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Abstract 
 

 

Oxide Dispersion Strengthened (ODS) steels are promising structural material for 

fusion reactors due to both excellent mechanical strength and irradiation resistance. A high 

number density of the dispersed Y-Ti-O nanoparticles (NPs), mainly Y2Ti2O7 and Y2TiO5, 

embedded in the Fe-Cr matrix contributes to enhancement in high-temperature creep strength 

and irradiation resistance. To implement ODS steels in fusion reactors like DEMO, the stability 

of the Y-Ti-O NPs under high-temperature irradiation is critical. According to previous 

literature, based on different radiation sources and the chemical composition of the irradiated 

materials, the radiation response of the NPs differed. For instance, under neutron irradiation on 

13Cr-ODS steel, NPs were stable; while under electron and Fe+2 ion irradiations on 9Cr-ODS 

steel, NPs were shrinking. To clarify the radiation response of NPs, three factors were 

controlled in this research: radiation energy, temperature, and electron beam condition. At 

different irradiation conditions, microstructural evolutions were closely investigated under in-

situ Transmission Electron Microscope (TEM).  

 

Firstly, the microstructural evolutions of Y-Ti-O NPs in ferritic 12Cr-ODS steel under 

high energy electron irradiations were investigated using H-3000 at Osaka University. From 

the previous research, the displacement threshold energy of Y in Y2O3 is reported as 57 eV and 

electron energy above 1.25 MeV can dissolve Y2O3 as its displacement threshold energy of Y 

is 64 eV. Thus, in this research, 2 MeV electron energy is used to irradiate the ODS steel. 

Under 2 MeV electron energy, irradiations were performed at 723K and 823K to investigate 

the temperature effect on NPs dissolution. Also, under both irradiation temperatures, electron 

beam conditions - focused and uniform - were controlled to study the vacancy concentration 

gradient effect on NPs.  

 

The focused beam technique was employed to study the effect of vacancy concentration 

gradient where the electron beam intensity has a Gaussian distribution. The NPs volumetric 

change under the focused and the uniform beam conditions were compared throughout the 

irradiations with the irradiation time step as short as 60 s. Also, for each NP, both the size and 

shape evolution were investigated throughout the short-time irradiation steps. Unlike the 

typically reported monotonic size change of nanoparticles, both rapid growth and shrinkage 

were observed simultaneously under 723K irradiation in each time step. In both the focused 

and the uniform beam irradiations, this stochastic size change behavior of NPs at the early 

irradiation stage is first reported in this study. Contrary to 723K irradiation results, at 823K 

uniform irradiation, the radiation-induced growth phenomenon was observed. The 

morphological evolution along with growth was also observed: regardless of initial shape of 

NPs, the final shape was either cuboidal or polygon.  

 

Lastly, for the in-depth study on the instability mechanism of NPs, the single particle 

irradiation is performed using JEM-ARM1300 at Hokkaido University. The dissolution 

mechanism for the NP is investigated using this in-situ High Resolution TEM (HRTEM). It 

was operated at 1.25 MeV with irradiation temperature at 573K. From Fast Fourier 

Transformation (FFT) of the single nanoparticle, diffraction patterns are acquired time-

sequentially.  

 

Two patterns from the FFT are analyzed and the detected diffraction patterns could 

indicate that the nanoparticle is composed of two layers with shell-like structure. Area 
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corresponding to the interface between the NP and bulk was selected to closely investigate the 

dislocation movement under the electron irradiation. Through Inverse Fast Fourier 

Transformation (IFFT) analysis, the change in interplanar distance was found from spacing 

measurements of lattice fringes. Based on the analysis, the structural vacancies in the NP before 

irradiation are confirmed and irradiation induced dislocation motion enhancement is concluded 

to be a mechanism for the particle dissolution.   
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CHAPTER 1 

 

Introduction  

 

 The world is built upon energy-intensive industries and the needed energies are vastly 

supplied by power plants operated by fossil fuels – coal, natural gas, and oil. The usage of 

fossil fuels has caused carbon emission and the subsequent result of overusing fossil fuels is 

indicating global climate change. Since 1951 to 2010, the increase of global mean surface 

temperature due to human activities is estimated at 0.5 to 1.3 °C [1]. Climate change has 

gathered countries to discuss and implement policies to reduce carbon emission at the national 

down to the regional level. From the Framework Convention on Climate Change (UNFCCC) 

(1992), the Kyoto Protocol (1997), and the Paris agreement (2015). However, global carbon 

emission is annually increasing with most developed countries being the major carbon-emitting 

countries as shown in both Fig.1.1 and 1.2, and developing countries still need tremendous 

energy to support their growing domestic industries.  

 To maintain the supply of the world’s current energy consumption, under the fossil fuel 

power plants, the world will most likely to face acceleration of climate change. Instead, nuclear 

power presents advantages in energy generation due to its incomparably high energy density 

compares to other sources of energy. Also, nuclear energy is clean energy as nuclear reactors 

do not produce any carbon or greenhouse gases.         
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Fig. 1.1 Total greenhouse gas emissions in the world for 2012 [1].  

 

Fig. 1.2 Top 40 carbon emitting countries in the world from 1990 to 2012 [2]. 
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 Regardless of incomparably high-power output and zero greenhouse gases emission by 

nuclear reactors, the nuclear industry is still facing several obstacles to be widely constructed 

and potentially replace fossil fuel. As a commercial type reactor, nuclear fission reactors are 

widely operating which produce radioactive wastes that require mostly land burial. Also, the 

usage of uranium and plutonium which are fissile materials poses the risk of nuclear 

proliferation that can lead to potential terrorism. Public discomfort and fear of nuclear energy 

exist due to several major nuclear accidents – Three Mile Island, Chernobyl, and Fukushima.  

  Nuclear fusion can overcome many disadvantages of nuclear fission. From the safety 

perspective, in case of emergency, the plasma instantly cools down and the reaction stops; thus, 

the previously occurred catastrophic nuclear accidents which involved reactor core meltdown 

can never happen in nuclear fusion.  

 

1.1 Principle of Nuclear Fusion  

 

 Unlike nuclear fission which produces heat by the splitting of heavy radioactive atoms, 

nuclear fusion produces energy by deuterium-tritium reaction.  The fusion of hydrogen o 

helium in the Sun and other stars occurs in three stages. First, two ordinary hydrogen nuclei 

(1H), which are actually just single protons, fuse to form an isotope of hydrogen called 

deuterium (2H), which contains one proton and one neutron. A positron (e+) and a neutrino (ν) 

are also produced. The positron is very quickly annihilated in the collision with an electron, 

and the neutrino travels right out of the Sun: 

𝐻1 + 𝐻1  → 𝐻2 + 𝑒+ +  ν         (1.1.1) 

Once created, the deuterium fuses with yet another hydrogen nucleus to produce 3He—an 

isotope of 4He. At the same time, a high-energy photon, or γ ray, is produced. The reaction is 

𝐻2 + 𝐻1  → 𝐻𝑒3 + 𝛾         (1.1.2) 
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The final step in the reaction chain, which is called the proton-proton cycle, takes place when 

a second 3He nucleus, created in the same way as the first, collides and fuses with another 3He, 

forming 4He and two protons. In symbols,  

𝐻𝑒3 + 𝐻𝑒3  → 𝐻𝑒4 + 2 𝐻1         (1.1.3) 

 The net result of the proton-proton cycle is that four hydrogen nuclei combine to create 

one helium nucleus. The mass of the end product is 0.0475 x 1027 kg less than the combined 

mass of the 3He nuclei. This mass difference, known as mass defect in the parlance of nuclear 

physics, is converted into 26.7 MeV of energy as known from Einstein’s equation E = mc2. 

Among the various possible fusion reactions, the important reactions are described in below 

the Table 1.1.  

 

Table 1.1 Energy release Q and cross sections at 10 keV and 100 keV center of mass energy 

for some important fusion reaction that can be employed in future fusion reactors.  

 

 

1.2 Development of Fusion Reactor: ITER and DEMO 

 

 Generation and confinement of very high-temperature plasmas are still extremely 

challenging tasks in nuclear fusion industry. To reach the final goal of stable and reliable 

electricity production for commercial purpose, through international collaboration, seven-

member entities (the European Union, India, Japan, China, Russia, South Korea, and the United 
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States) have decided to lead the fusion reactor study by creating an experimental fusion reactor 

called ITER (International Thermonuclear Experimental Reactor). Also, starting from the 

ITER project, DEMO (DEMOnstration power plant) is planned to integrate technological 

outcomes from the ITER and bring the nuclear fusion from experimental level to industry level 

as the first electricity demonstration power plant as shown in Fig. 1.2.1 through 1.2.3. As the 

target of ITER and DEMO differs, the main differences are organized as shown in Table 1.2. 

 

Fig. 1.2.1 Plasma performance progress towards fusion reactors [3].  
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Fig. 1.2.2 Timeline for developing ITER and DEMO [4].     

 

 

Fig. 1.2.3 Images of the START, MAST and ST40STs and their main parameters [5].  
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 The basic design for ITER and DEMO is similar, but there is an intrinsic difference of 

self-breed tritium through tritium breeding blanket which only DEMO can accomplish.  The 

blanket system provides a physical boundary for the plasma transients and contributes to the 

thermal and nuclear shielding of the vacuum vessel and external ITER components [1,2]. The 

main parameters for various DEMO reactors are shown in the above Fig. 1.2. It covers ∼600 

m2 and consists of blanket modules (BM) comprising two major components: a plasma facing 

First Wall (FW) panel and a shield block (SB). Each BM is about (1 m × 1.4 m × 0.5 m) and 

is attached to the vacuum vessel through a mechanical attachment system of flexible supports 

and a system of keys. Each BM has electrical straps providing electrical connection to the 

vacuum vessel. As structural material, the target of the R&D programme is the development 

of a reduce activation (RA) version of the type 8–9CrWVTa able to withstand neutron damage 

of 70 dpa for the DEMO with target up to 150 dpa for a future fusion power plant (FPP).  

The blanket provides the physical boundary for the plasma and shields the vacuum vessel along 

with other external machine components. Also, each module consists of shield block and first 

wall. As the blanket will be directly facing the ultra-hot plasma and large electromagnetic 

forces, it is considered one of the most critical components. Thus, advanced material 

development for the blanket is important. 
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Table. 1.2 Main differences between ITER and DEMO [6]. 
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CHAPTER 2. 

Structural Material in Fusion Reactor: ODS Steel 

 

 For nuclear applications of oxide dispersion-strengthened steels, the Cr concentration 

is between 8 and 14 wt% for the matrix and may expect a α′ precipitation. Typically, based on 

Schaeffler constitution diagram, 9Cr-ODS steel is ferritic/martensitic with fcc structure; while, 

12Cr-ODS steel is ferrite with bcc structure. According to Fig. 2.1 of phase diagram for ODS 

steel , α′ precipitation  occurs at T < 300 °C for 9 wt% of Cr and at T < 450 °C for 14 wt% of 

Cr [7]. The precipitation may be too slow to be observed during isothermal annealing on 

accessible times, but it can be strongly accelerated by irradiation, because point defect 

concentrations may then be higher than the equilibrium ones (by orders of magnitude), leading 

to much faster diffusion. Besides a strong acceleration, these experiments show few differences 

in the precipitate microstructure between isothermal aging and irradiation. Moreover, the Cr 

solubility limit was found to be much higher under irradiation than at equilibrium (≃ 30%, 

instead of ≃ 9%). 

 

Fig. 2.1 The Fe-Cr phase diagram [8]. The red circles represent the α − 𝛼′miscibility gap of 

the present model. The dotted line shows the Curie temperature of the bcc solid solution and 

the dashed-dotted line represents the metastable part of the miscibility gap.   
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2.1 Strengthening Mechanism of ODS Steel 

  

 Oxide dispersion strengthened (ODS) ferritic steel is one of promising fusion and 

Generation IV structural materials which exhibit excellent mechanical strength at high 

temperature and radiation tolerance due to the existence of nanometer-scale oxide dispersoids 

[9–17]. The examples of excellent mechanical properties are high temperature creep strength, 

corrosion and oxidation resistance, and irradiation damage resistance. One of the advantages 

of nanoparticles embedded in the matrix is the Zener pinning effect which retards the motion 

of both dislocations and grain boundaries thus leads to enhancement of creep resistance and 

tensile strength [9,11].   

 

Fig. 2.1.1 Bright field image of dislocations and Y-Ti-O nanoparticles [10]. 

 

2.1.1 Microstructure  

 

 Microstructures of dispersed nanoparticles in 12Cr-ODS steel are known to have 

complex structures, and there are mainly three types that can be found: Y2O3, Y2TiO5, and 
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Y2Ti2O7. Pyrochlore type of Y2Ti2O7 is known to be non-stoichiometric which can be 

decomposed into Y2TiO5 and TiO2. Y-Ti-O nanoparticles have been reported to be both non-

stoichiometric and stoichiometric based on their size as their chemical compositions vary. For 

the non-stoichiometric case of Y2Ti2O7, diameter is usually between 2 and 15 nm with Y/Ti ≈ 

0.5 being smallest and Y/Ti < 1.0 being larger particle [18]. For near-stoichiometric case, 

diameter is between 15 to 35 nm with Y/Ti ≈ 1.0. Also, the pyrochlore structure of Y2Ti2O7 is 

known to have oxygen defects inside the structure [19].  

 Based on literature, ceramics such as Al2O3 and Y2O3 are possible candidates for inert 

matrix fuels as the threshold electronic stopping power values are significantly higher than the 

electronic stopping powers anticipated in fission or fusion reactors [20,21]. Thus, ceramics 

such as Y2O3, Y2TiO5, and Y2Ti2O7 themselves are suspected to be stable against irradiation 

due to their complicated structure and difficulty in dislocation motion inside the structure.  

 

Fig. 2.1.2 Structure of three types of nanoparticles embedded in ODS steel:  Y2O3, Y2TiO5, and 

Y2Ti2O7 [22].  
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Fig. 2.1.3 Pyrochlore structure of Y2Ti2O7 [19]. 

 

In this study, microstructure of a ferritic 12Cr-ODS steel with a composition of 

12Cr2W0.3Ti0.25Y2O3 (wt%) was investigated which was fabricated at KOBELCO for 

nuclear applications [23]. In this study, the 12Cr-ODS steel has been 80% recrystallized with 

an average nanoparticle diameter of 3.5 ± 0.7 nm and number density of 1.3 × 1023 m3. Through 

high-angle angular dark- field (HAADF) and energy dispersive spectroscopy (EDS) mapping, 

the chemical composition of nanoparticles was analyzed and were identified as either Y2O3 or 

Y-Ti-O complex. Furthermore, through high-resolution transmission electron microscope 

(HRTEM), Y-Ti-O nanoparticles were identified to be orthorhombic- and hexagonal-Y2TiO5, 

and cubic-Y2Ti2O7 as shown in Fig. 2.1.2 through 2.1.6. 

 

   

Fig. 2.1.2. (a) The HRTEM image of Y2O3 particle with cubic structure, and (b) FFT power 

spectrum with indexing [23]. 
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Fig. 2.1.3. (a) The HRTEM image of Y2O3 particle with monoclinic structure, and (b) FFT 

power spectrum with indexing [23]. 

 

 

Fig. 2.1.4. (a) The HRTEM image of Y2TiO5 particle with orthorhombic structure, and (b) FFT 

power spectrum with indexing [23]. 

 

 

Fig. 2.1.5. (a) The HRTEM image of Y2TiO5 particle with hexagonal structure, and (b) FFT 

power spectrum with indexing [23]. 
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Fig. 2.1.6. (a) The HRTEM image of Y2Ti2O7 particle with cubic structure, and (b) FFT power 

spectrum with indexing [23]. 

 

 Through energy-dispersive X-ray spectrometry and confirmed that the nanoparticles 

can be grouped into two categories of 2 - 15 nm and 15 - 35 nm in diameter [24,25]. The smaller 

size group is known to be non-stoichiometric (Y2Ti2O7) while the larger size group is 

stoichiometric (Y2TiO5).   

  As an alternative description, the Y2Ti2O7 can be viewed as the A2
3+B2

4+O6Oʹ 

pyrochlore structure which is made up of two interpenetrating covalent networks: (A2O‘)4+ and 

(BO3)
4-, that are linked by the O2- anions of the (BO3)

4- network mainly via ionic bonding [26]. 

In case of Cr-doped titanate the formula of Y2A2-xBxO6Oʹ exists, where A = Ti; B = Cr; x = 0, 

0.02, 0.07, 0.25, 0.50, 0.75, 1. 

 

 

Fig. 2.1.7. HAADF-STEM characterization of Ti(Y,Fe,Cr)-O nanocluster [27]. 
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 In Fig.2.1.7, a nanocluster with dark contrast and distorted lattices can be clearly 

observed due to weaker interference from the surrounding bcc matrix. The size of the cluster 

is about 2–3 nm and at the central part of the cluster is much more defective whereas the 

cluster/matrix interface region shows excellent lattice coherence with a particular periodicity 

composed of brighter and darker atomic contrasts arising from the metal (brighter) and oxygen 

(darker) atomic columns of the nanocluster coherently overlapping the bcc lattice of the matrix 

[27]. Hirata et al. claimed that for an enrichment of Cr, the excellent lattice coherency at the 

interface may be associated with mediation of the lattice mismatch between the bcc Fe and 

oxide.  

 Prior to the irradiation experiment, the microstructure of ODS specimen was observed 

using JEM-2100 as in Fig.2.1.8. The high number density of dispersed nanoparticles and 

inhomogeneous dispersion state of nanoparticles is confirmed. From the 3mm disk specimen, 

certain area has homogeneous dispersion of nanoparticles with dense population, while other 

area has inhomogeneous state with varying particle number density. Also, post irradiation 

microstructure state was investigated using optical microscope in Fig. 2.1.9. The specimen was 

irradiated under 2 MeV with irradiation temperature of 723K. From the figure, due to 

characteristic of ODS steel for high particle number density, even after the high temperature 

irradiation experiment, many nanoparticles still survived and located heavily around the grain 

boundaries. Stable nanoparticles within the grains and at grain boundaries can provide 

resistance to steady-state creep at elevated temperatures which enhances the strength of the 

alloys.    
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Fig. 2.1.8 Microstructure of 12Cr-ODS steel  before the irradiation.   

 

Fig. 2.1.9 Microstructure after the irradiation of 12Cr-ODS steel under 2 MeV at 723K using 

optical microscope (x5 magnified). 

 

2.2 Mechanical Strength  

  

 ODS steels are targeted to be used as structural material under the harsh environment 

of high temperature and high radiation. In case of the structural material inside the fusion 
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reactor, it  will have a contact with coolant which could be led to corrosion. Corrosion can 

deposit oxide layer which can further weaken the material. Also, ODS alloys will be subject to 

temperatures in the range of 500 – 700 oC and irradiation fluences on the order of several 

hundred displacements per atom. 

 

Table 2.2.1 Summary of the alloy parameters and processing conditions [28]. 

 

 

Table 2.2.2 Vicker hardnesses (VPN) of the 14WT and 14YWT alloys in the as-extruded 

condition and after 1 h at 1000 oC. Data from the 12 YWT in the as-processed condition and 

after 1 h at 1300 oC are included for comparison [28].   

 

 

 

2.3 Radiation Response 

 

 Previously, researchers have focused on investigating the radiation effects in ceramics 

such as defect production and migration in irradiated ceramics. Based on the studies, radiation 

induced diffusion processes such as subthreshold elastic collisions and ionization induced 

diffusion may produce low migration energies during irradiation [29]. Also, dramatic 

microstructural evolution occurs at a certain ratio of the electronic to nuclear stopping power.  

Researchers confirmed that the observed microstructural evolution appears to be sensitive to 
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the ionizing radiation dose rate. However, they also concluded that the ionizing radiation does 

not always have a strong influence on the microstructure of materials. Thus, radiation induced 

microstructural evolution in materials have several parameters to consider and is complex 

mechanism.  

 

Table 2.3.1 The displacement threshold energy (Ed) for Y, Mg, and O and the maximum 

transferred energy (Et) by 1 or 1.2 MeV electron [30]. 

 

 

  

Recently, it was found that the evolution of the oxide under irradiation could also 

depends on the chemical composition of the oxides. The dissolution rate of oxides, according 

to damage dose inside the oxide, is higher for oxides which are known to be less resistant to 

irradiation (MgO, Al2O3 by comparison to MgAl2O4), indicating that the dissolution rate of the 

oxides depends on the chemical composition [15]. This confirms that ballistic dissolution is 

not enough. Rather, the irradiation effect induced in the oxide plays a role in the oxide 

dissolution. Y rich precipitates, as in standard ODS alloys, appear to be the best choice for 

limiting the precipitates dissolution. This is due to the high energy threshold displacement of 

Y, leading to a lower dose in dpa in the oxide comparing to other oxides. 
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Table 2.3.1 Controversial radiation response results of ferritic ODS steels. 

 

Table 2.3.2 Comparison between calculated and experimental decrease of diameter [15].  

 

  

Neutron irradiation cause displacement cascade which has 4 stages: Ballistic, thermal 

spike, quench, and anneal. However, under high energy electron irradiation, only single or 

possibly double atom displacements of constituent elements can occur by the knock-on 

mechanism. In the crystalline phase, a vacancy and an interstitial are introduced under the 

irradiation. Typically, existence of an interstitial can be ignored in materials without irradiation. 

In case of electron irradiation, a threshold acceleration voltage for the single atom displacement 

by the electron knock-on effect exists. Under an irradiation with an acceleration voltage lower 

than a threshold acceleration voltage, no atomic displacement based on an elastic collision 

between an electron and constituent atom is introduced.  

The disadvantage of neutron irradiation in investigating the particle dissolution 

mechanism is that it has the thermal spike associated with the primary knock-on. The primary 

knock-on causes damage other than the simple creation of vacancy-interstitial pairs. This other 
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damage can be disruptive if the purpose of the study is to understand the basic mechanism 

behind the particle instability.  

  

 

Fig. 2.3.1 Radius evolution of oxides during 1 MeV electron irradiation at 400 oC in a high 

voltage microscope according to the dose in the ferritic matrix [15].  

 

 

 

Fig. 2.3.2 Microstructure evolution under electron irradiation by in-situ HVEM at 400 oC [31]. 

 

 

 Based on the previous researches, microstructural observations of the irradiated oxide 

indicate that the oxide evolution consists in four phenomena [15,30,32,33]: 
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1. The interfaces of the oxide particles with the matrix become irregular for the Ti rich 

nanoparticles. 

 

2. The uniform distribution of the finest oxides ( < 20 nm) disappears in high-dose irradiated 

specimens ( > 60 dpa) 

 

3. A halo of fine oxides appears around the larger ones and halo width increases with fluence.  

 

4. The chemical composition of the oxides changes, even for specimens irradiated at low dose. 

The oxides lose more aluminum and titanium atoms than yttrium atoms. 

 

 

Fig. 2.3.3 Anticipated particle dissolution mechanisms under irradiation.  

 

2.4 Research Purpose 

 

 A high number density of the dispersed Y-Ti-O nanoparticles, mainly Y2Ti2O7 and 

Y2TiO5, embedded in the Fe-Cr matrix contributes to enhancement in high-temperature creep 

strength and irradiation resistance. To implement ODS steels in fusion reactors like DEMO, 
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the stability of Y-Ti-O under high-temperature irradiation is critical: Stable nanoparticles 

within the grains and at grain boundaries can provide resistance to steady-state creep at elevated 

temperatures which enhances the strength of the alloys.  

 According to previous literature, based on different radiation sources and the chemical 

composition of the irradiated materials, the radiation response of nanoparticles was different. 

To clarify the radiation response of NPs, three factors were controlled in this research: radiation 

energy, temperature, and electron beam condition. At different irradiation conditions, 

microstructural evolutions were closely investigated under in-situ Transmission Electron 

Microscope (TEM).   In-situ TEM technique is selected as high voltage electron microscope 

can be used for the electron irradiation. From the previous research, the displacement threshold 

energy of Y in Y2O3 is reported as 57 eV and electron energy above 1.25 MeV can dissolve 

Y2O3 as its displacement threshold energy of Y is 64 eV. Thus, 1.25 MeV and 2 MeV electron 

irradiations were performed on the ODS steel to observe the effects of radiation damage on 

nanoparticles. In-situ HVEM technique allows to closely observe nanoparticles at high 

magnification (80,000 for H-3000 and 300,000 for JEM-ARM1300) as the average 

nanoparticle size is smaller than 5 nm. From utilizing the in-situ HVEM and -HRTEM, both 

size and shape evolutions of nanoparticles under irradiation were tracked time-sequentially.  
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CHAPTER 3. 

Radiation Damage Phenomena in Solids 

 

 There is no perfect crystal and rather various types of crystal defects exist like point, 

line, surface, and volume defects. Point defects are vacancies, self-interstitials, interstitial or 

substitutional impurity atoms. Line defects are dislocation, and surface defects are grain 

boundaries. Finally, volume defects are voids, cavities, and precipitates.  

  Point defects are zero-dimensional and are associated with imperfections in a localized region.  

Vacancy is a vacant lattice site and can be predicted by the laws of thermodynamics. The 

vacancy formation energy is typically on the order of 1 eV. There are several methods of 

measuring vacancy concentration: electrical resistivity and the slope of the semilog plot of 𝐶𝑣 

versus 1/T.  

𝐶𝑣 = 𝑒𝑥𝑝 (−
𝐸𝑣

𝑘𝑇
)          (3.1.1) 

Self-interstitial atom (SIA) is a type a point defect where a lattice atom occupies an interstitial 

site instead of its regular position. The equilibrium concentration of SIA is given by  

𝐶𝑖 =
𝑛𝑖

𝑁𝑖
= 𝑒𝑥𝑝 (−

𝐸𝑖

𝑘𝑇
)         (3.1.2) 

where ni is the number of interstitial atom and Ni is the number of interstitial sites.  

 Line defect or dislocation is critical as it is responsible for a plastic deformation of 

crystalline material. Dislocations are not equilibrium defects like point defects because the 

associated energy is higher than the increase in the enthalpy. The dislocation line perpendicular 

to the slip direction is called edge or Orowan-Taylor dislocation, and that parallel to the slip 

direction is called screw or Burgers dislocation. Dislocation density which is the number of 

dislocations in a given volume can be quantified and used to describe mechanical behavior of 

crystalline materials. Thus, dislocation density is primarily defined as “the total line length of 

dislocations per unit volume.”  
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 Surface defects are two-dimensional defects known as planar defects. Grain boundaries 

or interphase boundaries (coherent, semicoherent, and incoherent) are the examples. Grain 

boundaries play an important role in strengthening in that finer grain sizes lead to higher 

strength known as Hall-Petch strengthening. They can lower the thermal/electrical conductivity 

of the material. Also, grain boundaries can be the preferred sites for corrosion and new phase 

precipitation sites.  

 Diffusion is the effective movement of atoms/molecules relative to their neighbors 

under the influence of a gradient. The diffusion process is assisted by the intrinsic thermal or 

kinetic energy of atoms. The driving force for a diffusion can be chemical potentials arising 

from the concentration gradient or gradients in electrical field or mechanical stresses. The 

movement of atoms could be over a large number of interatomic distances (long-range 

diffusion) or over one or two interatomic distances (short-range diffusion).  In terms of the 

different chemical compositions of the nanoparticles and the matrix, the growth of the 

nanoparticle requires long-range diffusion of solute atoms to the precipitate-matrix interface 

and to the transfer of solute atoms across the interface.  

 For the different phases of nanoparticle and matrix, the growth of nanoparticle can only 

occur if diffusion can transport the solute atoms toward the interface. If the solute atoms can 

readily transfer across the interface, then the growth rate of the nanoparticle will be governed 

by the diffusion rate of solute atoms. This process is called diffusion-controlled growth.  

 However, if the solute atoms cannot readily cross the interface, the growth rate will 

then be governed by the interface kinetics which is called interface-controlled growth.  

When the diffusion process and interface reaction occur at similar rates, then the migration of 

the interface will be mixed controlled.  

 The growth of spherical nanoparticles can be described as 

𝑅 =  𝜒√𝐷𝑡           (3.1.3) 
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where the nanoparticle radius R after time t is governed by the 𝜒 of the solute supersaturation 

function and the diffusivity of solute atoms D.   

 For volume diffusion-controlled coarsening, the coarsening of spherical nanoparticles 

can be approximated as 

𝑟3 − 𝑟𝑜
3 ∝  𝐷𝑣𝛾𝑖𝐶𝑒𝑡          (3.1.4) 

where the average radius of spherical nanoparticles at time t and 0 as r and 𝑟𝑜, and the volume 

diffusion coefficient of the solute element as 𝐷𝑣, and the specific interfacial energy between 

nanoparticle and matrix phases as 𝛾𝑖, and 𝐶𝑒 as the equilibrium solid solubility of solute in the 

matrix phase in weight percentage.  

 Based on this volume diffusion-controlled coarsening equation, the equilibrium solid 

solubility and solid-sate diffusivity of the solute element, and the interfacial energy between 

the nanoparticle and the matrix phase controls the coarsening of nanoparticles.  

 To achieve low coarsening rates of nanoparticles at elevated temperatures, alloying 

elements should have low equilibrium solid solubility and low solid-state diffusivity in the 

matrix phase and the dispersed nanoparticles should preferably be coherent with the matrix. 

Also, the dispersed nanoparticles for strengthening mechanism should be intrinsically stable at 

elevated temperatures.  

 A low interfacial energy between precipitate phases and the matrix phase is critical for 

achieving low coarsening rates and for homogeneous solid-state precipitation of the 

nanoparticles.    

 At elevated temperatures (T > 0.5Tm), in terms of deformation, dislocation gliding is 

not the dominant mechanism. Typically, based on the applied stress and the temperature, the 

plastic deformation of alloys occurs primarily by mechanisms of dislocation climb, grain 

boundary sliding or vacancy diffusion. However, for a large volume fraction of thermally stable 
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nanoparticles within the grains and at grain boundaries, it can provide resistance to steady-state 

creep at elevated temperatures which enhances the strength of the alloys.  

 

3.1 Neutron Damage Phenomena  

 

 There are various types of radiation defects induced by intense nuclear radiation of high 

energy neutrons ( E ≥ 0.1 MeV): 

- Vacancies. 

- Interstitials. 

- Impurity atoms produced by transmutation. 

- Thermal spikes which are regions with atoms in high-energy states. 

- Displacement spikes which are regions with displaced atoms, vacancies, self-

interstitials (Frenkel pairs) produced by primary and secondary knock-on atoms.  

- Depleted zones which are regions with vacancy clusters. 

- Voids. 

- Bubbles which are voids stabilized by filled gases such as He. 

- Replacement collisions which are scattered interstitial atoms falling into vacant sites 

after collisions between moving interstitial and stationary atoms and dissipating their 

energies through lattice vibrations.   

 

 Under the neutron irradiation, anticipated phenomena are displacement cascade and 

point defect. Defects can build up and move. They can be diffused or transferred ballistically 

by more radiation damages. For the displacement cascade, the final state of the cascade is 

extremely important as the end of the cascade is the starting point for defect diffusion, 

agglomeration, and destruction. Vacancies can transform into voids, and void can cause 
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swelling. Also, radiation damage leads to embrittlement which is amorphization. These yield 

the observable effects of irradiation in solids.  

 

  

Fig. 3.1.1 Typical point defect configuration from a 20 keV MD cascade simulation in Fe at 

100K. The peak damage state occurs at 1 ps (left) and the final damage state occurs at 10 ps 

(right) [34].  

 

 In displacement cascade, there are four stages: Collisional, thermal spike, quenching, 

and annealing [35]: 

1. Collisional  

It occurs before 1 ps and the primary recoil atom initiates a displacement cascade. In this stage, 

there is no formation of stable lattice defects.  

 

2. Thermal spike 

The collisional energy of the displaced atoms is shared among neighbouring atoms in the high 

deposited energy density region. The spike can occur in several zones and the atoms resemble 

molten material.  

 

3. Quenching 
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It occurs around 10 ps and the system reaches thermodynamic equilibrium. Energy is 

transferred to the surrounding atoms and the molten zones return to the condensed form. Stable 

lattice defects form as point defects or defect clusters.  

 

4. Annealing 

Further rearrangement and interaction of defects by thermally activated diffusion of mobile 

lattice defects. This stage can last till all mobile defects escape the cascade region.  

 

 A point defect formation under neutron irradiation is a creation of Frenkel pairs. When 

the Frenkel pairs are created there are number of effects on material: 

1. Increase of dislocation density which leads to embrittlement. 

2. Formation of voids that leads to swelling. 

3. Increase on diffusivity which leads to local segregation. 

4. Amorphization or crystallization that results in unexpected phase changes.  

 

Neutron irradiation cause displacement cascade which has 4 stages: Ballistic, thermal 

spike, quench, and anneal. However, under high energy electron irradiation, only single or 

possibly double atom displacements of constituent elements can occur by the knock-on 

mechanism. In the crystalline phase, a vacancy and an interstitial are introduced under the 

irradiation. Typically, existence of an interstitial can be ignored in materials without irradiation. 

In case of electron irradiation, a threshold acceleration voltage for the single atom displacement 

by the electron knock-on effect exists. Under an irradiation with an acceleration voltage lower 

than a threshold acceleration voltage, no atomic displacement based on an elastic collision 

between an electron and constituent atom is introduced.  
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The disadvantage of neutron irradiation in investigating the particle dissolution 

mechanism is that it has the thermal spike associated with the primary knock-on. The primary 

knock-on causes damage other than the simple creation of vacancy-interstitial pairs. This other 

damage can be disruptive if the purpose of the study is to understand the basic mechanism 

behind the particle instability.  

 

3.2 Theory of Electron-Atom Interaction  

 

An incident electron loses energy during its passage through matter by collisions with 

target electrons, collisions with target atoms, and through radiation. The most important 

contributions are the ionization losses due to inelastic collisions with electrons. Multiple 

scattering can happen due to small-angle elastic collisions with the target nuclei, and this tends 

to increase the path length of the electron in the substance. This also implies that electron’s 

path gets wider like a cone shape which deviates from the originally unidirectional beam. The 

angular dispersion of electrons depends on the electron energy and the sample thickness along 

with other factors.  The angular distribution of the electrons can be represented by a Gaussian 

distribution.   

 The scattering of the electron beam through the material can form different angular 

distribution and it can be either forward scattering or back scattering interaction. If an electron 

is scattered below 90 degree, then it is forward scattered; otherwise, it is backscattered. If the 

specimen is thicker, fewer electrons are forward scattered and more are backscattered. 

Incoherent, backscattered electrons are the only small parts of the incident beam for bulk (non-

transparent specimens). The reason that electrons can be scattered through different angles is 

related to the fact that an electron can be scattered more than once. Generally, the more 

scattering occurs, the greater the angle of scattering. In fact, forward scattering includes the 
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direct beam, most elastic scattering, refraction, diffraction (mostly Bragg diffraction), and 

inelastic scattering.  

 

Fig. 3.2.1 Different types of electron scattering in (a) a thin specimen and (b) a bulk specimen 

[36]. 

 

 

 Fig. 3.2.2 The scattering of an energetic electron by an atom.  

 

 The elastic scattering process can eventually lead into atomic displacement. In the 

classical mechanics of the conservation laws of energy and momentum, the electron scattering 

angle (𝜙) and the atomic recoil angle (𝜃) can be related to the energy transferred to strike an 

atom and its scattering angle as shown in equations 3.2.1 and 3.2.2.  
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𝜃 =
𝜋

2
−

𝜙

2
        (3.2.1) 

𝑇 = 𝑇𝑚𝑠𝑖𝑛2 (
𝜙

2
) = 𝑇𝑚𝑐𝑜𝑠2𝜃      (3.2.2) 

𝑇 =
4𝑚𝑀

(𝑚+𝑀)2 𝐸        (3.2.3) 

The maximum transmitted energy (Tm) occurs in a head-on collision. In the case of electrons 

with 𝑚 ≪ 𝑀 and 𝐸 ≪ 𝑀𝑐2, the maximum transmitted energy becomes 

𝑇𝑚 =
560.8

𝐴
𝜖(𝜖 + 2) in eV      (3.2.4) 

where A represents the atomic mass and 𝜖 = 𝐸/𝑚𝑐2.  

The displacement cross section is needed to calculate the number of recoil atoms 

displaced after having received the energy T. When the knock-on atom receives an energy T 

which exceeds twice of the threshold energy for displacement (T > 2Td), more than one 

displaced atom can occur due to one electron-atom collision events. The number of displaced 

atoms as a function of transmitted energy can be calculated by Kinchin and Pease model which 

is described in detail in chapter 3.2.2.   

 

3.2.1 High Energy Electron Irradiation 

 

 Electron irradiation only produce point defects without cascade effects. Thus it can 

offer much clear image of the point defects mechanism on the change of target material 

property. Through combination with the modern transmission electron microscope, in-situ 

image of the irradiation process could be shown by the experiment. Also, through utilizing the 

in-situ TEM, one can observe the microstructure evolution at fixed geometry of specimen 

throughout the whole irradiation period. For this to be accomplished, the TEM specimen must 

be thin below 200 nm. In this case, the surface effect as a point defect sink is hardly negligible.  



37 
 

Electrons experience large numbers of interactions and in general gradually lose energy until 

they are stopped. This is expressed in terms of electron range and material stopping powers.  

 

3.2.2 Electron dose effect  

 

 The displacement per atom (dpa) amount in a matrix irradiated by electron can be 

calculated by McKinley-Feshbach approximation and Kinchin-Pease model. McKinley-

Feshbach approximation gives differential scattering cross-section, and Kinchin-Pease model 

allows to approximate damage function.  

McKinley-Feshbach approximation is defined as: 

𝑑𝜎𝑀−𝐹 =  
4𝜋𝛼2𝑍2

2𝐸𝑅
2

𝑚𝑒
2𝑐4

1 − 𝛽2

𝛽4
[1 − 𝛽2

𝑇

𝑇𝑀
+ 𝜋𝛼𝛽 (√

𝑇

𝑇𝑀
−

𝑇

𝑇𝑀

)]
𝑇𝑀

𝑇2
𝑑𝑇 

 

Kinchin-Pease model is defined as: 

 

Based on the above equations, dose rate can be calculated as follows: 

 

 

 

 

𝑑𝑝𝑎

𝑠
=

𝜑 × 𝜎𝑑 × 𝑣(𝑇)

𝑁𝐴
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3.3 Microstructural Evolution of Nanoparticles under Irradiation  

 

 Microstructural evolution of nanoparticles under irradiation is critical as any changes 

can be linked with change in mechanical properties and material performance under high 

irradiation environment. Thus, the study of mechanism for microstructure evolution of 

irradiated nanoparticles is important. So far, many studies have been done on growth of 

nanoparticles while the particle number density decreases.  

 In terms of the different chemical compositions of the nanoparticles and the matrix, the 

growth of the nanoparticle requires long-range diffusion of solute atoms to the precipitate-

matrix interface and to the transfer of solute atoms across the interface.  

Diffusion-controlled growth 

 For the different phases of nanoparticle and matrix, the growth of nanoparticle can only 

occur if diffusion can transport the solute atoms toward the interface. If the solute atoms can 

readily transfer across the interface, then the growth rate of the nanoparticle will be governed 

by the diffusion rate of solute atoms. This process is called diffusion-controlled growth.  

Interface-controlled growth 

 However, if the solute atoms cannot readily cross the interface, the growth rate will 

then be governed by the interface kinetics which is called interface-controlled growth.  

When the diffusion process and interface reaction occur at similar rates, then the migration of 

the interface will be mixed controlled. The growth of spherical nanoparticles can be described 

as Eq. (3.1.3).  

Volume diffusion-controlled coarsening 

 For volume diffusion-controlled coarsening, the coarsening of spherical nanoparticles 

can be approximated as Eq. (3.1.4). Based on this volume diffusion-controlled coarsening 

equation, the equilibrium solid solubility and solid-sate diffusivity of the solute element, and 
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the interfacial energy between the nanoparticle and the matrix phase controls the coarsening of 

nanoparticles.  

 To achieve low coarsening rates of nanoparticles at elevated temperatures, alloying 

elements should have low equilibrium solid solubility and low solid-state diffusivity in the 

matrix phase and the dispersed nanoparticles should preferably be coherent with the matrix. 

Also, the dispersed nanoparticles for strengthening mechanism should be intrinsically stable at 

elevated temperatures.  

 A low interfacial energy between precipitate phases and the matrix phase is critical for 

achieving low coarsening rates and for homogeneous solid-state precipitation of the 

nanoparticles.    

 At elevated temperatures (T > 0.5Tm), in terms of deformation, dislocation gliding is 

not the dominant mechanism. Typically, based on the applied stress and the temperature, the 

plastic deformation of alloys occurs primarily by mechanisms of dislocation climb, grain 

boundary sliding or vacancy diffusion. However, for a large volume fraction of thermally stable 

nanoparticles within the grains and at grain boundaries, it can provide resistance to steady-state 

creep at elevated temperatures which enhances the strength of the alloys.  

 

3.3.1 Controversial Results on Nanoparticles Stability  

  

 The stability of Y-Ti-O nanoparticles dispersed in Fe-Cr matrix came under the 

spotlight due to inconsistent results regarding the nanoparticles’ response to radiation [9,31,37]. 

Several researchers have reported that nanoparticles are either shrinking or disappearing due 

to radiation exposure that could degrade the enhanced mechanical property of the steel [14,31]. 

Among the studies of high temperature (573-773K) irradiation on ferritic ODS steels, Y-Ti-O 

nanoparticles have been observed to be stable under neutron and proton irradiation on 9Cr-
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ODS steel [33,38], while the size of Y-Ti-O or Y-Ti-Cr-O nanoparticles in 18Cr-ODS steel has 

been increased under Fe+ ion irradiation [39]. On the other hand, a size decrease in Y-Ti-O 

nanoparticles has been reported under electron irradiation [30,31]. These inconsistent results 

indicate the inconclusive radiation response of Y-Ti-O nanoparticles and that further research 

should be carried out to identify the mechanism behind this complex phenomenon.  

 Several studies have focused on the irradiation response of the nanoparticles at high 

dose with long irradiation time, but there is a lack of literature regarding the initial short-time 

radiation effect with a low dose on the nanoparticles [40]. The main objective of this study is, 

therefore, to investigate the microstructural evolution of Y-Ti-O nanoparticles in ferritic 12Cr-

ODS steel under in-situ electron radiation. Under electron irradiation, instability mechanisms 

for carbide type nanoparticle dissolution in F82H is reported and the carbide instability was 

investigated under in-situ electron radiation [41,42]. It has concluded that due to various 

irradiation conditions, the flow rate of vacancy-type defects could dissolve constituent atoms 

of carbides into matrix [42]. In this study, the focused electron beam technique was employed 

to investigate the stability of the nanoparticles in the matrix as it could be affected by the 

radiation effects on the nanoparticles and the interaction of radiation-induced defects in a 

matrix with nanoparticles [43]. Also, the focused beam technique has a steep vacancy 

concentration distribution, and this enhances vacancy diffusion compare with a defocused 

beam. From the previous research, the displacement threshold energy of Y in Y2O3 is reported 

as 57 eV and electron energy above 1.25 MeV can dissolve Y2O3 as its displacement threshold 

energy of Y is 64 eV. In order to investigate the radiation response of nanoparticles, a 2 MeV 

high voltage electron microscope (HVEM) was used for the direct in-situ observation of 

microstructure evolution. In the case of electron irradiation, energy higher than 1 MeV is 

known to cause atomic displacements in iron [44]. Also, through comparison of the focused 

and the defocused beam effects on nanoparticles, damage mechanisms are studied. 
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Table 3.3.1 Summary of previous studies of oxide nanoparticle evolution from the literature 

[40]. 

 

 

 

Table 3.3.2 Radiation response in fully ferrite ODS steels under various conditions. 
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CHAPTER 4.  

Experiment 

4.1 Fabrication Method of 12Cr-ODS Steel   

 

 ODS steels are developed to further improve the mechanical properties under high 

temperature and neutron irradiation environment, and this enhancement in properties is through 

altering microstructure. A fabrication of ODS steels is done through mechanical alloying and 

power metallurgical technique. Mechanical alloying process is when mixtures of powders 

undergo severe deformation until atomic solutions are formed. Following mechanical allying, 

through powder metallurgical technique, the particles are consolidated.  From this fabrication 

technique, uniform sub- micrometer grain structures, high-density dislocations and a dispersion 

of fine particles are achieved. As the manufacturing processes are critical for the final 

microstructure of ODS steels which leads to the mechanical properties, the detailed description 

of the 12Cr-ODS steel fabrication is shown in Fig. 4.1.1. The ferritic 12Cr-ODS steel with a 

composition of 12Cr2W0.3Ti0.25Y2O3 (wt%) was produced in Institute for Materials 

Research (IMR) under a framework of Japan Science and Technology project after the nuclear 

accident in 2011 [11].  

 The detail of its chemical composition is listed in Table 4.1. In this study, from the as-

fabricated 12Cr-ODS steel, it has undergone cold rolling 60% for thickness reduction, thermal 

annealing at 1200 oC for 1 hour, and finally recrystallized by 80%. The ODS steel has an 

average nanoparticle diameter of 3.5 ± 0.7 nm and number density of 1.31023 m3 [45]. Through 

high-angle angular dark- field (HAADF) and energy dispersive spectroscopy (EDS) mapping, 

the chemical composition of nanoparticles was analyzed and were identified as either Y2O3 or 

Y-Ti-O complex [23]. Furthermore, through high-resolution transmission electron microscope 
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(HRTEM), Y-Ti-O nanoparticles were identified to be orthorhombic- and hexagonal-Y2TiO5, 

and cubic-Y2Ti2O7 [23]. 

 

 

Fig. 4.1.1. Manufacturing processes for the 12Cr-ODS steel [11].  
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Table 4.1 Chemical composition of the 12Cr-ODS ferritic steel (wt%)  

 

    

4.2 TEM Specimen Preparation  

 

 From the bulk specimen, 3 mm diameter discs were prepared by cutting then 

mechanical grinding with gradually increasing grit number from 600 to 2000 grit on both 

surfaces until thickness below 100 μm was obtained. Afterward, electrochemical polishing was 

performed at room temperature in a 5% perchloric acid in acetic acid solution to achieve 

electron transparency. The TEM specimen was prepared for two different irradiation 

conditions: the focused beam of the Gaussian flux profile and the defocused beam of uniform 

flux profile. Prior to high-temperature irradiation, the specimen surface was observed in TEM 

and confirmed that the fabricated 12Cr-ODS steel has a heterogeneous distribution of 

nanoparticles.  

The specimen thickness measurement was done using thickness fringe method. 

Through this method, the local thickness of a TEM foil was acquired. For this method, 

diffraction pattern was taken at s=0 condition (two-beam condition). At s=0 condition, the 

distance between the two neighbored fringes is the greatest.  

For this measurement, JEM-2100 with operating voltage of 200 kV was used. From the 

diffraction pattern analysis of the TEM image, z=[110] is found. Based on electron wavelength 

data and extinction distance, a thickness fringe can be calculated.  

𝜉200 𝑘𝑉 = 1.267𝜉100 𝑘𝑉   

𝜉100 𝑘𝑉 = 27 nm 

𝜉200 𝑘𝑉 = 1.267 × 27 nm = 34.209 nm 
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For a single thickness fringe condition, t1=(1+1/2) 𝜉200 𝑘𝑉 = 51.3 nm 

After the acquisition of specimen thickness, it can be computed with number of particles in the 

TEM image to calculate a particle number density.   

For the in-situ HVEM experiment, a thin foil is prepared with thickness less than 60 

nm. In a thin foil case, the concentration of interstitials rapidly reaches a steady state as the 

production rate is matched by the escape rate to the surface [78]. The loss of interstitials to 

sinks and interstitial loops can occur. Also, in the case of high vacancy mobility at high 

temperature, the vacancy-interstitial mutual annihilation reaction due to the motion of 

vacancies becomes effective when the vacancies accumulate in the matrix. Thus, by utilizing 

the in-situ HVEM irradiation, an assumption can be applied that interstitial atoms escape 

towards the surface and the observed microstructural evolution can be governed by the 

diffusion of vacancies.  

 

 

 

 

 

 

 

 

 

 

 

 

 



46 
 

4.3 In-situ HVEM at Osaka University  

 

 

Fig. 4.3.1 Ultra High Voltage Electron Microscope (UHVEM) at Osaka University [31].  

   

 2 MeV in-situ electron irradiations were performed using Ultra-High Voltage Electron 

Microscopy (UHVEM) at the Research Center for UHVEM of Osaka University. Four 

different irradiations were performed, and each beam intensity distribution was measured with 

a Faraday cup which is coupled with the image shift function of the HVEM, and the focused 

beam intensity profiles were later fitted with Gaussian function. Due to the heterogeneous 

dispersion of nanoparticles, under the different irradiation experiments of the focused and the 

defocused beam conditions, the irradiation areas were carefully selected in which a similar 
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number of dispersed nanoparticles exist. The area of clustered nanoparticles was avoided to 

reduce experimental measurement errors for the precise size measurement of each nanoparticle. 

To ensure the precise measurement data, nanoparticles with distinctive contrast throughout the 

whole irradiation were analyzed. Also, the observation environment of nanoparticles did not 

change throughout the irradiation to achieve the nanoparticle size measurement in a precise 

manner. The microstructure evolution under irradiation was simultaneously observed in bright 

field image and recorded as digitized image using a CCD system.  

 In case of the Osaka University HVEM experiment, there were total of four experiments 

being performed. The controlled parameters were temperature and beam profile. The 

irradiation temperature of 723K and 823K along with beam profile of focused and defocused 

(uniform) were performed. The irradiation temperatures were selected based on typical 

Generation IV reactors operating temperature which ranges from 400 to 650 eC (673 – 923K).  

Under the focused beam irradiation, beam heating effect is anticipated as the maximum current 

locating at the center of the beam is several orders higher than the current locating at the 

periphery of the beam. Through utilizing the focused beam, based on the beam concentration 

gradient, its effect on diffusion phenomena is anticipated. However, under the uniform beam 

irradiation, beam heating effect can be negligible due to small observation area of interest. As 

the temperature distribution is rather homogeneous in the area of interest, the diffusion 

according to the temperature gradient can also be negligible. The magnification of the images 

was taken at 80,000. Through the in-situ observation, acquisition of time-sequential TEM 

images was possible. As the target of this research was to find a stability of nanoparticles, the 

acquired time-sequential images are valuable aspect of concluding the phenomena and 

mechanisms.  
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Table 4.3.1 Irradiation experimental conditions. 

 

 

 

Fig. 4.3.2 Osaka HVEM beam intensity profiles for focused and defocused (uniform) beam 

irradiations under 2 MeV at 723K. Beam flux and dose rate are plotted with respect to position. 
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Fig. 4.3.3 Beam intensity profiles under 2 MeV for three different irradiation conditions: 823K 

focused beam, 823K uniform beam, and 723K uniform beam irradiations.  

 

4.4 In-situ HRTEM at Hokkaido University  

 

 The single particle irradiation is performed using JEM-ARM1300 at Hokkaido 

University which is in-situ High Resolution TEM (HRTEM). This experiment is for the in-

depth study on the dissolution mechanism of nanoparticle. The HRTEM was operated at 1.25 

MeV with irradiation temperature at 573K. The images were taken at magnification of 300,000. 

The detailed description of the irradiation condition is mentioned in the previous chapter Table 

4.3.1. In this experiment, time sequential TEM images were acquired for a long irradiation time 

up to 3480 s. Although there is an existence of beam profile for the Hokkaido HRTEM, unlike 

the Osaka HVEM the observation area was extremely small where one can easily ignore the 

effect of beam gradient.  

 From Fast Fourier Transformation (FFT) of the single nanoparticle, diffraction patterns 

are acquired time-sequentially. From Fast Fourier Transformation (FFT) of the single 

nanoparticle, diffraction patterns are acquired. From the detected diffraction patterns, Inverse 
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Fast Fourier Transformation (IFFT) was performed to acquire the interplanar distance. Areas 

corresponding to the interface between the NP and bulk were selected to closely investigate the 

dislocation movement under the electron irradiation.  

 

 

Fig. 4.4.1 High Resolution Transmission Electron Microscope (HRTEM) at Hokkaido 

University. 

  

 

Fig. 4.4.2 Hokkaido HRTEM beam intensity profile. Beam flux and dose rate are plotted with 

respect to position. 
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CHAPTER 5.  

In-situ 2 MeV Electron Irradiations at Elevated Temperatures 

 

 In-situ 2 MeV electron irradiations were performed on the 12Cr-ODS steel using Ultra-

High Voltage Electron Microscopy (UHVEM) at Osaka University. Total of four different 

irradiations were performed with different beam profiles and temperature conditions. Due to 

the heterogeneous dispersion of nanoparticles, under the different irradiation experiments of 

the focused and the uniform beam conditions, the irradiation areas were carefully selected in 

which a similar number of dispersed nanoparticles exist. The area of clustered nanoparticles 

was avoided to reduce experimental measurement errors for the precise size measurement of 

each nanoparticle. To ensure the precise measurement data, nanoparticles with distinctive 

contrast throughout the whole irradiation were analyzed. As the investigation of the 

microstructure evolutions of nanoparticles is the main objective for this research, each 

nanoparticle in TEM images is carefully investigated with tracking of size and location for all 

time-sequential images as shown in Fig. 5.1.  
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Fig. 5.1 Example of particle tracking in TEM image where the location of each nanoparticle 

was recorded. First image is before the irradiation and the second image is after 300 s 

irradiation under 2 MeV at 823K.  

 

 The flux profiles for the focused and the uniform beam condition differ significantly 

which also mean the flux range from minimum to maximum greatly vary. The main objective 

of this experiment was to observe the stability of nanoparticles under focused and uniform 

beam condition where the role of vacancy diffusion could be investigated. Under the focused 

beam irradiation with Gaussian distribution profile, dose rate which each nanoparticle receives 

greatly vary based on the location of existing nanoparticles. Thus, the instability of 

nanoparticles is described as volumetric change per fluence (dV/dФ) to precisely investigate 
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the microstructural evolution of nanoparticles. In this way, size change of each nanoparticle 

under the same total fluence could be accessed. 

 Also, the observation environment of nanoparticles did not change throughout the 

irradiation to achieve the nanoparticle size measurement in a precise manner. The 

microstructure evolution under irradiation was simultaneously observed in bright field image 

and recorded as digitized image using a CCD system. During the irradiation, images were taken 

thus time-sequential irradiated TEM images were acquired and analyzed.   

 From the TEM images during the irradiation, both the size and shape changes of the 

nanoparticles were detected. Then, the in-situ electron irradiations under the focused and the 

defocused beam were compared to investigate the effect of the vacancy concentration gradient 

on nanoparticle stability. To carefully investigate the microstructural evolution of the 

nanoparticles, as the observed shapes of nanoparticles were not perfect circles, explaining the 

evolution of nanoparticles using an equivalent diameter was considered inaccurate. Thus, the 

diameters in both major and minor axes were measured to calculate an area. Then, a 

mathematical assumption was applied to calculate the volume of nanoparticles by rotating 

ellipse-shaped nanoparticles about its minor axis so that all particles could be considered as 

oblate spheroids as shown in Fig. 5.2. The area to volume conversion calculation for ellipse-

shaped nanoparticles is represented in Eq. 5.1. Also, the size change rate of the nanoparticle is 

represented as the change in volume per unit fluence as in Eq. 5.2.   
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Fig. 5.2. Area to volume conversion calculation for nanoparticle which creates an oblate 

spheroid. Parameter a and b  represent semimajor and semiminor axis respectively (b < a).  

 

𝑉 = 𝜋 ∫ 𝑓(𝑦)2𝑑𝑦 = 𝜋 ∫ ±𝑎 (√1 −
𝑦2

𝑏2)

2
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                 (5.1.1) 

 

𝑑𝑉

𝑑Φ
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𝑑𝑉

𝑑(𝜙t)
=

𝑉𝑓𝑖𝑛𝑎𝑙−𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙

𝜙(𝑡𝑓𝑖𝑛𝑎𝑙−𝑡𝑖𝑛𝑖𝑡𝑖𝑎𝑙)
 in units of nm3/(1025 e/m2s)                (5.1.2) 
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5.1 Results: Focused Beam  

5.1.1 Focused Beam Irradiation at 723K 

 

Fig. 5.1.1 Time-sequential TEM images of the irradiated 12Cr-ODS steel at 723K. (a) before 

irradiation, (b) 1.88 dpa, (c) 3.76 dpa, (d) 5.63 dpa and (e) 9.39 dpa irradiation. The mentioned 

dose is the maximum dose at the center of the beam which corresponds to the center of the 

images.  



56 
 

 

 

Fig. 5.1.2 TEM images of the 12Cr-ODS steel under the focused beam irradiation at 723K. (a) 

before irradiation and (b) after final irradiation 300 s. At 300 s irradiation, the maximum dose 

at the center is 9.39 dpa and minimum dose at the edge is 0.06 dpa.  

 

 The in-situ electron irradiation enables the detailed microstructural evolution of 

nanoparticle and the nanoparticles response in time-sequential short-time irradiation is 

investigated. The focused beam irradiation at 723K has minimum and maximum dose rate of 

2  10-4 and 3.13  10-4 dpa/s, respectively. The volumetric change per fluence respect to the 

flux of both the focused and the defocused beam conditions in each consecutive irradiation 

time steps are shown in Fig. 5.1.3. In this figure, only the nanoparticles that survived till the 

end of the irradiation were plotted as the survived nanoparticles behavior should be 

distinguished apart from the disappeared nanoparticles. In both irradiation conditions, non-

linear volumetric fluctuation have occurred. However, as the irradiation proceeds, the 

nanoparticles seem to gradually stabilized. This stochastic size fluctuation mainly occurred at 

the low flux region under 1.6 × 1023 e/m2. At the higher flux region which only applies to part 

of the focused beam irradiation, the instability of nanoparticles was not dominant.  
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Fig. 5.1.3 Volumetric change throughout each irradiation interval under the focused beam 

irradiation.  

 

  All the disappeared nanoparticles under the focused beam condition were identified as 

small volume nanoparticles. Also, among the disappeared nanoparticles, there was no clear 

relation of received dose nor variation in initial size even among the small nanoparticles. This 

disappearance of nanoparticles only under the focused beam condition could be explained by 

total displacement per atom, beam heating effect.   

 In the focused beam condition, the received electron flux for each nanoparticle can vary 

significantly based on their irradiation location. Under the focused beam condition, the total 

dose varied from 4.2 × 10-2 up to 9.4 dpa. The disappeared nanoparticles under the focused 

beam condition have received a much higher dose of irradiation. Also, for the focused beam 

irradiation with high beam current, the beam heating effect should be considered for the 
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dissolution of nanoparticles as the rise in local temperature can be induced by an electron beam 

[46]. Thus, the disappeared nanoparticles could be influenced by the rise of the temperature 

which leads to an increase in vacancy diffusion. 

 

 

Fig. 5.1.4 Microstructure state of the nanoparticles during the focused beam irradiation at 723K. 

(a) 60 s, (b) 120 s, (c) 180 s and (d) 300 s irradiation.  

 

 To further clarify the microstructure evolution under the focused beam irradiation, 

microstructure state of the nanoparticles during each irradiation time step is plotted in Fig. 5.1.4. 

From the microstructure state of the nanoparticles figure, disappearance and shrinkage of 

nanoparticles under the high beam current region are observed. Most nanoparticles have 

quickly disappeared under the short time irradiation. However, near the periphery or tail of the 

beam, the nanoparticles were survived with the mixture of both growth and shrinkage.  
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5.1.2 Focused Beam Irradiation at 823K 

 

2 MeV focused beam irradiation at 823K was performed on the 12Cr-ODS steel using 

H-3000 at Osaka University. Time-sequential TEM images were acquired with the minimum 

and maximum dose rate of 7.8  10-4 and 0.18  10-2 dpa/s, respectively. Under the focused 

beam irradiation at 823K, severe sublimation especially near the center of the radiation beam 

is observed. The particle number density decreases dramatically, and all the nanoparticles 

undergo size decrease. This result differs from the focused beam irradiation at 723K. Under 

the 723K focused beam irradiation, while many nanoparticles disappeared, still few 

nanoparticles undergo growth and shrinkage and survived till the end. However, in the case of 

823K focused beam irradiation, most of all nanoparticles with small diameter immediately 

disappeared and only the large nanoparticles with diameter larger than 10 nm survived. Thus, 

comparing with the 723K focused beam irradiation, under 823K focused beam irradiation, 

gradual shrinkage of larger nanoparticles and decrease in number density were dominant. 

Based on the diffraction patterns for before and after the irradiation, it is confirmed that even 

under this severe sublimation there was no amorphization.      

  

Fig. 5.1.4 Diffraction pattern and TEM image of 12Cr-ODS steel at 823K before and after the 

irradiation of 2.16 dpa. 
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Fig. 5.1.5 Time-sequential TEM images of the irradiated 12Cr-ODS steel at 823K. (a) before 

irradiation, (b) 0.22 dpa , (c) 0.54 dpa, (d) 1.08 dpa and (e) 2.16 dpa irradiation. The dose 

mentioned is the maximum dose at the center of the beam.  
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Fig. 5.1.6 Time-sequential TEM images of the focused beam irradiation at 823K. (a) before 

irradiation, (b) 0.22 dpa , (c) 0.54 dpa, (d) 1.08 dpa, (e) 1.62 dpa and (f) 2.16 dpa irradiation. 
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5.2 Discussion 

5.2.1 Beam Sputtering 

 

 Under the focused beam condition of the Gaussian beam profile, many small sized 

nanoparticles have disappeared. This result could be explained by beam heating effect. Unlike 

the uniform beam irradiation, under the focused beam where the maximum beam current is 

several orders higher than the minimum beam current, nanoparticles and surrounding matrix 

under the strong beam current can easily sublimated. Thus, at the center of the focused beam 

where the current/flux is the maximum, temperature could increase which also leads to increase 

in vacancy diffusion. Through utilizing the focused beam, based on the beam concentration 

gradient, its effect on diffusion phenomena is anticipated. However, under the uniform beam 

irradiation, beam heating effect can be negligible due to small observation area of interest. As 

the temperature distribution is rather homogeneous in the area of interest, the diffusion 

according to the temperature gradient can also be negligible. This beam sputtering effect was 

only observed for the focused beam irradiation cases at 723K and 823K.    
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Fig. 5.2.1 Final microstructure state of nanoparticles under (a) the focused and (b) the uniform 

beam irradiation at 723K.  

 

 

5.2.2 Vacancy Concentration Gradient Effect  

  

The effect of vacancy concentration gradient on nanoparticle instability was 

investigated by comparing the two beam conditions at the same irradiation time, and higher 

volumetric fluctuation under the focused beam condition was found. Due to a sharp peak along 

the Gaussian beam profile, the vacancy concentration gradient yields vacancy flow which 

could contribute in a rapid dissolution of nanoparticles. 
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Fig. 5.2.2 Comparison of volumetric change per fluence respect to flux for two beam conditions 

after 120 s irradiation. 

 

 Fig. 5.2.2 compares the volumetric change of nanoparticles under the two beam 

conditions at the same irradiation time step of 120 s. From the figure, the magnitude of size 

fluctuation was much higher under the focused beam condition. Also, the occurrence of 

nanoparticle instability under the flux 1.6 × 1023 e/m2s which is indicated by the red line was 

once again confirmed. This different magnitude of size fluctuation of nanoparticles under the 

two beam conditions can be explained by vacancy concentration gradient. In the focused beam 

condition, a sharp peak with a large gradient exists along the Gaussian beam profile. This 

focused beam distribution represents the vacancy concentration gradient, and this vacancy 

concentration gradient yields vacancy flow which could result in a rapid dissolution of 

nanoparticles. 
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5.3 Results: Uniform Beam 

5.3.1 Uniform Beam Irradiations at 723K 

 

Fig. 5.3.1 Microstructure evolution during the defocused beam irradiation of 1.72×10-4 dpa/s: 

target tracking nanoparticles were marked with blue, red and green circles which represent 

growing, shrinking and stable, respectively. 

 

2 MeV uniform beam irradiation at 723K was performed on the 12Cr-ODS steel using 

H-3000 at Osaka University. Time-sequential TEM images were acquired with the dose rate 

of 1.73  10-4 dpa/s. Total of five TEM images were acquired and irradiation was stopped at 

0.23 dpa as shown in Fig. 5.3.1. The volumetric change of each nanoparticle was tracked and 

plotted in Fig. 5.3.2. Based on Fig. 5.3.2, in each irradiation time step, volumetric fluctuation 

of nanoparticles is obvious. However, towards the end of the irradiation at 0.23 dpa, the 

volumetric fluctuation is nearly negligible and seem to reach steady-state. To correlate this 
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volumetric fluctuation with beam condition, Fig. 5.3.3. is plotted which describes the 

microstructure state of each nanoparticle under the corresponding beam profile. Unlike the 

focused beam irradiation result, random mixture of growth, shrinkage and stable state of 

nanoparticles were observed throughout the irradiation.  

 

 

Fig. 5.3.2 Volumetric change respect to flux under the uniform irradiation at 723K. (a) 0.02 

dpa, (b) 0.06 dpa, (c) 0.1 dpa and (d) 0.23 dpa irradiation.  
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Fig. 5.3.3 Time sequential microstructure evolutions during the uniform beam irradiation with 

a total time 1320 s. (a) 0.02 dpa, (b) 0.06 dpa, (c) 0.1 dpa and (d) 0.23 dpa irradiation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



68 
 

 

 

  
Fig. 5.3.4  Size evolution of nanoparticles during 2 MeV irradiation at 723K represented by (a) 

volume and (b) equivalent diameter. 

 

 

 

  
Fig. 5.3.5 Shape and size evolution of nanoparticles during 2 MeV irradiation at 723K 

represented by (a) eccentricity and (b) equivalent diameter.  
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Fig. 5.3.6 Microstructure evolution of two neighboring nanoparticles under in-situ electron 

irradiation and upper-right inserted figure represents traced image. (a) unirradiated, (b) 0.02 

dpa, (c) 0.06 dpa, (d) 0.1 dpa and (e) 0.23 dpa. 
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Fig. 5.3.7 Eccentricity time evolution categorized by volume under the defocused beam 

irradiation condition. (a) small volume, (b) larger volume, and (c) disappeared nanoparticles 

during irradiation.    
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Fig. 5.3.8 Shape and size evolution of nanoparticles during 2 MeV irradiation at 723K 

categorized by (a),(b) of diameter smaller than 5 nm, (c),(d) of diameter between 5 and 10 nm, 

and (e),(f) of diameter larger than 10 nm.   

 
 
 Also, the shape evolution of nanoparticles was observed throughout the short-time 

irradiation steps. In the figure, two neighboring nanoparticles had microstructure evolution in 

which the small nanoparticle continued to shrink along with its change in shape, while the 

bigger nanoparticle grew while receiving the same dose.  
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 A shape factor of eccentricity is employed to further understand the microstructural 

evolution of nanoparticles: as a shape can still change under no volumetric change.  Under the 

uniform irradiation at 723K, the small sized nanoparticles became elongated while the larger 

nanoparticles became spherical. In this study, the eccentricity was used to represent the 

evolution of ellipsoid under the irradiation. As previously mentioned, during the volume 

calculation, the mathematical assumption was applied to rotate all the ellipse about its minor 

axis which results in an oblate spheroid. Thus, both measured major and minor axes of 

nanoparticles were used to calculate eccentricity which describes the shape of an ellipsoid.  

Eccentricity = 1 −
𝑏2

𝑎2   for oblate spheroid (b < a )     (5.3.1) 

Based on the categorized volume of nanoparticles, the eccentricity of each nanoparticle 

is plotted with respect to irradiation time. Interestingly, the small nanoparticles seem to exhibit 

the increasing trend of eccentricity at the final irradiation state while the larger nanoparticles 

exhibited decreasing trend. The disappeared nanoparticles were all categorized as small 

nanoparticles and until the disappearance, they exhibited an increasing trend which 

corresponds with the figure for small nanoparticles. 

 

5.3.2 Uniform Beam Irradiations at 823K 

 

 2 MeV uniform beam irradiation at 823K was performed on the 12Cr-ODS steel using 

H-3000 at Osaka University. Time-sequential TEM images were acquired with the dose rate 

of 8.5  10-4 dpa/s. Total of 6 TEM images were acquired and irradiation was stopped at 2.06 

dpa as shown in Fig. 5.3.6. To investigate the microstructure evolution of nanoparticles, two 

different regions were selected and magnified to detect any changes, and these are shown in 

Fig. 5.3.8 – Fig. 5.3.10. Due to inhomogeneous dispersion of nanoparticles, under this 

experiment, the irradiated area has higher number of nanoparticles than the previous 
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experiment of uniform beam irradiation at 723K.  This high number of nanoparticles in the 

specimen is shown in Fig. 5.3.9 and Fig. 5.3.10. 

 

 

Fig. 5.3.6 Time-sequential TEM images of 2 MeV uniform beam irradiation at 823K.  

 

 

  

Fig. 5.3.7 Wide view image of the specimen before irradiation with corresponding diffraction 

pattern. 
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Table 5.3.1 Diffraction pattern analysis of the 12Cr-ODS steel specimen 

 

 
 

 

 
Fig. 5.3.8 Two different areas are selected to closely investigate the microstructural evolution 

under the uniform irradiation at 823K.  
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Fig. 5.3.9  Microstructural evolution of SA 1 under the uniform electron beam irradiation of   

8.59 × 10-4 dpa/s at 823K. 

 

 

Fig. 5.3.10  Microstructural evolution of SA 2 under the uniform electron beam irradiation of   

8.59 × 10-4 dpa/s at 823K. 



76 
 

  
Fig. 5.3.11 Size evolution of nanoparticles during 2 MeV irradiation at 823K represented by 

(a) volume and (b) equivalent diameter. 

 

 

  

Fig. 5.3.12 Shape and size evolution of disappeared nanoparticles during 2 MeV irradiation at 

823K  represented by (a) eccentricity and (b) equivalent diameter.  
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Fig. 5.3.13 Particle number density respect to fluence under the uniform beam irradiation at 

823K.  

 

 

 

Fig. 5.3.14 The nanoparticles (marked with yellow arrows) at SA 2 which undergo growth and 

coarsening till the end of the irradiation.   

 

 As shown in Fig. 5.3.9 and 5.3.10, regardless of the initial population of nanoparticles, 

the significant decrease in the nanoparticle number density is observed. Also, the growth of 

few nanoparticles along with the irradiation at 823K is clearly found. Interesting part is that 
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under the irradiation, the initial large nanoparticles which are diameter larger than 10 nm were 

found to shrink under the irradiation while other smaller nanoparticles grew. Based on 

Fig.5.3.11, the large nanoparticle which is quite isolated from other small nanoparticles 

undergone shrinkage. Also, in Fig, 5.3.12, the large nanoparticle which is closely situated with 

neighboring small nanoparticles also shrank under the irradiation. This could once again 

support the idea that certain nanoparticles composition could vary based on their initial size.   

 

Fig. 5.3.15 Nanoparticles volumetric change respect to irradiation time under the uniform beam 

irradiation at 823K.  

 

  
 

Fig. 5.3.16 Nanoparticles movement under 2 MeV irradiation at 823K.  
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Fig. 5.3.17 Growth rate of the three nanoparticles in a clustered region under uniform 

irradiation at 823K. The nanoparticles correspond to yellow marked nanoparticles (2, 3, 4) in 

Fig. 5.3.14.   

 

 

Fig. 5.3.18 Numbering of nanoparticles and their neighboring distance in the clustered region 

where significant growth occurs. 

 



80 
 

  
 

Fig. 5.3.19 Changes in volume of nanoparticles and neighboring particle distance respect to 

irradiation time in the clustered region which corresponds to Fig. 5.3.18. 

 

Through the observation of the growing nanoparticles, the growth occurred only in a 

clustered region. In this study, the clustered region is defined as the neighboring nanoparticles 

being situated within 5 nm to each other.  Fig. 5.3.16 and Fig. 5.3.17 represent the clustered 

region where dominant particle growth has occurred. The nanoparticle grew in clustered region 

while the shrinkage occurs in isolated/dispersed region which the neighboring nanoparticle 

distance far exceeds 5 nm. The growth rate of three nanoparticles situated in the clustered 

region is plotted in Fig. 5.3.15.  
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Fig. 5.3.20 Comparison of uniform beam irradiation of the 12Cr-ODS steel under different 

temperature conditions. (a) before irradiation at 723K, (b) after irradiation at 723K, (c)  before 

irradiation at 823K and (d) after irradiation at 823K.  

 

 The two different irradiation temperature conditions but with similar dose are compared. 

The number density in both experimental cases drops significantly. From Fig. 5.3.18, particle 

number density between the two different irradiation experiment can be clearly shown. For the 

2 MeV uniform beam irradiation at 723K, the particle number density was 1.3 × 1023 m-3 prior 

to irradiation; while for the 2 MeV uniform beam irradiation at 823K, 1.23 × 1024 m-3.  

However, while at 723K only the shrinkage and/or disappearance of nanoparticles are 

found, at 823K the clear nanoparticles growth at few nucleation sites is observed. This could 

indicate that there could exist a  temperature threshold where governing diffusion kinetic starts 

to differ. Also, under the uniform irradiation at 723K, the nanoparticles volumetric change was 



82 
 

observed to be non-periodic or stochastic. However, in case of the uniform irradiation at 823K, 

the nanoparticles either grew or disappeared under the irradiation. This growth or shrinkage 

which eventually leads to disappearance was periodic.  

 

5.4 Discussion 

 

 In terms of the different chemical compositions of the nanoparticles and the matrix, the 

growth of the nanoparticle requires long-range diffusion of solute atoms to the precipitate-

matrix interface and to the transfer of solute atoms across the interface. For the different phases 

of nanoparticle and matrix, the growth of nanoparticle can only occur if diffusion can transport 

the solute atoms toward the interface. If the solute atoms can readily transfer across the 

interface, then the growth rate of the nanoparticle will be governed by the diffusion rate of 

solute atoms. This process is called diffusion-controlled growth.  

 However, if the solute atoms cannot readily cross the interface, the growth rate will 

then be governed by the interface kinetics which is called interface-controlled growth.  

When the diffusion process and interface reaction occur at similar rates, then the migration of 

the interface will be mixed controlled. Based on this volume diffusion-controlled coarsening 

equation, the equilibrium solid solubility and solid-sate diffusivity of the solute element, and 

the interfacial energy between the nanoparticle and the matrix phase controls the coarsening of 

nanoparticles.  

 To achieve low coarsening rates of nanoparticles at elevated temperatures, alloying 

elements should have low equilibrium solid solubility and low solid-state diffusivity in the 

matrix phase and the dispersed nanoparticles should preferably be coherent with the matrix. 

Also, the dispersed nanoparticles for strengthening mechanism should be intrinsically stable at 

elevated temperatures.  
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 A low interfacial energy between precipitate phases and the matrix phase is critical for 

achieving low coarsening rates and for homogeneous solid-state precipitation of the 

nanoparticles.    

 At elevated temperatures (T > 0.5Tm), in terms of deformation, dislocation gliding is 

not the dominant mechanism. Typically, based on the applied stress and the temperature, the 

plastic deformation of alloys occurs primarily by mechanisms of dislocation climb, grain 

boundary sliding or vacancy diffusion. However, for a large volume fraction of thermally stable 

nanoparticles within the grains and at grain boundaries, it can provide resistance to steady-state 

creep at elevated temperatures which enhances the strength of the alloys.  

  
Fig. 5.3.21 The shrinkage of initial large nanoparticle in selected area 1 after the irradiation of 

2.04 dpa at 823K. 

 

  
 Fig. 5.3.22 The shrinkage of initial large nanoparticle in selected area 2 after the irradiation of 

2.04 dpa at 823K. 
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Fig. 5.3.23 Microstructure investigation under uniform irradiation at 723K (a) before 

irradiation and (b) after irradiation of 0.23 dpa. 

 

 

  

Fig. 5.3.24 Microstructure investigation under uniform irradiation at 823K (a) before 

irradiation and (b) after irradiation of 2.06 dpa. 
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Fig. 5.3.25 Microstructural evolutions of a particle in isolated region under uniform irradiation 

at 823K.   

 

Through the observation of the growing nanoparticles, the growth occurred only in a 

clustered region. In this study, the clustered region is defined as the neighboring nanoparticles 

being situated within 5 nm to each other.  Both Fig. 5.3.18 and 5.3.19 support the nanoparticle 

growth in clustered region while the shrinkage occurs in isolated/dispersed region which the 

neighboring nanoparticle distance far exceeds 5 nm. The growth rate of three nanoparticles 

situated in the clustered region is plotted in Fig. 5.3.20.  

 However, other interesting phenomenon is also observed from the time-sequential 

images as shown in Fig. 5.3.21. In the isolated region, the nanoparticle was growing up till 1.03 

dpa and then disappeared at 1.55 dpa. This similar behavior of nanoparticle undergoing growth 

and sudden disappearance was quite prevalent in this uniform irradiation at 823K.   
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5.4.1 Radiation-Enhanced Diffusion 

 

 To further understand the above results for rapid stochastic volumetric fluctuation at 

early irradiation but with no total volumetric change of nanoparticles, diffusion of vacancy and 

interstitial atoms under the irradiation condition was calculated. Electron energy higher than 1 

MeV can cause atomic displacements in the iron matrix and this can result in a flow of 

vacancies [31,43]. This experiment was a thin foil case and the concentration of interstitials 

rapidly reaches a steady state as the production rate is matched by the escape rate to the surface 

The loss of interstitials to sinks and interstitial loops occurs. Also, in the case of high vacancy 

mobility (high temperature), the vacancy-interstitial mutual annihilation reaction due to the 

motion of vacancies becomes effective when the vacancies accumulate in the matrix. As the 

kinetic equilibrium of the nanoparticles can lead to the microstructure evolution, the radiation-

enhanced diffusion coefficients of yttrium and titanium which are the constituent atoms of the 

nanoparticles are calculated and compared at 723K.  

Under the uniform beam condition, electron irradiations were performed with a point 

defect production rate (R) of 1.72 × 10-4 dpa/s. The vacancy diffusion coefficient is defined as: 

𝐷𝑣 = 𝛼𝜐𝑏2𝑒
(−

𝐸𝑣
𝑀

𝑘𝐵𝑇
)
           (5.4.1) 

where geometric factor 𝛼 equals 1, 𝜐 of Debye frequency is 1013 s-1, lattice parameter b for bcc 

iron is 0.287 nm and vacancy migration energy 𝐸𝑣
𝑀 of 0.7 eV [39].  

The characteristic time for vacancies to reach the sinks can be expressed as 

 𝜏 = (𝑘2𝐷𝑣)−1 = 1.602 × 10-4 s         (5.4.2) 

Under the assumption that the nanoparticles are the perfect sinks for point defects, the sink 

strength 𝑘2  is calculated as 5.71 × 1015 m-2 where the TEM measured nanoparticles mean 

diameter and density were 3.5 nm and 1.3 × 1023 m-3 [47]. Then the steady-state non-

equilibrium vacancy concentration is calculated by 𝐶𝑣
𝐼𝑟𝑟 = 𝑅𝜏. 
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Fig. 5.4.1 Vacancy diffusion coefficient for the experimental conditions at 573, 723, and 823K.  

   

  

 
 

Fig. 5.4.2 Sink strength for two different particle number density respect to radius of particle. 

 

 



88 
 

Finally, the radiation-enhanced diffusion coefficient is defined as: 

  𝐷𝐼𝑟𝑟 =
𝐶𝑣

𝐼𝑟𝑟

𝐶𝑣
𝑒𝑞 × 𝐷𝑡ℎ = 𝑅𝜏 × 𝑒

(
𝐸𝑣

𝑓

𝑘𝐵𝑇
)

𝐷𝑡ℎ          (5.4.3) 

with the vacancy formation energy of 𝐸𝑣
𝑓

 = 2.2 eV [48]. The thermal diffusion coefficients for 

both Y and Ti elements in pure iron with bcc structure are calculated [37,49]:  

𝐷𝑌
𝑡ℎ = (1 × 10−5)𝑒(− 

3.25 𝑒𝑉

𝑘𝑇
)
           (5.4.4) 

𝐷𝑇𝑖
𝑡ℎ = 0.21 × 𝑒

(− 
293.2 ±8.8 𝑘𝐽 𝑚𝑜𝑙−1

𝑅𝑇
(1+0.079𝑀2(𝑇)))

         (5.4.5) 

𝐷𝑌
𝑡ℎ  = 2.24 × 10-28 m2s-1 and 𝐷𝑇𝑖

𝑡ℎ  = 1.17 × 10-23 m2s-1. For the titanium element diffusion in 

iron, the magnetization factor M(T=723K) ~ 0.8 is used [50]. The radiation-enhanced diffusion 

coefficient of the elements under 723K irradiation, 𝐷𝑌
𝐼𝑟𝑟 and 𝐷𝑇𝑖

𝐼𝑟𝑟 are calculated as 1.32 × 10-

20 m2s-1 and 2.58 × 10-14 m2s-1, respectively. Based on this diffusion coefficient of Y and Ti 

elements under electron irradiation at elevated temperature, the radiation-enhanced diffusion 

phenomena can be dominated Ti element rather than Y in iron matrix [51].          

 
Fig. 5.4.3 Radiation-enhanced diffusion coefficient for yttrium under various experimental 

conditions respect to radius of particle. 
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 However, apart from these disappeared nanoparticles, under both the focused and 

uniform beam conditions, rest of the survived nanoparticles presented stochastic size change 

behavior under the flux 1.6 × 1023 e/m2s while above this flux region the nanoparticles did not 

undergo any size change. From the analysis of time sequential TEM images, unlike the 

typically reported monotonic size change behavior of nanoparticles, the nanoparticles exhibited 

stochastic size fluctuation behavior in each different irradiation time step. However, regardless 

of this stochastic size fluctuation under different time irradiation, there was no total volumetric 

change of nanoparticles. This stochastic phenomenon did not follow Ostwald ripening and 

could rather be interpreted as the radiation enhanced diffusion attributing to the volumetric 

change of nanoparticles with the effect of vacancy concentration gradient.  

 The nanoparticle dissolution could also be due to created vacancies in the matrix under 

irradiation. The diffusion of vacancy and interstitial atoms under the irradiation condition was 

calculated and found that radiation enhanced diffusion phenomena can be dominated by Ti 

element rather than Y in iron matrix. The radiation-enhanced diffusion can create the particle-

matrix interface instability that lowers the chemical potential barrier for possible Ti dissolution. 

However, the diffusion length of Ti was extremely short and diffusion of these elements under 

short time irradiation is unlikely. Rather, the concentration and mobility of vacancies could be 

dominant factor in describing this stochastic size fluctuation behavior. This stochastic 

volumetric change could be related with the quasi-state of nanoparticles.  

 

5.4.2 Radiation-Induced Growth   

 Radiation-induced growth is typically explained by Ostwald ripening which is the 

process by which larger particles grow at the expense of smaller ones. This process is a direct 

consequence of the Kelvin effect, which is the higher solubility of small particles [52].  

𝐶(𝑎) = 𝐶(∞)𝑒(
𝛼

𝑎
)
             (5.4.6) 
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where C(a) is the solubility of a dispersed phase particle with radius a and C(∞) is the bulk 

solubility. 𝛼 is called the capillary length and is defined by  

𝛼 =
2𝛾𝑉𝑚

𝑅𝑇
              (5.4.7) 

where Vm is the molar volume of the dispersed phase, 𝛾 is the interfacial tension, R is the 

universal gas constant, and T is the absolute temperature. Based on the above equation, small 

particles are more soluble than large particles. Thus, small particles could tend to lose their 

molecules and these molecules diffuse through the continuous phase and reprecipitate onto 

larger particles. This leads to an increase of average particle size with time. 

 Ostwald ripening in a two-phase system is given by the Lifshitz-Slyozof-Wagner (LSW) 

theory. This LSW theory is based on the following four assumptions [11]: 

(1) The particles are fixed in space. 

(2) The system is infinitely dilute (implying the absence of interparticle interactions). 

(3) The concentration of internal phase molecules is the same throughout the whole external 

phase, except in the direct neighborhood of the particles (a peal with radii a and 2a, where a is 

the particle radius). 

(4) Single internal phase molecules are transported by molecular diffusion from one particle to 

another. 

 With these above assumptions and by using Fick’s first law, the mass balance, and the 

continuity equation for the particle size distribution, the following major results are derived: 

1. At any instant of the ripening process, there exists a critical radius ac. Particles with a larger 

radius grow, and smaller particles shrink. If the radius equals ac, the size of the particle does 

not change. During the ripening process, ac increases with time. 

2. The Ostwald ripening rate can be defined as  

𝑣 =
𝑑𝑎𝑁

3

𝑑𝑡
=

4𝛼𝐷𝑚𝐶(∞)

9
         (5.4.8) 
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where Dm is the molecular diffusion coefficient of the internal phase and aN is the number-

average particle radius.   

 According to the above results, a clear limitation for using the Ostwald ripening to 

describe the radiation-induced growth phenomenon can be found. During the radiation 

experiment under the uniform beam at 823K, the growth occurs for specific nanoparticles. 

However, the important part which should be emphasized is the morphological transformation 

along with the growth and coarsening behavior of nanoparticles.  

 The coarsening behavior can be explained that electron irradiation caused the 

surrounding oxides to decompose and grow into the most energetically favorable nanoparticles 

(i.e. pyrochlore-type nanoparticle). In addition, the energetically unstable decomposed oxides 

can diffuse into the matrix.  

 

5.4.3 Morphological Transformation of Non-Stoichiometric Nanoparticles    

 

 During the irradiations, the nanoparticles shapes were changed along with their sizes. 

Under the uniform irradiation at 723K, the small sized nanoparticles became elongated while 

the larger nanoparticles became spherical. Variation in shape and its corresponding size change 

during irradiation could be correlated, and a shape factor was considered as an attempt to 

analyze the nanoparticles response against the irradiation. From the surface energy perspective, 

the larger sized nanoparticles became more stable while the small nanoparticles became rather 

unstable under the irradiation. Based on the TEM image of the ODS steel specimen, most 

nanoparticles were not simple spheres but rather ellipsoids. Both Y2Ti2O7 and Y2TiO5 are non-

stoichiometric nanoparticles and could be defined as a diameter smaller than 15 nm which 

corresponds to a volume of 1767 nm3 [25]. In this study, all the targeted nanoparticles were 

smaller than the volume of 1767 nm3. Before the irradiation, the nanoparticles that were 
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embedded in the 12Cr-Fe matrix were stable at 723K. However, upon the short-time interval 

irradiation, both shrinkage and growth of each nanoparticle were observed simultaneously. 

 This non-periodic stochastic behavior prevailed for some time and then reached the 

near steady-state towards the final irradiation state. This result is unlike the Ostwald ripening 

as there was no net change in the volume of each irradiated nanoparticles. Rather this stochastic 

volumetric fluctuation throughout the short-time irradiation intervals could be interpreted as 

the dissolution of nanoparticles. As the nanoparticles in the specific Y2Ti2O7 and Y2TiO5 

structure were reported to be non-stoichiometric, the rapid fluctuation of volume in the early 

irradiation without the total volumetric change could be explained as the dissolution till they 

reach energetically stable state. 

 Apart from the 723K uniform irradiation result, under the uniform irradiation at 823K, 

the growth of nanoparticles was observed along with their shape evolutions. From observing 

the shape evolution of growing nanoparticles, the final shapes of nanoparticles are either cuboid 

or five-sided polygon. Not all the nanoparticles under the irradiation undergo growth but only 

few. Also, the initial large nanoparticles size decrease is observed.  
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0 dpa 0.26 dpa 0.51 dpa 1.02 dpa 1.53 dpa 2.04 dpa 

 

 

 

 

Fig. 5.4.1 Growth and shape evolutions of nanoparticles under the uniform irradiation at 

823K. 

 

 The equilibrium shape of coherent precipitate is controlled by the balance between 

interfacial energy and elastic strain energy. In terms of coherent nanoparticles, the equilibrium 

shape of a coherent nanoparticle can only be predicted from the 𝛾-plot (interfacial free energy) 

when the misfit is small between the nanoparticle and the matrix. When there is misfit, the 

formation of coherent interfaces increases the free energy of the system due to the increase in 

elastic strain fields.  

Coherency of nanoparticle   

 If the total interface energy is ∑ 𝑆𝑖𝛾𝑖 and the elastic strain energy is ∆𝐺𝑠, the equilibrium 

shape becomes spherical which has a minimum surface energy [54].  
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∑ 𝑆𝑖𝛾𝑖 + ∆𝐺𝑠 = minimum         (5.4.9) 

The stresses which maintain coherency at the interface distort the nanoparticle lattice, and for 

a spherical nanoparticle case, the distortion is isotropic. Depending on a shape of nanoparticle, 

misfit differs. For a thin disc shape nanoparticle, the in situ misfit is no longer equal uniaxially. 

Instead, the misfit is perpendicular to the disc and nearly zero in the plane of the broad faces.   

 

 

Fig. 5.4.2 Misfit between coherent precipitate and surrounding matrix. (a) Spherical particle 

and (b) plate-shaped particle [55].  

 

 The total elastic energy depends on the shape and elastic properties of both nanoparticle 

and matrix. The total elastic strain energy can be given by  

∆𝐺𝑠 ≈ 9𝐺𝜀
2𝑉           (5.4.10) 

where the shear modulus of the nanoparticle and matrix being G, the constrained misfit 

between the nanoparticle and the matrix being ε, and the volume of the unconstrained hole in 

the matrix being V. This equation is valid if the matrix is elastically isotropic, the elastic moduli 

of the matrix and nanoparticle are equal, and Poisson’s ratio is 1/3.  

Coherency strain produces an elastic strain energy which is proportional to the square of the 

lattice misfit and increases with the volume of the nanoparticle. If the nanoparticle and matrix 

have different elastic moduli, the elastic strain energy is no longer shape independent and it 

becomes minimum for a sphere.  
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Incoherency of nanoparticles 

 When the nanoparticle is incoherent with the matrix, there is no coherency strain. 

However, the misfit strain can still occur if the volume of the nanoparticle differs from the 

original matrix before the formation of the embedded nanoparticles.   

 

Fig. 5.4.3 (a) Misfit strain with an incoherent nanoparticle with matrix and (b) variation of the 

misfit energy associated with an incoherent nanoparticle with its shape [55]. 

 

 The lattice misfit can be replaced by the volume misfit and can be represented as  

∆=
𝑉𝑚−𝑉𝑛

𝑉𝑚
            (5.4.11) 

where 𝑉𝑛 being the volume of the unconstrained hole in the matrix, and 𝑉𝑚 being the volume 

of the unconstrained nanoparticle. When the matrix hole and nanoparticle are constrained to 

occupy the same volume, the elastic strain field occurs as shown in Fig 5.4.2. For a 

homogeneous incompressible ellipsoidal shaped nanoparticle in an isotropic matrix, the elastic 

strain energy is  

  ∆𝐺𝑠 =  
2𝜇(𝑉𝑚−𝑉𝑛)2

3𝑉𝑚
𝐸 (

𝑦

𝑥
) =

2

3
𝐺∆2𝑉𝑚𝐸 (

𝑦

𝑥
)         (5.4.12) 

where x and y are the semi-axes of the ellipsoidal nanoparticle, E(y/x) being the strain energy 

of the ellipsoidal nanoparticle, and G being the shear modulus of the matrix [56,57].  

 

Morphological transformation during coarsening (for coherent nanoparticle) 
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 Morphological transformations of nanoparticle result in a monotonic decrease of the 

elastic energy. Transformation from a sphere to a cube and then can decompose into doublet 

and octet forms. The elastic energy of each cube within an octet of cubes would be decreased 

by decomposing into sub-cubes. This process can indefinitely occur till the particle size downs 

to atomic dimensions.  

 However, the mentioned process is unlikely to occur due to the interfacial energy that 

increases monotonically as the nanoparticle morphology becomes less compact. While the 

elastic energy decreases as the shape evolves from sphere to cube and then to doublet to octet, 

the surface energy increases in the same manner. The preferred morphology should be the one 

that minimizes the sum of the elastic and the surface energy. Since the surface energy becomes 

less important as the particle volume increases, the preferred shape of the nanoparticle changes 

during coarsening through the sequence of possible shapes in order of decreasing elastic energy 

[58].  

 Under the assumption that the interfacial tension is isotropic, the preferred shape of a 

nanoparticle is spherical when its size is small ( a ≪  𝑟𝑜). To make an easy comparison between 

a sphere and a cube, if the volume of the sphere be (2𝑎3), its surface area is  

S = 4𝑎2(36𝜋)1/3           (5.4.13) 

Then the total energy becomes 

∆F(sphere) = 0.709𝐸1(2𝑎)3 + 𝜎(36𝜋)1/3(2𝑎)2      (5.4.14) 

The relative energy of a cube with the same volume as a sphere, 

∆F(cube) = 0.558𝐸1(2𝑎)3 + 6𝜎(2𝑎)2       (5.4.15) 

Transition of a sphere into a cube represents the sphere becomes metastable when 

0.151𝐸1(2𝑎) ≥ 𝜎 [6 − (36𝜋)
1

3]               (5.4.16) 

This inequality is satisfied when  
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2a ≥ 7.7 (
𝜎

𝐸1
) = 7.7𝑟𝑜               (5.4.17) 

with 𝑟𝑜 being the characteristic length of the material and represented as 𝑟𝑜 = 𝜎/𝐸1. 

The size parameter 𝑟𝑜 depends on the balance between the interfacial tension, misfit strain, and 

elastic constant of nanoparticle. It follows that the sphere becomes metastable with respect to 

transition into a cube when ∆F(sphere) ≥  ∆F(cube). 

          Coarsening of the particles with very small size (a ≪ 𝑟𝑜) is called interface controlled. 

The surface tension dominates their energy and they have spherical shape. Also, the LSW 

theory of coarsening can be applied. The LSW theory makes prediction that the nanoparticles 

coarsen with a constant size distribution about the mean value. Based on this theory, the elastic 

energy is unaffected by coarsening and influences the coarsening rate only through its effect 

on the diffusivity.   

 Coarsening of the nanoparticles with larger size (a ≫ 𝑟𝑜)  is called strain controlled.  

The elastic energy predominates over the interfacial contribution and strain-controlled 

coarsening occurs. The nanoparticles take on cuboidal shape and resist further growth. In some 

researches it is reported that as the size increases, it decomposes back into smaller nanoparticle 

and that the individual nanoparticle size remains nearly identical.  

 The preference for decomposition has its source in elastic anisotropy which introduces 

an effective elastic repulsion between the elementary sub-volumes of the nanoparticle. A 

spherical or cubic nanoparticle is held together by interfacial tension. As the nanoparticle 

coarsens the interfacial contribution to the free energy significantly decreases, and 

decomposition could be favored.   
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Fig. 5.4.5 Evolution of the parameter η as a function of the shape of the particle [59].  

 

Fig. 5.4.6 Schematic drawing of the evolution of the surface and elastic energy for a spherical, 

a cubical and a superspherical particle showing the smooth transition shape allowed by using 

the superspherical equation [59]. 

 

 The anisotropic elastic interaction and the surface tension allows to predict the effective 

size when a cube is metastable with respect to decomposition into a pair of parallel plates or 

an octet of smaller cubes. Using the analysis, the decomposition of cuboidal nanoparticles can 

be arranged in terms of morphological sequence which governs the shape evolution of a 

nanoparticle from a sphere to a cube. The shape transitions can be preferred at specific value 

of radius 𝑟𝑜.  

 The elastic interaction distance depends on the separation distance. The nanoparticles 

repel one another when they are close and attract when they are well separated. This coarsening 
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of elastic nanoparticles phenomenon includes the repulsive interaction opposes their 

aggregation into large size nanoparticles and at certain size, further coarsening is resisted. Also, 

the attraction of elastic nanoparticles that are well separated should condensate into groups of 

neighboring nanoparticles.    

 The driving force for loss of coherency increases with the misfit parameter 𝜖𝑜. Thus, 

the nanoparticles are expected to lose coherency with the matrix at increasingly smaller sizes 

as the misfit parameter increases. The predicted size for the shape evolution from a sphere into 

a cube should also decrease as the misfit parameter grows. From a thermodynamic perspective, 

the shape transitions are first order transitions that they may proceed through intermediate 

states of higher energy and may be kinetically suppressed.   

 The elastic mismatch between the nanoparticle and matrix is significant and that a 

distribution of nanoparticles is likely to be at a thermoelastic quasi-equilibrium state where the 

nanoparticle size coarsens very slowly. Further significant coarsening  requires a loss of 

coherency or a reconfiguration of nanoparticles distribution. The free energy of a solid which 

contains a distribution of coherent nanoparticles is determined by their size, shape and 

distribution upon their composition. Due to the elastic interaction, the size, shape and 

distribution of the nanoparticles are internal thermodynamic parameters whose values 

constrain the local equilibrium of the system.   
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CHAPTER 6. 

In-Situ 1.25 MeV Electron Irradiation at Elevated Temperature 

6.1 Results: Uniform Beam Irradiation at 573K 

 

Fig. 6.1.1  In-situ HRTEM images of microstructure evolution under 1.25 MeV electron 

irradiation. 
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Fig. 6.1.2 Time-sequential HRTEM images of a single particle irradiation under 1.25 MeV at 

573K.    
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For the in-depth study on the particle instability mechanism, a single nanoparticle 

irradiation is performed under 1.25 MeV at 573K using in-situ HRTEM (JEM-ARM1300) at 

Hokkaido University. This in-situ HRTEM technique provides high TEM image resolution at 

300,000 magnification. For the irradiation experiment, the narrow observation area of 40 nm 

by 40 nm was selected where there exist two different size nanoparticles. The nanoparticles 

were located near the edge of the specimen indicating very thin region.  

During the in-situ HRTEM electron irradiation, particle dissolution phenomena was 

observed as shown in Fig. 6.1.1 and 6.1.2. In the beginning of the irradiation, the smaller 

nanoparticle’s surface edge was not clear and difficult to clearly distinguish. This unclear or 

blurry surface edge of the small nanoparticle was most dominant where the distance between 

the two nanoparticles was most near. The two nanoparticles were apart approximately by 8 nm.  

 Total of 18 time-sequential TEM images were acquired throughout various irradiation 

time steps as shown in Fig. 6.1.1 and 6.1.2. Upon the irradiation, the particle shrinkage along 

with specimen edge sublimation were observed, and the irradiation was stopped at 2.78 dpa. 

The TEM images were later treated by Fast Fourier Transformation (FFT) where two different 

diffraction patterns corresponding to the larger nanoparticle were spotted. The FFT and the 

analyzed diffraction patterns from the TEM image are shown in Fig. 6.1.3.  Through Inverse 

Fast Fourier Transformation (IFFT) of the two diffraction patterns, lattice fringe images were 

acquired. From this IFFT analysis, the interplanar distance was measured from spacing 

measurements of lattice fringes. The measured interplanar distance of the nanoparticle was 

0.26 nm.  

From the IFFT of before irradiation TEM image, the existence of structural defects 

inside the nanoparticle was found. Based on the measurement, initial size of nanoparticle in 

terms of area was 1630 nm2. After the irradiation of 2.78 dpa, the area became 1320 nm2. Based 

on the acquired IFFT images, time-sequential lattice fringe patterns were acquired as shown in 
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Fig. 6.1.6 and Fig. 6.1.7. To further analyze the images, dislocation motions during the 

irradiation are indicated as in Fig. 6.1.8. Based on Fig. 6.1.8, unlike edge dislocations lying on 

the same slip plane were observed along with dislocation glide motions upon irradiation.    

 

 

Fig. 6.1.3 (a) FFT image of HRTEM and (b) the two diffraction patterns corresponding to the 

larger nanoparticle in HRTEM.   

 

 

Fig. 6.1.4 (a) HRTEM image of single nanoparticle, (b) the corresponding FFT #1, and (b) the 

corresponding FFT #2.  
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Fig. 6.1.5 (a) HRTEM image of single nanoparticle before irradiation, (b) the corresponding 

FFT, and (c) IFFT with dislocations being marked.  

 

 

Fig. 6.1.6 Time sequential lattice fringe patterns corresponding to DP #1 for the selected area 

(bottom right) of the single particle during 1.25 MeV electron irradiation. 
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Fig. 6.1.7 Time sequential lattice fringe patterns corresponding to DP #2 for the selected area 

(bottom right) of the single particle during 1.25 MeV electron irradiation. 
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Fig. 6.1.8 Dislocation motions during 1.25 MeV electron irradiation at 573K.  
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6.2 Discussion 

6.2.1 Dislocation Motion Enhancement   

 

Based on literature, Y2O3, Y2TiO5, and Y2Ti2O7 have the threshold electronic stopping 

power values being significantly higher than the electronic stopping powers anticipated in 

fission or fusion reactors. Thus, Y2O3, Y2TiO5, and Y2Ti2O7 are suspected to be stable against 

irradiation due to their complicated structure and difficulty in dislocation motion inside the 

structure. As the nanoparticle has complex structure, it contains structural vacancies to achieve 

electrical neutrality.  

However, based on HRTEM images during irradiation, dislocation motions are 

detected. From the time-sequential lattice fringe patterns, dislocation motions are clearly 

shown upon irradiation.  Upon irradiation, unlike edge dislocations lying on the same slip plane 

were observed along with dislocation glide.  

As the nanoparticle has complex structure, it contains structural vacancies to achieve 

electrical neutrality as shown in Fig. 6.1.5. Then upon irradiation, while the nanoparticle was 

shrinking, the dislocation motions were detected inside the nanoparticle. Based on the 

measurement, initial size of nanoparticle in terms of area was 1630 nm2. Then, towards the end 

of the irradiation at 2.78 dpa, the area became 1320 nm2. This nanoparticle dissolution can be 

explained by the excess vacancies being introduced during the irradiation which may cause 

instability. This dislocation motion could create a pathway for solute atoms to easily diffuse in 

or out of the interface between the precipitate and the matrix. 
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Fig. 6.2.1 Microstructural evolution mechanisms. Various phenomena responsible for particle 

dissolution.  

 

So far, researchers have suggested various instability mechanisms such as 

- Dissolution due to radiation enhanced diffusion 

- Direct dissolution due to displacive collisions 

- Atomic mixing at interface due to sub-threshold event 

- Chemical disordering 

- Defect evolution in precipitate due to displacive collisions 

 According to this experiment, a new mechanism for the particle instability under the 

irradiation is found: Irradiation induced dislocation motion enhancement. From the in-situ 

HRTEM analysis, the existing structural defects inside the nanoparticle is confirmed. As the 

nanoparticle has complex structure, it contains structural vacancy to achieve electrical 

neutrality. Then upon irradiation, while the nanoparticle was shrinking, the dislocation motions 

were detected inside the nanoparticle. The excess vacancies being introduced during the 
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irradiation may cause instability. This dislocation motion could create a pathway for solute 

atoms to easily diffuse in or out of the interface between the precipitate  and the matrix. The 

irradiation induced dislocation motion enhancement is concluded to be a mechanism for the 

particle dissolution.   

The two detected diffraction patterns could indicate that the nanoparticle is composed 

of two layers and has shell-like structure. Through Inverse Fast Fourier Transformation (IFFT) 

analysis, the change in interplanar distance of 0.26 nm was found from spacing measurements 

of lattice fringes.  

 Also, the full lattice coherency between the oxide nanoclusters and the Fe matrix gives 

rise to a very low interface energy between the two disparate materials, oxide and metal. The 

low interface energy, along with the very low solubility of O and Y in bcc Fe, can effectively 

prevent the coarsening of the oxide precipitates. Moreover, the intrinsic defective structure of 

the nanoclusters can naturally tolerate the radiation-induced damage. Therefore, the ODS steels 

with a large number of defective nanoprecipitates represent a novel material state, which is 

intrinsically distinct from conventional nano-phase materials, which are usually metastable and 

can rapidly become coarsened at high temperatures. 
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CHAPTER 7 

 

Conclusion 

 

Oxide Dispersion Strengthened (ODS) steels are promising structural material for 

fusion reactors due to both excellent mechanical strength and irradiation resistance. A high 

number density of the dispersed Y-Ti-O nanoparticles, mainly Y2Ti2O7 and Y2TiO5, embedded 

in the Fe-Cr matrix contributes to enhancement in high-temperature creep strength and 

irradiation resistance. To implement ODS steels in fusion reactors like DEMO, the stability of 

the Y-Ti-O nanoparticles under high-temperature irradiation is critical. According to previous 

literature, based on different radiation sources and the chemical composition of the irradiated 

materials, the radiation response of the nanoparticles differed. For instance, under neutron 

irradiation on 13Cr-ODS steel, nanoparticles were stable; while under electron and Fe+2 ion 

irradiations on 9Cr-ODS steel, nanoparticles were shrinking. To clarify the radiation response 

of nanoparticles, three factors were controlled in this research: radiation energy, temperature, 

and electron beam condition. At different irradiation conditions, microstructural evolutions 

were closely investigated under in-situ HVEM and - HRTEM.  

The microstructural evolutions of Y-Ti-O Nanoparticles in ferritic 12Cr-ODS steel 

under high energy electron irradiations were investigated using H-3000 at Osaka University. 2 

MeV electron energy is used to irradiate the ODS steel. Under 2 MeV electron energy, 

irradiations were performed at 723K and 823K to investigate the temperature effect on NPs 

dissolution. Also, under both irradiation temperatures, electron beam conditions - focused and 

uniform - were controlled to study the vacancy concentration gradient effect on nanoparticles.  

The focused beam technique was employed to study the effect of vacancy concentration 

gradient where the electron beam intensity has a Gaussian distribution. The nanoparticles 

volumetric change under the focused and the uniform beam conditions were compared 
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throughout the irradiations. Also, for each nanoparticle, both the size and shape evolution were 

investigated throughout the short-time irradiation steps. Unlike the typically reported 

monotonic size change of nanoparticles, both rapid growth and shrinkage were observed 

simultaneously under 723K irradiation in each time step. In both the focused and the uniform 

beam irradiations, this stochastic size change behavior of nanoparticles at the early irradiation 

stage is first reported in this study. Thus, the total linear volumetric change of initial to final 

irradiation is found to be inaccurate to fully describe the microstructural evolution of 

nanoparticles.  

The shape evolution was also observed and represented by eccentricity; the 

nanoparticles were classified by two different size groups and their eccentricity changes were 

plotted and compared throughout the irradiation. Based on the size category, the eccentricity 

of small nanoclusters increased at the final state while eccentricity of larger nanoclusters 

decreased. This result could indicate that nanoclusters chemical composition varies, and size 

of nanoclusters can be one of the factors to categorize different composition. Also, the 

radiation-enhanced diffusion coefficients of Y and Ti are calculated and compared.   

 Contrary to 723K irradiation results, at 823K uniform irradiation, the radiation-induced 

growth phenomenon was observed. In 823K irradiation experiment, particle number density 

was much higher than in 723K irradiation experiment. Thus, in 823K irradiation experiment, 

large number of nanoparticles were clustered. The growth of nanoparticle was observed only 

in the clustered region which is defined as the nearest neighboring distance of 5 nm. Also, rapid 

decrease of particle number density was observed at 823K uniform irradiation. The 

morphological evolution along with growth was also observed and regardless of initial shape 

of nanoparticles, the final shape was either cuboidal or polygon. Typical Ostwald ripening 

phenomena is proven to be inaccurate to fully describe the radiation induced growth of particles. 

The unique shape evolution of growing nanoparticles is observed and regardless of their initial 
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shapes, the final shapes were cuboidal or polygon. Interestingly, this radiation-induced growth 

only appeared under the uniform irradiation at 823K and not at 723K. To further verify the 

temperature effect, vacancy diffusion coefficients respect to 573, 723, and 823K were plotted 

and a huge jump between 723K and 823K is found. This result can indicate that there could 

exist a temperature threshold for the radiation-induced growth.  

Lastly, for the in-depth study on the instability mechanism of NPs, the single particle 

irradiation is performed using JEM-ARM1300 at Hokkaido University. The dissolution 

mechanism for the NP is investigated using this in-situ High Resolution TEM (HRTEM). In-

situ HRTEM irradiation under 1.25 MeV was used for microstructural evolution observation 

of single nanoparticle at 573K. Prior to irradiation, structural defects were found inside the 

nanoparticle using HRTEM. Then, upon the irradiation, the particle shrinkage along with 

specimen edge sublimation were observed, and the irradiation was performed up to 2.78 dpa. 

From Fast Fourier Transformation (FFT) of the single nanoparticle, diffraction patterns are 

acquired time-sequentially. Two patterns from the FFT are analyzed and the detected 

diffraction patterns could indicate that the nanoparticle is composed of two layers with shell-

like structure. Area corresponding to the interface between the NP and bulk was selected to 

closely investigate the dislocation movement under the electron irradiation. Through Inverse 

Fast Fourier Transformation (IFFT) analysis, the change in interplanar distance was found from 

spacing measurements of lattice fringes. Based on the analysis, the structural vacancies in the 

nanoparticle before irradiation are confirmed and irradiation induced dislocation motion 

enhancement is concluded to be a mechanism for the particle dissolution.   
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