3- 17, the relationship between g, and Ng/R should be
proportional, except for the effect of damage depth distribution. Even in the higher
energy cases, however, the nonlinear relation is recognized. In the range of 0.16 <

No/R < 5.43, g, is approximately 10> cm?, and highest for the case of Au 3.5MeV
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and 10MeV, beyond Ng¢/R > 5.43 of around 5 x 10"** cm?. Based on the several
experiments using swift heavy ions [71], the relationship between electronic dE/dx

and swelling can be described as

0; [104cm?] = 0.13%(Ey/R — 1.6) [keV/nm]..............ccoooeeiieiiiei.. Eq.3-2

where the g ; is the normalized initial swelling by ion range, (AH/A®)/R, caused by

ionization, E; is the electronic deposited energy.

By converting swelling data induced by collision to the same unit with o ;, we found
that swelling induced by collision can also be described as a linear relationship with
Na,

0s[10cm?] = 0.0072x(N/R) [displacements/nm]..............cccoceerrinnn. Eq.3- 3

Then, the total swelling cross section is expressed as:

o, [10 % cm?] = [0.0072 (%)] + [0. 13 (%- 1.6)] o B3
4

Fig.3- 19 presents the comparison of experimental and calculated swelling (from
equation (2)), considering both collision and ionization effects. The best estimation
is found at the low swelling level < 6%, at which the amorphization is formed inside
the surrounding crystalline matrix and they show a similar trend until the whole
irradiated layer becomes amorphous. Beyond that level, however, some scatters are
observed, the swelling of different amorphous layer thickness may be largely
affected by external stress from different fixation conditions of specimens. Besides,
the temperature variation of different ion experiments as well as the impurity content
of quartz from different origins would also be the scattering sources. Assuming the

complete amorphization at 6% swelling, the critical dose can be calculated from o

77



as 0.11dpa (as Fig.3- 20). The obtained dose is within the range by [60] and [45],

who reported the critical dose for amorphization using different methods. It should

be noted that the threshold dose from this study is defined at the dimension change,

the dose requires for amorphization may be lower due to delay of relaxation.
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Similar to the case of quartz, Poisson law was also applied in feldspar and it fitted
quite well. The result of amorphization dose and swelling cross section are

summarised in Table 3- 2.

Table 3- 2. Summary of amorphization dose and swelling cross-sections

Density  Amorphization ~ Critical energy Max Swelling
Minerals p fluence density swelling  (AH/A®)/R
0
(g/cm?®) (cm?) (eV/ atom) (%) (cm?)
Quartz (SiOy) 2.65 2.0 x 10% 3.5 18.1 1.44 x 1016
Albite
. 17.3
(NaAlSi;0s) 2.62 1.0 x 10%° 9.1 1.23 x 1016
Microcline
. 184
(KAISi3Og) 2.56 1.0 x 10% 5.8 1.61 x 10'¢

In neutron irradiation, the critical dose for amorphization has been reported at > 1 x
10%° n.cm [13,70,137]. Since the maximum energy of primary knock-on atoms by
fission neutron is in the order of 10° eV, the electronic energy loss by the knock-on
atoms will never cause direct amorphization by excitation. Thus, amorphization by
neutron is mainly due to the displacement mechanism. The viscous flow effect is a
time-dependent phenomenon; however, the amorphous region induced by neutron
irradiation is embedded in the crystalline matrix, and the surface does not exist
nearby the region, volume expansion could be restricted due to the compression
stress from the matrix. Our study shows that the RIVE in amorphized silica is
affected by additional irradiation as well as applied stress.
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3.3.2. Activation energy of structural relaxation during RIVE

We have found that stress relaxation plays an important role in controlling the
expansion level. Therefore, the temperature dependence of o, is mainly caused by
the relaxation thought the temperature range is significantly lower enough than the

softening temperature of silica glass and can be expressed as
O, =05 €XP(—EL/RT) ... Eq.3-5

where E,, k and T are the activation energy of swelling, the Boltzmann constant,

and temperature (K), respectively)

From Arrhenius plot between the logarithm of o, and the reciprocal temperatures,
as shown in Fig.3- 21, the activation energy of relaxation, E, was estimated to about
0.13eV. Such low activation energy supports the idea that plastic flow does not occur
through bond breaking but by bond motion [131], this energy is consistent with
Brongersma et al (E, =0.2eV) who suggested the energy is related to radiation-
induced viscosity [136]. This suggests that the activation energy may be related to
the energy barrier for the rearrangement of the atomic network which causes to
release the stress induced by the amorphous phase. This result appears to be in
contradiction with neutron-irradiation data (Bykov et al., 1981 [48]) showing that
higher irradiation temperature tends to lower expansion rates. Nevertheless, there

are two major differences:

(1) the expansion in Bykov data occurs due to the build-up of atoms in channels
[49] and density change of amorphous zones that are progressively transformed
to amorphization, while we observed the tendency of volume change after
amorphization under the effect of physical constraint (external stress);

(2) the expansion rate in neutron-irradiation may be inversely proportional to the
mobility and recovery of point defects which tend to be enhanced at higher
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irradiation temperature, while the amorphized solid can easily undergo plastic
flow, just as easily at low temperature (-173°C) [131]. In the case of thermal
spike, higher irradiation temperature larger the region has been fully relaxed
[136]. Therefore, the RIVE is controlled by additional irradiation, as well as
both stress and temperature. Radiation-induced viscosity may be the reason

why the Poisson's law assumption is apparently valid in many experiments.

Og; = Oy EXp(— E,/k T)

y =-1533.7x - 29.93
R* =0.9996

In(as)

-35.0 :
0.0022 0.0024 0.0026 0.0028 0.0030 0.0032
1T [K]

Fig.3- 21. Correlation between the logarithm of swelling cross-section in quartz
induced by 3 MeV Si** irradiation with ion flux 1.5 x 10" ions/cm’.s and the
reciprocal temperature (Arrhenius plot, activation energy: 0.13eV).

In summary, it has been observed that the defect mobility is enhanced at 150°C under
in-situ TEM, some defects can be annealed at low temperatures (from 100°C) by
ESR experiments, and we have obtained the activation energy for viscous flow is
quite low at about 0.13eV. In addition to that, a previous study showed that the
viscous flow under irradiation is governed by the flow of defects[135]. Thus, it is

important to determine the activation energy for the defect which causes the recovery
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of E’ centers (i.e., oxygen vacancies) to confirm whether they have the same order
of activation energy.

It is assumed that the change in quantities of oxygen vacancies is proportional to the
E’ intensity. In previous studies, the relative change in E’ center quantity has been

explained by second-order reaction [127,138]:

where, N, and N is the quantity of E’ centers; A is the decay constant, which is a
function of temperature A = Aexp (%) (A is the frequency factor, E,, is the

activation energy).

Fig.3- 22 shows the reciprocal of the intensity against annealing time, and Fig.3- 23
presents the Arrhenius plot of In (L) versus reciprocal temperature for E’ centers.
The calculated activation energy for E’ center to be recovered is around 0.11eV. It
Is known that the recovery of the E’ center can occur when it recombines with
oxygen, however, E’ centers can also be converted into other defects such as (=Si-
Si=). Thus, the recovery of E’ centers may not be a single process. From the obtained
values, the activation energy for the reaction of E’ center is almost similar to that of

the required energy for viscous flow in amorphized silica to occur.
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Fig.3- 23. Arrhenius plot of In (1) versus reciprocal temperature for E’ centers. The
calculated activation energy is around 0.11eV

3.3.3. Correlation between RIVE and mechanical properties

The correlation among structural changes (amorphization), RIVE, hardness, and
Young’s modulus changes due to irradiation can be described briefly as follows. In
quartz, the amorphization occurred quickly, which was at the early stage of RIVE,
and after amorphization still the RIVE existed. Young’s modulus decreased
gradually along the amorphization and volume expansion process. The hardness
reduced with ion fluence, but almost reached saturation after amorphization. The
RIVE of albite was mainly due to amorphization, though a small additional RIVE in
albite was observed after amorphization. Young’s modulus of albite decreased
gradually along the RIVE. However, hardness was significantly reduced and almost
saturated before amorphization. The RIVE of microcline was mainly due to
amorphization. Despite the amorphization of microcline, Young’s modulus

remained nearly unchanged, whereas hardness change was similar to that of albite.
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Although the fluence dependence of RIVE was similar among the three minerals
studied, their expansion mechanisms differed. If we consider the RIVE, there would

be a mixture of three processes that contribute to volume change:

(1) homogeneous expansion occurs in long-range scale due to the changing of
angle between basic structures (e.g. SiOy tetrahedra), which is governed by the
stress relaxation of the amorphous region;

(2) heterogeneous expansion by forming long-range structures (such as cavities)
within the basic structures; and

(3) the changing of basic structure itself in short-range scale due to a change in
the coordination number of atoms, this can be related to accumulation of point

defects.

Fig.3- 24 illustrates the short-range and long-range changes that controlling the
RIVE. In processes (1) and (2), the short-range structure (i.e., coordination number)
Is maintained. Though these processes will not be clearly distinguishable, each
process will give a different effect on the property changes (i.e., density, hardness,

and Young's modulus).

The change in Young’s modulus of several glasses has been suggested to be
proportional to packing density [139]. Krishnan et al. (2017) found that irradiation-
and vitrification-induced disordering resulted in almost the same density and
modulus change in several silicate minerals; and authors proposed a modulus—
density scaling relationship, which is expressed as E/E, = (p/py)™, Where the
subscript “0” denotes the pristine state and n is the scaling exponent, which is 3
considering the increasing atomic porosity in amorphous silicates [78]. Based on that
study, irradiation-induced amorphization will produce a homogenous structure

because the vitrificated structure is generally homogenous, and the volume change
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Is mainly caused by the rearrangement of network on long-range scale while
maintaining the basic structures. If the process (1) is the main cause of RIVE, the
relationship between density and Young's modulus of minerals should follow the

curve proposed by Krishnan [78]. For this purpose, the relative density was

1/(R+A4H)
1/R

approximated from the step height [105-108] using p/py = . The

comparison between experimental data and Krishnan fitting is presented in Fig.3-
25. It showed that data of albite matched well with the scaling law. The data of quartz
also matched immediately after amorphization; however, it deviated significantly
when the RIVE continued and saturated at a high fluence. The data of microcline

highly deviated after amorphization.

In silicate glasses, hardness has been described as a function of coordination number
[88,140]. Hence, the reduction in hardness caused by radiation may be due to the
changing of the silica tetrahedra (basic structures), which results in a change in the
coordination of Si and O atoms. This process mainly occurs on a short-range scale
before a full amorphization occurs. The hardness data suggest that the rearrangement
of network, which could cause RIVE after the amorphization, has a negligible effect
on the hardness of the three minerals. This is consistent with the results of
Smedskjaer et al. [141], i.e., changes in the medium-range scale in aluminosilicate
glass have a less prominent effect on hardness than those on a short-range scale.
Therefore, hardness can be used as an “instant indicator” of basic structure changes
in short-range scale, while Young’s modulus can capture the change in long-range

scale during and after the amorphization process.
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Fig.3- 25. Comparison between obtained experimental data and density—modulus
scaling obtained by MD simulation [78]. The open symbols indicate “before
amorphization”, whereas filled symbols indicate “after amorphization”

The comparison suggests that RIVE in albite could follow the process (1); RIVE in
quartz could be composed of (1) and (2); for microcline it seems to follow (3). The

reason for this consideration is as follows:
- In microcline, the hardness decreased rapidly without full amorphization,

which was presumed due to the change of coordination number, during the
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accumulation of defects. There could be small rearrangement of network since
there was no change in Young’s modulus. This means the changing of basic
structure itself could be the main cause of RIVE in microcline. This could be
related to the large alkali ion K* in network would limit the flexibility of the
silica network [25].

- In albite, Young’s modulus changed along with RIVE and followed the scaling
law, though hardness change was similar to that in microcline; this could be
due to smaller alkali ionic size (Na") that sufficiently allows the flexibility for
rearrangement of the network. This is evidenced when additional RIVE
occurred after amorphization.

- In the case of quartz, it is obvious that the RIVE is due to the relaxation of
amorphous regions since Young’s modulus can capture the density change,
however, the processes (2) and (3) may also contribute because of the formation
of nanocavities. In amorphized minerals, the knock-on atom was far from the
vacancy in the knock-on event due to the low density (the atoms did not move
significantly by excitation; therefore, they can be recovered), defects such as
nonbridging oxygens may attempt to stabilize the network with longer -Si-O-
chains and form new rings; consequently, a pore structure will be formed.
However, such cavities were not observed in feldspars because many alkali ions
exist in them and charge transfer can occur easily; thus, the relaxation or
balancing of the charge can prevent network changes, as illustrated in Fig.3-
26.

Therefore, the alkali ions included in the silicate mineral can affect both the

amorphization kinetics and the final (possibly metastable) amorphous structure.
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3.4. Summary of findings

The volume change and mechanical properties of tectosilicate minerals under ion
irradiation were evaluated. The main results obtained were as follows:

(1) By 2 MeV He?" irradiation, swelling initiated at fluence around 1 x 10 cm™.
Increasing ion fluence, the step height linearly increased but did not reach
saturation at 3.2 x 10'¢ cm. Different ion fluxes (6.5 x 10! - 6.4 x 10'? cm™.s"
1 did not change the onset of swelling fluence.

(2) Though ionization and knock-on displacement are found to contribute to RIVE,
the ionization caused by knock-on atoms is not dominant in LWR’s condition.
Thus, RIVE can be described as a function of knock-on displacement, i.e., dpa
and the amorphization dose can be determined at around 0.11ldpa. This
corresponds to about 6% of swelling.

(3) The changes in step heights under 3 MeV Si?* irradiation in quartz and
feldspars revealed that quartz was quickly amorphized and then exhibited
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RIVE, RIVE of microcline and albite was mainly due to amorphization;
however, a small additional RIVE in albite was observed after amorphization.
After amorphization, cavity formation was observed in amorphized quartz,
whereas it was not apparent in feldspar minerals.

(4) The change in hardness in the three minerals appeared to be a function of
amorphization since no change occurred after a full amorphization. The
Young’s modulus decreased gradually with ion fluence and it seemed to
correlate with RIVE.

(5) Since the change in hardness is related to changing of basic structure in short-
range scale and the change in Young’s modulus is associated with changing of
angle between silica tetrahedra on a long-range scale, the results suggest a
different mechanism of RIVE in three studied minerals: RIVE in albite mainly
follows homogenous expansion (i.e., occurring in long-range scale); RIVE in
quartz is a combination of homogenous and heterogenous expansion, while in
microcline it follows the changing of basic structure (i.e., occurring in short-
range scale). The associated change might be significantly related to the alkali
ion content, which can affect both the amorphization kinetics and the final
amorphous structure.

(6) The RIVE of amorphized silica is found to be governed by the radiation-
induced viscous flow which increases with temperature. The activation energy
was estimated at about 0.13eV, which may be related to the energy barrier for
the rearrangement of the lattice network.

(7) Itis found that the main defects measured by ESR are E’centers (i.e., oxygen
vacancies). The activation energy for the recovery of E’ centers is determined
to be 0.11eV, which is found to be similar to that required energy for viscous

flow under irradiation.
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CHAPTER 4: REDEFINE REFERENCE LEVEL FOR
CONCRETE DEGRADATION

4.1. Introduction

The change in mechanical properties of concrete under irradiation has been
correlated with neutron fluence, and the threshold value was extracted. A reference
level has been proposed as 1x10*° n/cm? by some regulatory body [21,37] based on
the works of Hisdorf et al, (1978) [22]. However, the data exists large scatters, which
are attributed to several sources such as differences in concrete composition,
concrete’s age, and test conditions (temperature), which have been previously
recognized. Furthermore, the scatter is also due to the diversity of neutron spectrum
and different energy cutoff. For instance, some researchers used fast neutrons (E>0.1
MeV), while some included slow/thermal neutrons. For this reason, the reference
fluence could shift to lower or higher neutron fluence if the data is plotted by the
different energy cutoff. A recent calculation by Igor Remec, 2016 has shown that
damage for energy cutoff E>0.1 MeV contributes more than 95% of all atom
displacements, thus authors recommended that E>0.1 MeV would be enough [142];
however, lower energy components (E<0.1MeV) may be significantly higher than
high energies due to the moderation of neutron.

Since it has been confirmed in Chapter 3 that the main cause of RIVE is knock on
displacement, in order to solve the issue of diversity of neutron spectrum, the neutron
data can be normalized to the number of displacements. This chapter aims to clarify
the damage contribution due to lower energy cutoff and to develop a correlation
parameter for converting neutron fluence to dpa in order to redefine a new reference

level considering the diversity of neutron spectrum.

4.2. Method for dpa estimation
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The method of calculating dpa has been introduced in 1975 [143] and it has been
considered as a standard parameter for the determination of radiation damage in
metals. The dpa corresponds to the average number of displaced atoms in target
material produced by given neutron fluence. Although it is difficult to accurately
calculate dpa owing to the recovery of defects, this is a primary indicator of
irradiation damage and it roughly estimates the amount of energy deposited by
neutron that causes a permanently displaced of an atom from its original site. The

dpa rate is generally calculated by the following equation
dpa/s = [ B(E). Op(EJAE .........ocovoviiiiaiiiiieisiseen, Eq.4-1

where E,,, ., 1S the maximum energy of the incoming particle; E,,;,, is the minimum
energy of the incoming particle; @(E;) is the energy-dependent particle flux per unit
energy; and oy, (E;) is the energy-dependent displacement cross-section.

In practice, o, (E;) is roughly defined by scattering cross-section, o (E;) multiplied
by the number of displacements N,. To calculate the total damage for a given
neutron spectrum, neutron energy is discretized into individual energy group j (the
method is adapted from [144]), then total damage rate dpa/s is calculated by the

summation of damage rate in each energy group by
dpa/s =¥ 10GNp@AE....................oooiiii Eq.4-2

where a;; is the average scattering cross-section of Si and O in the i group; Np; is
the average number of displaced defects produced by the neutron energy i group; ¢;
is the neutron flux in the i group (unit as, n.cm2.st.eV?) with the energy range,
AE; = E;_; — Ej (unitas, V).

In this calculation, quartz mineral was selected because it is considered an indicator

of RIVE in concrete owing to having high susceptibility to RIVE [12] and highest
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volume expansion under irradiation at a quite low irradiation dose compared with
other silicate minerals [43]. For calculating the N, , the displacement energy
threshold for O and Si was chosen as 25eV, then Nj, is calculated by SRIM code
assuming different PKAs produced by neutron. The neutron scattering cross-section,
o, of Si and O is obtained from JENDL-4.0 database (https://www-

nds.iaea.org/exfor/).

For comparison, neutron flux spectrum in a test reactor and a simulated inner CBS
surface (data were digitalized from [142]) are used. For test reactor condition, the
flux is estimated at the reflector location. As seen in Fig.4- 1, for E > 0.01 MeV, the
neutron flux contributes about 21% and 12% in whole spectrum for the test reactor
and inner CBS, respectively. For E > 0.1MeV, these values reduced to 16% and 8%,
respectively. Though the flux contribution differs, the reduction magnitude is the
same (around 4-5%). The lower high neutron energy components at inner CBS may

be due to the moderation of neutron as it passes through the reactor vessel.
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Fig.4- 1. Neutron flux spectrum for LVR-15 test reactor (Czech) and inner surface
of CBS [142]
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4.3. Results and discussion

4.3.1. Estimation of damage contribution

The results of damage rate estimation are given in Table 4- 1. Though the neutron
flux spectrum in a test reactor is roughly three orders higher than that at inner CBS,
there is almost no difference in damage contribution in two cases, except for neutron
energies beyond 1 MeV. In detail, for E > 1 MeV, the produced damage is less than
50% of total atom displacements, while it is more than 99% for E > 0.01MeV
regardless of different reactor types. In the case of E > 0.1MeV, the values are 98%
and 95% for a test reactor and inner CBS, respectively. The results are consistent
with the current report by Remec 2016 [142], who suggested the energy cutoff is E
> 0.1 MeV. However, it is considered that the high energy component is moderated,
and this will contribute to lower energy flux, thus we suggest that energy cutoff E >
0.01 MeV would be most appropriate based on the damage contribution >99% and
the capability to produce displacement damage based on primary knock-on atom

energy.

4.3.2. Correlation parameter

To consider different energy cutoffs produced from different neutron spectrums, we
defined a correlation parameter D (dpa.cm?) for each energy cutoff calculated by
damage rate (dpa/s) divided by a neutron flux (cm=2.s?), as given in Fig.4- 2. Having

a correlation parameter, D g g, , the neutron fluence, ¢ g g, can be simply converted

into dpa by the following relationship:

dpa =D E>Eq- ¢ p Y R R R PR RREE: Eq4- 3

Generally, the parameter D has the value between 1022-10% (dpa.cm?) and D for a

test reactor is higher than that for inner CBS, except for E > 1 MeV, as seen in Fig.4-
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2. For E > 0 MeV, the value D is about 2.5 times higher, but it reduces to 1.5 and
1.2 times for E > 0.01 MeV and E > 0.1 MeV, respectively.

Table 4- 1. The neutron flux and calculated damage rate for LVR-15 test reactor and

the inner surface of CBS.

Test reactor condition

Inner CBS condition

Correlation Correlation
Energy  Neutron  Damage Neutron Damage
parameter parameter
cutoff Flux rate Flux rate
(MeV) (n.cm?st)  (dpals) (n.cm?st)  (dpa/s)
(dpa.cm?) (dpa.cm?)
E>0 1.34E+13 4.04E-09  3.01E-22  2.36E+10 2.83E-12 1.20E-22
E>0.01 2.80E+12 4.03E-09 1.44E-21  2.98E+09 2.81E-12 9.42E-22
E>0.1 2.18E+12 3.95E-09 1.81E-21  1.84E+09 2.68E-12 1.45E-21
E>1.0 1.15E+12 2.08E-09 1.81E-21  4.92E+08 9.41E-13 1.91E-21
2.5E-21
2.0E-21 § E>IMeV

Correlation paramater (dpa.cm?)

E>0.1MeV

—a&—1In a test reactor

—o— Simulated mner CBS

Energy cutoff (MeV)

Fig.4- 2. The correlation parameter at different energy cutoffs in a test reactor and

simulated inner CBS
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Since neutron-irradiated quartz showed the RIVE initiated at around 3 x 10*° (n/cm?)
and reached maximum expansion at about 17.8% at 1x10%° (n/cm?) for E > 0.01MeV
in case of RT irradiation [48], assuming D = 1.44x107?! due to lack of information
about neutron spectrum, the onset of RIVE and critical dose for maximum expansion
were determined to be 0.04dpa and 0.14 dpa, respectively. The obtained critical dose
Is close to that of the amorphization dose produced by ion irradiation, 0.11dpa (as

result in Chapter 3).

To apply the correlation parameter to neutron-irradiated data, the concrete and
mortar data has been reviewed and updated from comprehensive data compiled by
K. G. Field, 2015 and new experimental data by Maruyama 2017, as shown in Fig.4-
3. The large scatter makes it difficult to determine the reference level, particularly in
the case of including thermal/slow neutrons, thus thermal/slow data was ignored in
dpa calculation owing to the lack of information on thermal-to-fast neutron ratio.
Fig.4- 4. shows the conversation into dpa for concrete and mortar data for energy
cutoff E > 0.1MeV. The compiled data by Field showed large scatter up to 30% in
early irradiation dose <0.02dpa, this source of scattering is not clear, but Maruyama
2017 suggested that the concrete strength can reduce by 15% due to drying impacts,
thus other sources such as heterogeneity of concrete and test condition may
contribute to the scatters. Therefore, it may be not due to the RIVE effect in
aggregates at such low dose. As seen in Fig.4- 4, the reduction in concrete’s strength
starts at around one order lower (at 0.02dpa) than the complete amorphization dose
of quartz mineral, this means that a different mechanism may contribute to concrete
degradation, which mainly affects hydrated cement phase, such as by the radiation-
induced drying before the RIVE will take place. Hence, the reduction of concrete
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strength at >0.1dpa from Maruyama’s data could be related to the RIVE, which is

close to the amorphization dose of quartz mineral.
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Fig.4- 3. Relative change of compressive strength of irradiated concrete and
mortar with neutron fluence. Most of data are reported the fast neutron
(E>0.1MeV) as marked by filled circular, except thermal/slow neutron as marked
by cross. The irradiation temperature is less than 100°C.
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4.3.3. Estimation of damaged layer after 60 years of operation

By obtaining a reference level at 0.02dpa, the representative neutron fluence profile
through CBS wall [142] was digitalized and converted to dpa for the estimation of
damage up to 60 years of operation with an effective factor of 0.9, as seen in Fig.4-
5. The expected damage thickness is less than 4cm for reference level at 0.02dpa.
Though this damaged layer would not significantly affect the functions of large CBS
structure (a few meters), surface cracking can occur on the surface due to the effect
of radiation-induced drying of cement paste and results in a gradient of humidity
from the CBS surface [5]. This estimation indicates a potential degradation during
LTO, thus a monitoring program of the existing CBS structure using nondestructive

method is necessary.

It can be seen that the RIVE would not occur up to 60 years of operation because the
maximum damage is lower than 0.04dpa level. However, this estimation is largely
dependent on the input neutron spectrum, thus an accurate neutron fluence profile is

required for a more appropriate estimation of damaged layer.
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Fig.4- 5. Estimation of damaged layer after 60 years of operation
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4.4. Summary of findings

Two cases of neutron flux spectra, a test reactor, and simulated inner CBS, were
used to estimate the displacement damage rate and correlation parameter for

normalizing different neutron spectrums:

(1) The calculated results showed the energy cutoff E>1MeV only contributes less
than 50% of total displacement damage, while the neutron energies above
0.1MeV account for more than 95%, and almost covered all damage (>99%)
for E>0.01MeV. This suggests E>0.01MeV would be appropriate because low
energy neutron (0.01MeV< E <0.1MeV) also cause displacements and this
energy range flux would be high due to neutron moderation.

(2) The correlation parameters extracted from the calculation have the value
between 102! — 10*? (dpa.cm?) dependent on energy cutoff, which could be
used to convert neutron fluence to dpa. The conversion of previous data showed
the onset of RIVE and maximum RIVE of quartz under neutron irradiation are
at 0.04dpa and 0.14 dpa, respectively. This estimation is close to the obtained
critical dose for amorphization under ion irradiation. It is found that the onset
of reduction in concrete’s compressive strength is around 0.02dpa, this suggests
a different mechanism could contribute to concrete degradation such as

radiation-induced drying in cement paste before the RIVE in aggregates occurs.
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CHAPTER 5: DEGRADATION OF CONCRETE BY HEAT AND
EXAMINING THE POSSIBILITY OF ULTRASONIC WAVES
FOR MONITORING CONCRETE STRUCTURE

5.1. Introduction

In the construction of nuclear facilities, concrete has been used as a structural
material in radiation shielding walls and pedestals that may be exposed to a high
temperature due to hot spots and severe accidents for a long duration. Though the
studies on the influence of temperature on various types of concrete used in civil
construction have been intensively studied in case of fire, concrete is a local product
and has a diversity of aggregate types, thus it is difficult to utilize the current
knowledge. Therefore, a similar mixture of concrete used in CBS was prepared and
specimens were subjected to different temperatures for a long time to simulate the
water loss and phase transformation effect on the properties of concrete. This chapter
provides the results of physicochemical and mechanical changes, and structural
assessment by ultrasonic-wave method using both P-wave and S-wave transducers
in order to establish the correlation between the ultrasonic velocities and elastic
modulus. This information is helpful for developing a remote nondestructive test
method such as laser-induced ultrasonic waves [145] for application in monitoring
the condition of CBS during LTO.

5.2. Results and discussion

5.2.1. Weight loss

Fig.5- 1 shows the effects of temperature on weight loss. The weight loss was
calculated from the weight before and after heating. In the range of 25 - 105°C,
concrete lost weight rapidly due to the releasing of water in the capillary pores.

Between 105°C and 400°C, the weight change is negligible because most of the
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water was lost at 105°C, and only physically bound water in fine pores of C-S-H gel
may be dehydrated [146]. After 400°C, the loss continued gradually due to the loss
of chemically bound water in water-containing phases, including portlandite and C-
S-H gel. The loss was about 4% and 8% after exposed to 400°C and 800°C,
respectively.

By observing the surface condition in Fig.5- 2, no spalling (surface failure caused
by internal pore pressure) occurred after heat treatments, and the concrete remained
intact up to 800°C. However, color changes and the formation of cracks can be
observed on the concrete surface. At 105°C, no visible cracks are observed. At
200°C, a few visible cracks were detected, and they became pronounced in both size
and density from 400°C up to 800°C. On the other hand, the color of concrete did
not change when being heated to 200°C. At 400°C, it turned red and then turned
whitish-grey between 600°C and 800°C. This phenomenon may be related to the

change in chemical composition.
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Fig.5- 1. The change of weight at different exposure temperatures
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Fig.5- 2. Variation of concrete surface at different exposure temperatures

5.2.2. TG/DTA

Fig.5- 3 presents the TG/DTA curves of the specimen with no heat treatment and
heated to 400°C. Similar to the XRD result (Sec. 5.2.3), different peaks of heat flow
representing the chemical variations can be indexed in the DTA curve:

- The first peak between 100°C to 200°C can be attributed to the evaporation of
water including bound water in some hydration products like C-S-H gel, the
dehydration of C-S-H gel continues up to 500°C as reported by Castellote et
al, (2004).

- The second peak appears at 400-500°C is associated with the decomposition
of Ca(OH)s.

- The small peak at around 570°C is an indicator of phase transformation of a -
quartz into B-quartz, this may lead to cause cracking in aggregates containing

siliceous (Grattan-Bellew, 1996).
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- The last peak between 650°C and 800°C corresponds to the decomposition of
C-S-H into B-C;S + C,S.

In the TG curve, the sample previously heated to 400°C had a small change of mass

up to 400°C, this is probably caused by the reabsorbed moisture from the

environment after the cooling process. Subsequently, the mass decreased suddenly

at about 450°C. This confirmed that the concrete having a temperature history of

400°C still maintains Ca(OH), in the cement paste. Thus the decomposition

temperature of Ca(OH), is at about 450°C.
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Fig.5- 3. DTA and TGA results for concrete samples without heating and heated to
400°C
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5.2.3. Chemical changes

Fig.5- 4 presents the XRD diagram for the samples with various temperature
exposures. At the initial stage, four crystalline phases can be identified (as Table 5-
1.), including quartz (SiO), albite (coming from aggregates), portlandite (Ca(OH),
with d = 2.4 A), and unhydrated <CsS (tricalcium silicate ) and p-C»S> (with d = 2.6
- 2.8 A corresponding to 26 angles between 32 and 33°). It should be noted that it is
difficult to distinguish between the peaks of p - C,S and CsS because their peaks
have similar structures and diffraction angles [30]. In addition, the main hydrated
phase, C-S-H gel cannot be indexed due to its amorphous nature, although C-S-H
gel occupied about 60% of the cement paste [8]. It can be seen that almost no
chemical decomposition of cement paste phases occurred below 400°C, while the
peak of Ca(OH), was reduced after 400°C. Between 700°C to 800°C, the peak
intensity of < B-C,S + C3S > was intensified obviously. This is probably due to the
transformation of the amorphous C-S-H phase into f-C,S phase (i.e., crystalline
phase), this is consistent with previous reports [9,146]. However, the peak of a-
quartz was persistent up to 800°C, and we could not detect the B-quartz in the XRD
patterns beyond 600°C even though there is an a - B transition in quartz at 573°C
[28,146].
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Fig.5- 4. Variation of chemical composition by using XRD

Table 5- 1. The variation of identified phases with temperatures

Identified Phases

Exposed Temp. Si0,  Ca(OH), NaAlSis0, 35 and p-CoS

) X (Unhydrated
(Quartz) (Portlandite)  (Albite) product)

25°C o o © °
105°C 0 o ° °
200°C 0 o ° °
400°C 0 o ° °
600°C 0 \ © °
700°C o v v A
800°C o v v a

o: appeared

V: decreased due to decomposition or recrystallization
A: increased
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5.2.4. Pore structures by MIP

The microstructure of heated concrete determined using mercury instruction
porosimetry (MIP) is presented in Fig.5- 5. It should be noted that MIP enables
access to pore diameters ranging from 3 nm to 360 um, therefore MIP is a good
technique for measuring the variations of the micro-pore structure. As seen in Fig.5-
5a, as the temperature increased, the pore structure became coarser, which is
consistent with the previous findings [30]. The coarsening of pore structure can be
attributed to the releasing free water in capillary pores and microcracks that initiated
as a result of incompatible deformation between cement paste and aggregates during

heat treatment process [28,147].

Regarding pore size distribution, multiple peaks can be observed for temperatures
between 25°C and 800°C, as shown in Fig.5- 5b. The pore size distribution curves
can be divided into 3 types: (i) macropore (>0.3um) represent the air voids and
microcracks, (ii) capillary pores (0.3-0.02um), and (iii) micropores (<0.02um)
corresponding to gel pores [147]. As seen in Fig.5- 5c, the variation of each pore

type is different:

I.  Macropore (>0.3um): the macroporosity including microcracks porosity
increased only slightly at 105°C, then significantly increased at 200°C (+29%),
particularly after 400°C (+44%), this phenomenon could be related to the
dehydration and the decomposition of portlandite (XRD and TG/DTA results).

Ii.  Capillary pore (0.3-0.02um): the capillary porosity greatly increased as
temperature raised. It increased by 155.8% at 105°C and then fluctuated
between 107% and 163.2% until 600°C. Interestingly, beyond 700°C, the
porosity increased more than 200%. This phenomenon could be associated
with the decomposition of C-S-H into B-CsS and C,S, as seen in XRD and
TG/DTA results.
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lii.  Micropore (<0.02um): the porosity of the gel pore decreased at 105°C (-
84.5%) and this decrease remained almost stable up to 800°C. This could be
related to the collapse of C-S-H structure that expands the gel pore size at
elevated temperature [147].

In summary, the total porosity of heated concrete samples was increased by 18% for

temperatures ranging from 25 to 105°C. Subsequently, the total porosity remained

stable up to 400°C and followed by a rapid increase from 400 to 800°C. Compared
to that at the initial stage, the porosity was increased by 56% after exposure to 800°C.

This phenomenon generally agrees with the density variation with temperature

(Fig.5- 1).

5.2.5. Mechanical properties

Fig.5- 6 illustrates the change in mechanical properties of concrete that was exposed
to different temperatures. The strength and modulus of elasticity had similar
behaviors, which decreased continuously as temperature increased. The compressive
strength of the unheated sample was about 41.8 MPa but suffered a significant
reduction after thermal exposures. The residual strength remained about 75% of its
original strength at 105°C, 43% at 400°C and 22.8% at 600°C. When concrete was
heated to 800°C, only 13.3% of strength remained. Regarding the structural integrity,
although after 336 hours heated to 200°C, the residual strength remained at about 25
MPa. This suggests that below 200°C, concrete still retains integrity in terms of the
design strength (about 22 MPa [148]).
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Fig.5- 6. The mechanical properties of concrete at different exposure temperatures

5.2.6. Variations of ultrasonic parameters

Fig.5- 7 gives the Hilbert transformation of the raw signals. The obtained envelope
of the waveforms can distinguish the onset of S-wave and P-wave propagation. The
first interruption indicates the onset of P-waves, as P-waves are the fastest among
ultrasonic velocity components, while the second interruption indicates the onset of
S-wave propagation. The onset times for S-waves were then used to calculate the S-
wave velocities.

Fig.5- 8 shows the time-dependent signals obtained for thermal damage in concrete.
Generally, the amplitudes of the waveforms decayed as exposure temperature
increased. It can be seen that S-waves showed higher attenuation than P-waves at
the temperature range of 25 — 200°C. This suggests S-waves are a better indicator of
thermal damage due to capillary water loss than P-waves since they are more
sensitive to matrix connectivity [149]. Beyond 200°C, amplitudes of both S- and P-
waves decreased rapidly and became saturated between 600 and 800°C. In this

temperature range, the signals can only be observed if magnified to 40dB, which

110



indicates significant damage in the concrete structure. Since the energy of the
ultrasonic waves can be represented as the amplitude of the signal, as the level of
damage increases, lower amplitude resulting from energy absorbed by the damaged
concrete due to scattering and dispersion on scatterers (cracks or pores). This process
redistributes the energy of the incident wave in all directions, and only a small
amount of energy can remain in the forward direction that can reach the receiving

transducer [150].
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Fig.5- 7. Representative transformed signals of raw S-wave for unheated concrete
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Fig.5- 9 presents the result of velocities of concrete before and after heating at high

temperatures. For S-waves, it was possible to determine the rising instance when
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concrete was exposed up to 400°C. Beyond this, the signal is not stable due to high
attenuation of the wave energy, with a reduction by > 98% of amplitude compared
to that in unheated concrete. Since the vibration of particles in S-waves is
perpendicular to the direction of propagation, it is very sensitive to cracks when the
crack faces are perpendicular to the propagation direction. In this case, a high density
of surface cracks above 400°C could be associated with the reduction of S-wave
velocity. In contrast, the rising time of P-waves was measurable up to 800°C. As
seen in Fig.5- 9, the velocities decreased continuously with the increasing
temperatures. A rapid decrease was observed at 105°C (-15.5%) and between 400 -
600°C (-31.2% at 400°C and -61.5% at 600°C), this could be associated with the
release of capillary water and decomposition of portlandite, respectively.
Particularly, between 600°C and 800°C, the variation of pulse velocities was
negligible; this is similar to the evolution of static elastic modulus.

The propagation of ultrasonic waves depends on the physical state of concrete. When
concrete maintains integrity, the travel time required for the wave to reach the
receiving transducer is shorter compared to that after subjected to high temperatures.
Though numerous variables influence the ultrasonic velocity in ordinary concrete
[151], microcracks and water content would contribute dominantly in this case. As
a consequence of thermal damage, the porosity increases due to water loss, and
formation of microcracks due to the deformation caused by the mismatch between
the shrinkage of cement paste and expansion of aggregates [9,152], and this may
contribute to reducing the incident wave energy and extending the traveling time,

thus resulting in a reduction of velocity.
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Fig.5- 9. The variations of velocities in concrete at different exposure temperatures

5.2.7. Correlation between ultrasonic velocity and static elastic modulus

As seen in Fig.5- 9, beyond 600°C both P-waves and S-waves significantly decayed
due to heavily thermal damage, thus their velocities were difficult to be determined.
This highlights the limitation of ultrasonic wave measurement techniques for
monitoring concrete heavily damaged by heat, though it can be used to locate the
most damaged area based on the loss of ultrasonic wave energy, which is in the form
of amplitude. Fig.5- 10 presents the obtained relationship between the static elastic
modulus (Es) calculated from the stress-strain curve obtained by compression test
using JIS A 1149-2001 and P-wave velocity calculated from transit time of P-waves.
This correlation has the coefficient of determination R2 near 1 (R? = 0.99) for
concrete samples after heat treatment up to 400°C, corresponds to Es which varies
from about 12 to 35 GPa, as given by the Eq. 5-1:

Vo =62.46 E; — 2366......ooocooeeeeoeeeee oo QL5 1

114



Based on the velocity-elastic correlation, ultrasonic wave-based methods can be

used to monitor the condition of the existing concrete structure during long-term

operation.
5000
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Fig.5- 10. Correlation between static and P-wave velocity (a) and with dynamic
elastic modulus (b).

5.3. Summary of findings

* When concrete is subjected up to 800°C, the degradation can be clarified into two
types: water loss-dominated degradation below 400°C and decomposition-
dominated degradation beyond 400°C:

(1) At 105°C, due to long time exposure, the strength, modulus of elasticity, and
velocity reduced significantly. The mechanism is associated with the
evaporation of capillary water. Between 105 and 400°C, the weight was almost
not changed, but strength and elasticity continued to degrade. During this
temperature exposure, the bound water in hydrated products is released, but

due to the very fine structure change, it has a negligible effect on the weight.
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In contrast, the water release had a great impact on mechanical properties and
velocity.

(2) The surface cracks are very pronounced after 400°C, the loss of strength and
ultrasonic velocity was gradual. Between 600°C to 800°C the concrete lost over
80% of its original strength, and the change in strength and ultrasonic velocity
became saturated. The C-S-H structure may be dramatically decomposed due
to the phase transformation into -C.S.

+ The ultrasonic wave measurement method is sensitive to thermal degradation

especially for damage caused by water content loss and the decomposition of

portlandite at 105°C and between 400 to 600°C, respectively. S-wave is more
sensitive to thermal damage than P-wave, resulting from water loss below 200°C.

+ A linear correlation between ultrasonic velocity and static elastic modulus was

obtained for concrete exposed to a temperature range of 25 to 400°C, corresponding

to elastic modulus ranging from 12 - 35 GPa. Within this range, ultrasonic waves
can be utilized to monitor the damage caused by water loss. After 400°C, concrete is
severely damaged due to the formation of crack and the decomposition of cement

paste phases, which cause the significant decay of the ultrasonic wave.
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CHAPTER 6: CONCLUSION AND PERSPECTIVES

6.1. General conclusion

6.1.1. RIVE mechanism in model materials of aggregate

To clarify the degradation mechanism that contributes to the aging countermeasure
against the degradation by neutron irradiation, ion irradiations in model materials of
aggregate were carried out to identify the amorphization and extract the RIVE

mechanism. The principal conclusions are as follow:
(1) Main cause of RIVE

Since RIVE is considered to be saturated at amorphization in current modeling codes,
it is found that RIVE may continue after amorphization and the RIVE in concrete
aggregate can be mainly indicated by the number of knock-on displacements in the

Light Water Reactor’s condition.
(2) RIVE mechanism

By studying the RIVE behavior in three minerals, the fluence dependence of RIVE
was similar; however, the RIVE mechanisms of three minerals differed:
Quartz was quickly amorphized and then exhibited RIVE. It is suggested that
RIVE is a combination of homogenous expansion, heterogenous expansion,
and basic structure changes.
In albite, a small additional RIVE in albite was observed after amorphization;
the RIVE mechanism is mainly through homogenous expansion.
In microcline, no additional RIVE; the RIVE may be due to changing of the
basic structure during accumulation of defects.
That different RIVE mechanism is related to alkali ions and ionic sizes.

Temperature is found to enhance the rate of RIVE with an activation energy of
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structural relaxation of 0.13eV, this could be explained by the enhanced mobility of

some defects that support the structural relaxation.

6.1.2. Redefine reference level based on the obtained results

Since quartz mineral is most common, easy to be amorphized, and has the highest
RIVE, this mineral can be used as an indicator of the RIVE effect. To solve the issue
of the diversity of neutron spectrum, correlation parameter was estimated and

neutron-irradiated data can be normalized into the dpa.

(1) It is found that the RIVE in quartz due to neutron occurs at around 0.04dpa and
reached maximum RIVE after 0.1dpa, thus it suggests the RIVE effect in
concrete is beyond 0.04dpa.

(2) By normalizing the current neutron-irradiated data to dpa revealed that the
compressive strength of concrete starts to decrease at around 0.02dpa, which is
earlier than the onset of RIVE, this indicates radiation-induced drying could
contribute before RIVE dominates. Thus, it suggests a new reference level at
0.02dpa for concrete degradation (this corresponds to neutron fluence of 1.0 x
10" n/cm? with a correlation parameter 1.81 x 102! (dpa.cm™)).

(3) The estimated damage for 60 years of operation in terms of knock-on
displacements is less than 4cm from the inner CBS surface if the reference level

is 0.02dpa; however, the RIVE will not occur during this period.

6.1.3. Degradation of concrete by heat and examining the possibility of

ultrasonic wave for monitoring existing concrete structure

(1) Both physical-bound and chemical-bound water in concrete play important role
in concrete. With approximately 4% physical-bound water loss (at 105°C),
compressive strength, and Young’s modulus reduced by 30% of initial values.

When chemical-bound water lost (up to 400°C), mechanical properties
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continued to reduce up to 60%. The reduction is not only due to water loss but
also by the formation of microcracks, which is a result of cement paste
shrinkage. The water-loss causes the pore structure coarsening and formation
of cracks which may be a primary cause of strength’s reduction.

(2) Ultrasonic wave method was demonstrated as a good tool to monitor the
condition of concrete due to water loss with a linear correlation between

velocity and Young’s modulus in the range of 12GPa and 35GPa.
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Fig.6- 1. Proposed degradation mechanism of concrete in nuclear facilities
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6.2. Perspectives

Further studies are needed to develop a rate-theory-based model for describing the
RIVE in concrete aggregate, though it is a difficult task due to the complexity of
defect structure in silicate minerals as well as the effect of stress relaxation under
physical constraint, which depends on the external stress, temperature, and
additional irradiation.

Since the RIVE is an integrated swelling of a single mineral as a function of knock-
on displacement, it is also important to evaluate the contribution of integrated RIVE
on the reduction of concrete’s strength and seismic resistance. As it has been found
the viscous flow plays important role in stress relaxation during RIVE, this point is
needed to be clarified in the case of polycrystalline aggregate in mesoscale modeling
code.

It has been identified that the radiation-induced drying is important before the RIVE
dominates, thus it is necessary to clarify the change in concrete’s properties due to
the long-term drying in more detail. In addition to that, the potential corrosion of
steel reinforcement due to surface damage during LTO is also an important issue to
be solved.

Further studies are needed to apply the ultrasonic-based method on monitoring

existing structures such as Laser-ultrasonic.
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